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Abstract. The paper presents an endoscope technique to provide a non-destructive detection and
imaging of biofilms on porous sand grains without disturbing the system. This in situ observation of
biofilm growth was carried out by inserting an endoscope into the reactor after introducing the
substrate into a water-saturated quartz sand-packed reactor. As the microbes grew on the media
surface with time, an expansion was presented in biofilm area. In this way, the growth of biofilm on
porous sand grains could be continuously captured. The expanding of the biofilm image was
observed, and the biofilm on the sand grains was measured by image analysis of biofilm cross-
sections. In order to further identify the biofilm growth, at the end of experiment the packed reactor
was dismantled and biofilms along with the aquifer material were sampled for the biofilm growth
observation by the scanning electron microscopy (SEM). The biofilm thickness was also measured
by image analysis of biofilm cross-sections. The results demonstrated significant spatial variations
in mean biofilm thickness (106.2 £ 12.54 um to 243.5 £ 26.53 um) and thickness variability
(0.07-0.12) using image analysis of SEM. However, the mean biofilm thickness measurements done
by image analysis of SEM were about 60-82% smaller compared with those by image analysis of
endoscopy. This is because of the dehydration and alteration of the biofilm material after dis-
mantling the reactor for SEM observations. In comparison, we found that the endoscope image
could provide a first-hand observation of biofilm growth without disrupting the system, while the
SEM image could give a better resolution.

Introduction

The successful bioremediation of organic contaminants in the environment is
usually relevant to the fate of the organic contaminants in the environment and
their availability to the degradability of microorganisms. Laboratory simula-
tion of the behavior of microorganisms in the subsurface is a challenging
problem. First, the metabolic activities of the microorganisms in the simulated
system are usually different from the subsurface environment. These could be
caused by the deficiency of oxygen, nutrients or contaminants themselves.
Second, any detection of the biomass from the stimulated system could not
represent the real amount of biomass in the field. When microbes exist in
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subsurface porous media, they will attach to the media and grow as biofilm. The
biofilm is assumed to be composed of a continuous film, completely covering the
surface of the solid particles. This biofilm includes bacterial cells along with
their associated glycocalyx (polysaccharide—protein substances) and various
kinds of metabolic by-products (Baveye and Valochhi 1989). A biofilm can
produce an extracellular polymeric substance (i.e., alginate) (Vogt et al. 2000).

In porous media, biofilm thickness, hydraulic conductivity, pore velocity
distribution, and surface roughness can affect the transport of nutrients and
substrates to the growing cells (Cunningham et al. 1991), and, of course, to the
rate of bioremediation. Variable biofilm thickness is emerging as a potentially
important aspect of biofilm function (Stewart et al. 1993; Murga et al. 1995;
de Rosa et al. 1998).

The techniques so far used for measuring variable biofilm thickness are light
microscopy (Bryers and Characklis 1981; Trulear and Characklis 1982;
Robinson et al. 1984; Zahid and Ganczarczyk 1990; Gjaltema et al. 1994),
scanning (Mack et al. 1975; Eighmy et al. 1983; Robinson et al. 1984; LeCh-
evallier et al. 1987; Switzenbaum and Eimstad 1987; Capdeville and Nguyen
1990) and transmission (Mack et al. 1975; Robinson et al. 1984; Christensen
et al. 1988; Drury et al. 1993; Murga et al. 1995) electron microscopy, atomic
force microscopy (Bremer et al. 1992; Razatos et al. 1998), confocal scanning
laser microscopy (Lawrence et al. 1991; Lappin-Scott et al. 1992; de Beer et al.
1994a, b), and Fourier transform infrared spectroscopy (de Beer et al. 1994b).
The thickness of biofilm can be measured by image analysis software. How-
ever, these methods all require a laborious sampling of biofilms along with the
media material, and maintaining the integrity of porous media becomes diffi-
cult. Nuclear magnetic resonance imaging (NMRI) techniques for biofilm
growth assessment were employed at several works (Lewandowski et al. 1992,
1993, 1994, 1995; Potter et al. 1996; Hoskins et al. 1999). Although NMRI
techniques provide a non-destructive method of assessing biofilm growth in
porous media (Hoskins et al. 1999), the techniques cannot prevent a high cost
for experimental works.

Many studies have mentioned the observation of biofilm in their system.
However, the sampling process no longer maintains the integrity of porous
media. Here, we present a technique to perform an observation for the biofilm
growth after biodegradation of organic contaminants (i.e., benzene, toluene,
and xylenes) in porous quartz media in a simulated reactor. This technique
provides a non-destructive detection and imaging of biofilms. By using an
endoscope connected with a computing image analysis system, the observa-
tions and measurements for continuous growth of biofilm in a water-saturated
quartz sand-packed reactor can be easily achieved. Generally, the captured
image from endoscopy is transformed by the image analysis software to a
different gray scale image, and can be further compared with the background.
The converted image can then be analyzed for the area of interest. It is no
longer necessary to disrupt the system for biofilm samples, which can cause
significant detection errors. Therefore, the integrity of porous media can be



429

maintained in the reactor. In addition, the endoscopic technique is much
cheaper and easier in experimental works in contrast to the NMRI technique.

Materials and methods
Reactor design

A continuous flow in a quartz sand-packed reactor was used for biofilm
growth. This glass-made reactor is 24 c¢cm in length and 4 cm in diameter with
five observation wells per side. These wells were designed for a non-destructive
observation of biofilm growth by using an endoscopic instrument. The
observation wells are 1.5 cm in inner diameter and 2.5 cm in height and the
distance between each well is about 4 cm. The reactor was set up horizontally
and the observation wells vertically, as shown in Figure 1. A portable mini-
pump (FMI Mode QV-1) was used for fluids recycling throughout the system,
set at a flow rate of 16 ml min~'. The outlet was connected to a 2-liter
Erlenmeyer flask which served as a medium reservoir. The medium was driven
back to the reactor through the pump for circulation. A 16-gauge syringe was

Water inlet
1 Reactor

2 Observation wells
3 Flask

4 Sampling port
Y 5 Pump

C} E 6 Endoscope

7CCD
8 Image analysis system

Figure 1. The reactor system includes a five-observation-well glass cylinder filled with quartz
sand, a portable mini-pump for recycling fluids throughout the whole system, and a sealed flask for
effluent storage. The image analysis system, used to capture and store photomicrographic images of
biofilm, consisted of a color CCD digital camera mounted on an Olympus industrial endoscope,
and image analysis software. Arrows indicate the direction of flow.
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used to penetrate the cork for carbon source and mineral salt medium feedings.
The reactor system was steadily recycled and hermetically sealed in order to
prevent any leaking. The cellulose-nitrate filter membrane with 0.45 um pore
size was placed at each end of the reactor to stop the discharging of micro-
organisms. An Erlenmeyer flask was sealed with a silicone cork and Teflon tape
to prevent the loss of volatile carbon source.

The porous media

The Ottawa quartz sand grains (~1 mm in diameter), which might be aggre-
gated, were soaked in water until the grains segregated into individuals, and the
reactor was subsequently filled in order to enhance the uniform distribution of
pores. The water-saturated quartz sands were packed throughout the reactor.
A total of 420 g of the treated quartz sands was used to pack the reactor. The
quartz sand consisted of >95% quartz and <5% iron with the size of 1 mm in
diameter, the hardness of 7, and the specific gravity of 2.65. The quartz sand
contained negligible amount of organic materials, and was additionally treated
at 450 °C oven for 24 h to eliminate any interaction between the organic
materials and added substrates.

The substrates

A mixture of benzene, toluene, and xylenes compounds (as BTX) in 1:1:1 by
volume was injected into the reactor as substrates (carbon source) for bacterial
culture. The initial concentration of BTX in the reactor was 17 mg 1~'. The
contents of benzene (Ishizu Seiyaku Ltd., Japan), toluene (Ajax Chemicals,
Australia), and xylene polymers (with ortho-, para-, and meta-xylenes, Ajax
Chemicals, Australia) used in experiments were all >99% (v/v).

The microorganism

The bacteria taken from the primary sewage treatment plant of the China
Petroleum Refinery in Kaohsiung, southern Taiwan, were cultured in BTX
mixtures (1:1:1 by volume) and mineral salt nutrients. The procedure for
enrichment was performed by adding 1 ml of primary sewage and 99 ml of
mineral salt medium into 1 liter of flask. The mineral salt medium, with a pH
of 7.0, consisted 5.37 g of Na,HPOy, 1.36 g of KH,PO,, 0.5 g of NH,4CI, 0.2 g
of MgSO, - TH,0, and 0.02 g of FeSO,4 in 1 liter of deionized water. The
culture solution was shaken continuously at 150 rpm in a rotary shaker at
room temperature (~25 °C) under aerobic conditions and the substrates (BTX
mixtures) were added periodically until the fluid turned turbid and yellowish-
brown. After centrifugation, the cell pellet was re-suspended in the mineral
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medium. Equal amounts of the bacterial fluids (2 ml per well) were then added
to the reactor through the five observation wells (Figure 1).

The bacterial concentration (count) was determined by the pour-plate
technique. The initial cell concentration before inoculation was 8.53 X
10% cells ml~'. The bacteria were identified as Pseudomonas spp. by Biolog
Identification System with more than 90% probability. During the experiment,
the samples were withdrawn for bacterial concentration measurements from
the observation wells with syringes (Figure 1). The total amount of bacteria
determined from five observation wells was added near 8.53x10® cells ml™"
which was identical to the initial bacterial concentration injected to the reactor.
The BTX mixtures in 1:1:1 by volume were continuously supplied with 50 ul
every day for 7 months. Mineral salt nutrients were supplied at regular inter-
vals. Pure oxygen was aerated through the sampling port when the dissolved
oxygen fell below 2 mg 17!, These procedures enhanced a ready biodegradation
of BTX compounds by bacterial cells, and thus facilitated the growth of bio-
films. Measurement of BTX concentrations after biodegradation was not
required because of the daily supply and a good re-circulation throughout the
system was maintained during the entire experiment period.

Endoscopic image analysis system

To evaluate a non-destructive system, an endoscope was used for image
observation through the observation wells of the quartz sand-packed reactor.
Observation of biofilm growth on porous quartz sand can be continuously
made at any time by inserting the endoscope into the reactor within which
biofilms were grown. A small glass tube (1 cm in diameter) with a flat bottom
was placed at each observation well in order to protect the front-end of the
endoscope lens from abrasion by quartz sand, and to stabilize sand grains so as
to fix the measured position and thus facilitate the subsequent observations of
endoscope at the same point while keeping it free from disturbance of dis-
placement of saturated sands.

The schematic diagram in Figure 1 describes the idea of image collection. An
image analysis system was used to capture and store photomicrographic images
of biofilms. The hardware components consist of an endoscope (Endoscope
Series 5, R080-144-090-50, Olympus Optical Co. Ltd., Japan), 1445 mm long
(843 mm operation length) and 8.1 mm in outer diameter; a color CCD (Model
CC-990, Flovel Co. Ltd., Japan) and a digital camera (XC-711, Sony, Japan)
with a resolution of 307 thousand pixels. The camera was mounted on the
endoscope and used transmitted light. During observations, circular digital
images were brought into focus and captured. Collected images of a size of 640
X 480 pixels at magnifications of nearly 25x were saved as TIFF files and
analyzed with Matrox Inspector software, version 2.2 (Matrox Electronic
Systems Ltd., Canada). The spatial resolution is affected by the wavelength of
light. The interference from the reflected light of the glass tube and the quartz
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sand did limit the resolution. At such low magnification levels, the bacterial
cells were not observable. However, the biofilm thickness was measured by
endoscopy in this study. The resolution of thickness measurement was 1 pixel
or 10 ym.

During the course for the observation of biofilm growth, the endoscope was
inserted into the small glass tube (I cm in diameter) to take images from the
reactor. Since the inserted glass tube separates the endoscope and the sand
grains, the working distance is almost the same as the thickness of the bottom
of tube (~0.5 mm). The observable field is about 6 mm in diameter. According
to the manufacture’s explanation, the depth of field is 5 mm and is defined as
the distance from the nearest object plane to the farthest object plane in
acceptable focus. When objects are a considerable distance from the lens, the
depth of field is large, but with objects closer to the lens, the depth of field
decreases rapidly. The observation was carried out at each observation well of
the reactor. After finishing the observation and/or image collection, the
endoscope was drawn out immediately for another observation. The stored
images can thus be compared during each sampling. This technique allows
users to maintain a continuous observation of sample biofilms while allowing
the reactor to maintain the integrity of the porous media.

Image analysis

Analysis of the captured images was also performed using the Matrox Inspector
software. The first step of analysis is to segment a specific region of the gray scale
image which is of interest. This is called blob analysis and is a powerful image
processing technique included in this software. According to the manufacture’s
explanation, a blob consists of image pixels connected such that one can travel
between any two points in the blob while traveling only over points of the same
color. Typically, blobs are extracted from binarized images, but conceptually
any type of image can be converted into a blob. Objects of interest in the image
are filtered from the gray scale values of the image background. The segmen-
tation mask is automatically performed by the software, but can also be man-
ually defined. In this study, the segmentation was defined automatically.
Basically, the transformed gray scale of image can be compared. The darker
color in the scale represents a farther distance from the endoscope lens, the
lighter color represents a shorter distance from the lens. Thus, the gray—black
color scale can be illustrated as the distance from the lens, and the image can be
compared and analyzed. The difference in the gray scale was further trans-
formed into a pixel value. Selected objects can be further analyzed in area
integration, perimeter, compactness, and roughness (Matrox Inspector software
manual). The captured images are presented in resolution of 640 x 480 pixels.
In order to return the results in true units, a scaled ruler in mm is included in the
image taken with an endoscope and analyzed with Matrox Inspector software
for pixel measurement. It is estimated that the pixel measurement for distance
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between two points is approximately 10 um. After each analysis, the obtained
image is multiplied by the pixel unit in order to estimate its size. Thus, the size
and the roughness of the biofilm could be estimated.

Scanning electron microscopy analysis

For confirmation, a further observation of biofilm growth was carried out
using scanning electron microscopy (Hitachi S4100 Field Emission SEM,
Japan) after dismantling the packed reactor. Since the biofilm structure was
assumed to be uniformly formed throughout the reactor, sand grains were
taken closer to the same position as the images taken by endoscopy for biofilm
analysis. Our assumption was based on the following: (1) Sand grains of about
I mm in diameter were uniformly distributed throughout the system; (2) 50ul
of BTX (benzene, toluene, and xylene) mixtures in 1:1:1 by volume were
injected daily into the reactor for 7 months; (3) Bacterial fluids with 8.53 x
10% cells ml~! were injected into the reactor from five observation wells (2 ml
per well). Then the bacterial cells at each well with equal concentration might
be widespread and uniformly distributed throughout the system. Subsequently,
the BTX mixtures were biodegraded to form biofilms; (4) As can be seen in the
endoscope images in Figure 2, the biofilm growth expanded with time. Based
on the above, we can assume the biofilm structure was uniform in the reactor.

After dismantling the packed reactor, biofilms were carefully detached from
the sand media, and was placed on carbon tape which was later stuck on a
carbon holder and dried before coated with gold foil. The sample was then
ready for SEM observations. Then microimages of the biofilm were photo-
graphed and both the thickness and the thickness variability were measured
using the Matrox Inspector image analysis system. In addition to the endo-
scopic image, this software was also used to analyze the SEM images obtained.

Results and discussion
Calibration of image analysis

The curvature of the endoscope lens can result in a slight distortion of object
images. It is thus required to quantify this effect on image analysis. The cali-
bration was performed for area and for shape (compactness) measurements by
using dark hard objects. Darker materials can reduce the effect of reflection.
After the taking of images with the endoscope, the area of the objects (in pixels)
was transformed and calculated automatically by Matrox Inspector software.
The measured value versus the true area gives a ratio as follows:

[measured value] = 1.0055 [true area], r* = 0.99. (1)

The measured value agreed with the true value (data not shown). The devi-
ation of area measurements was within the range of =3%.
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Compactness is a measurement of how close the pixels in the image of the
object of interest are to one another. It is a value derived from the perimeter
and the area. A circular object is defined to have a compactness of 1.0 (the
minimum value) because of its most compact character. The more convoluted
the shapes form, the larger the value of compactness is. Circular objects with a
theoretical compactness value of unity were used for the calibration. The result
revealed that the image taken had a compactness of 1.13+0.02 (data not
shown) and can be considered circular.

Observation of biofilm growth

Measurements of the area are used to present the growth of biofilm. Figure 2
shows three images which were taken by endoscopy at the same well (the
middle one in Figure 1) in the fourth, fifth, and the seventh month after the
supplement of BTX for biodegradation, as images a, b, and c, respectively. In
the images, quartz sand grains of approximately 1 mm in diameter are shown
as packed particles, making the biofilm easily observable as the dark area. The
circle in Figure 2 indicates the region of biofilm growth and the dark area is the
biofilm at a different time. During image taking, packed sand grains sometimes
may cause shadows, as in image b. However, the biofilm can be easily distin-
guished from a thin membrane at the edge of the dark area. The rest of the
circle did not observe any biofilm growth in this particular position possibly
because the biofilm expanded from the dark area but had not yet exceeded the
circle. The reason is that the dark area was around an observation well
(Figure 1), where the bacterial fluids were injected into the packed reactor. The
expansion in area indicated as the microbes grew on the media surface with
time. An increase in area was noticed from 6.07 x 1072 mm? in the fourth
month to 1.389 mm? in the seventh month (Table 1). This accounts for the
biofilm growth by area for 23 times within 4 months. Another observation of
biofilm growth with time in the second well (Figure 1) from the water inlet was
also presented in Table 1. After 7 months, the biofilm area was 5.41 X
10" mm?. The area had increased by 18 times within 4 months. However, the
growing biofilm seemed not to cover the whole sand grain. The reason could be
that the compactness of the sand grains interfered with the biofilm’s downward
extension, thus the sand grains were not covered as a biofilm grows in an

<
<

Figure 2. The endoscopic images for biofilm growth on the quartz sand grain at the same location
and depth (i.e., the middle observation well in Figure 1) for different times after biodegradation of
BTX. (a) 4 months (biofilm area = 6.07 x 1072 mm?); (b) 5 months (biofilm area = 1.19 x
107! mm?); (c) 7 months (biofilm area = 1.389 mm?). The full field represents the quartz sand
grains of approximately 1 mm in diameter. The circle is the region of biofilm growth and the dark
area is the biofilm. The rest of the circle did not grow any biofilm. The white dotted line is the linear
section for profile analysis of biofilm thickness in Figure 3.



436

9’1 19°1 YL6 -0 X1¥°S SYIUOU ULASS
811 8L'1 LES 01 XI16°6 S{IuowW oAl
1€l 91'C Lyy 01 Xp6°C syjuout Jnoqg oUl 19yem WOL) Puod9g
og oIn31g S9'1 1ce ¥09 986 68¢°1 SYIuOW UsAdg
qg ngig €'l 9¢¢ 681 9vs 101 X61°1 STIuOW SALY
g QN3] €e'] ev'e S0c 444 —01XL0"9 syjuout 1noq SIPPIA
agew] JUIOLYI0D ssaujoedwo) () ssauyoryy (un?) ssauxoIy) () eary uonepei3apolq IPA
ssouysnoy UBIN WNWIXBIA dours awm pasderg

spunodwod X 14 Jo

uonepeISopolq 19}je W YIm [IMoIS WlYolq Y} JO SSOUNOIY) PUB JUIIDLYJI0d ssauySnod ‘ssoujoeduwiod ‘eare ur suoneLea oy) 1oj seskjeue Kdoosopug 7 ajgn [



437

ordinary way. The image of scanning electron microscopy (SEM) could sup-
port this explanation.

Observation of biofilm shape can be determined by its compactness and
roughness coefficient. The compactness of an object is derived from the
perimeter and area as described in the last section. A more convoluted shape of
biofilm has a higher compactness value (Table 1). The roughness coefficient is a
measurement of the unevenness or irregularity of the biofilm surface. Biofilm
with many jagged edges has a higher roughness coefficient value. The rough-
ness coefficient increased with time in the middle well, but decreased with time
in the second well from the water inlet (Table I and Figure 1). This is
apparently because the higher flow in the second well from the water inlet
could facilitate to wash away the bacterial colonies or biofilms, and thus could
limit the formation of the biofilm and decrease the roughness. Therefore, an
observation of biofilm growth, in size, area, shape, and location of biofilm,
using an endoscope at a certain point could be easily and rapidly detected at
any time. The image showed the distributed sand grain in the reactor, and the
circle demonstrated the growth of biofilm in different times. However, during
the observation, the inserted glass tube was slightly fouled, which affected the
resolution as shown in Figure 2. This problem seems to be difficult to avoid
and needs to be circumvented in future research.

Biofilm thickness

The thickness of biofilm is also an important aspect of biofilm growth in the
porous media. Such measurements were determined from the profile analysis of
images using the Matrox Inspector software of the endoscopy and SEM
techniques Tables 1 and 2). Captured images were converted to gray-scale
TIFF files. The system gives the profile histogram and data with a resolution of
1 pixel or approximately 10 um by generating a trace line across the biofilm
surface in the image. The thickness of certain point of biofilm matrix can thus
be obtained from the difference of the corresponding pixel value and the mean

Table 2. Summary statistics for the measurements of biofilm thickness along each of the different
sections after seven-months of biofilm growth using SEM image analysis as shown in
Figures 4 and 5

Statistic a—a’ b-b’ ¢ d-d’ e—¢ - g—g

Measuring points 208 211 148 201 81 318 197

Mean (um) 227.11 211.92 231.13 243.50 106.20 13491 122.09
Median (um) 231.07 210.98 229.19 248.65 108.86 134.14 126.86
Minimum (um) 179.58 141.91 172.05 183.35 79.71 96.00 78.86
Maximum (um) 281.30 287.58 295.12 290.09 138.00 182.57 160.29
SD (um) 20.98 38.20 30.36 26.53 12.54 18.13 18.13
Variability® 0.07 0.15 0.11 0.09 0.10 0.11 0.12

“Calculated from Eq. (2) in this study.
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background value (quartz sand in this system). In Table 1, the maximum
thickness of the biofilm in the middle well increased from 444 to 986 um
(122.1% increase) during the fourth to seventh months of elapsed time of
biodegradation; in the second well from the water inlet, the increase was from
447 to 974 um (117.9% increase). These results show an obvious rise in
thickness with biofilm growth.

Biofilm thickness variability

Non-uniform distribution of bacterial cells and polymers within the biofilm
matrix and variable biofilm thickness gives rise to microscale structural het-
erogeneities of biofilm (Murga et al. 1995). The spatial variations from the
biofilm sections in the endoscopic images are shown in Figure 3 (derived from
Figure 2). As previously described in the image analysis, when the gray scale of
the sample images is compared and transformed to a pixel value, the thickness
of the biofilm can be determined. Although it seems that the images are
quantitative, with significant resolution, they were not sufficient to discern the
distribution of bacterial cells in biofilms. This problem may be solved by fur-
ther research to develop an endoscope capable of magnification in the lens in
the future. Thus the microscale structural heterogeneity of biofilms could not
be determined in the present study.

In order to further identify biofilm thickness variations, we dismantled the
reactor and sampled biofilms along with the aquifer material at the end of the
experiment. These samples were observed and microphotographed for biofilm
growth by SEM. Then the biofilm thickness variations were determined by
image analysis of biofilm cross-sections.

The endoscopic image (Figure 2) was observed for biofilm growth in a fixed
position, since the lens was inserted into the middle observation well (Figure 1)
of the reactor. At the end of experiment (i.e., after 7 months of biofilm
growth), we dismantled the reactor and disrupted the sand grains to further
identify the biofilm growth using the SEM image, the biofilm samples were
collected from the sand grains closer to the same position as the images taken
by endoscopy and then photographed by SEM. In Figure 4a, the abundant
biofilm was patchy in the center, while other grains did not seem to grow any
biofilm. This is possibly because the biofilm expanded from the dark area taken
by endoscopy but had not yet exceeded the region of biofilm growth (Figure 2).
The dark area was around the middle well (Figure 1) where the bacterial fluids
were injected into the packed reactor. With the images of SEM, it shows the
shrinkage of biofilm matrix as in Figure 4 possibly caused by the SEM prep-
aration. Spatial variations of biofilm surface were clearly revealed and the
variations in thickness were quantified also by using the Matrox Inspector
image analysis software. The SEM images were imported into the analysis
program and converted to gray scale images. Once the sections were lined and
defined on the biofilm surface, the analysis system automatically measured the
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Figure 3. The thickness variations of biofilm sections obtained from the endoscopic images for
different times after the biodegradation of BTX. (a) After 4 months, corresponding to Figure 2a;
(b) after 5 months, corresponding to Figure 2b; (c) after 7 months, corresponding to Figure 2c.
Linear sections were profiled across the center of biofilm matrix as the dotted lines in Figure 2.

profile values. The resolution of thickness measurements was 1 pixel or
approximately 0.86 um. The geometry of the interstices of the aquifer material
that microbes attached to and grew on was present as a continuous biofilm, i.e.
the biomass phase of continuous biofilm completely covered the surface of
sand grain. In the image of Figure 4b, biofilms attached to the sand grain were
sloughed off in the center possibly due to the damage either from dismantling
the packed reactor or naturally drying. The spatial variations in biofilm
thickness versus distance along each section were shown in Figure 5. It is
obviously shown that biofilm thickness in different sections of Figure 5 are
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Figure 4. Images of biofilms attached to the sand grain taken using scanning electron microscopy
(Hitachi S4100 Field Emission SEM, Japan). (a) Biofilms covered completely and continuously
among the sand grains at the 7-month growth; (b) biofilms covered the individual grain.

thinner than those of Figure 3 because the biofilm was removed from sand
grains and dehydrated for SEM observations.

The substratum where biofilm was grown in this study is composed of quartz
sand grains. This is different from that biofilm grown on a stainless-steel slide
as reported by Murga et al. (1995) and an electron microscope grid (coated
with parlodion) attached to a glass microscope slide as reported by Mack et al.
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Figure 5. Profiles showing spatial variations of biofilm thickness. Sections a—a’, b-b’, c—’, and
d—d” are lined from the image in Figure 4a and sections e—¢’, ff’, and g—g" are from Figure 4b.

(1975). After dismantling the studied reactor, the biofilm was carefully de-
tached from the bulk of sand media and placed on carbon tape. This tape was
later stuck on a carbon holder and dried before coated with gold foil. The
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sample was then ready for the SEM analysis. Then microimages of the biofilm
were photographed and both the thickness and the thickness variability were
measured using the Matrox Inspector image analysis system. Captured images
were then converted to TIFF files. The Matrox Inspector software was used to
define the location of the substratum on the computer image by a line and to
trace the surface of the biofilm using a mouse (Murga et al. 1995). The system
then automatically measured biofilm thickness and the distances between the
line and the trace at regular intervals along the substratum. In this study,
thickness in Figure 5 was measured every 3.4 um for sections a—a’, b-b’, ¢’
and d-d” and every 1 um for sections e—¢’, f—f’, and g—g’. The resolution of
thickness measurement by SEM was 1 pixel or 0.86 um.

Thickness variability, C;, the index of thickness variation relative to the
mean thickness, is defined as

LT =T
= 2

where T; is the ith individual thickness measurement, 7 is the mean thickness,
and N is the number of thickness measurements. The thickness variability over
sections a-a’, b-b’, ¢’, d-d’, e-¢’, ff, and g-g’ (Figures 4 and 5) after
7 months of biofilm growth using SEM image analysis were calculated as 0.07,
0.15, 0.11, 0.09, 0.10, 0.11, 0.12, respectively (Table 2). The mean thickness
over the sections ranged from 106.2 + 12.54 to 243.5+26.53 um, which de-
creased from 604 pum (60-82% reduction) as computed by endoscopic image
analysis. The results demonstrated that the main thickness over measuring
points along each of a—a’, b-b’, c—¢’, d-d’, e—¢’, f~f’, and g—g” sections varied
significantly. Therefore, the results revealed that the biofilm attached to the
quartz sand grain demonstrate significant spatial variations in biofilm thickness
despite the sand grains (about 1 mm in diameter) being assumed to be uni-
formly distributed in the packed reactor.

We speculated that this spatial variation was probably caused by the
roughness and impurity contents of the sand surface, as well as non-uniform
pore distribution. In addition, the dehydration processes in the SEM sample
preparation may affect the variation. A comparison of the utilization for
sample analysis among endoscope and SEM is summarized in Table 3. The
maximum biofilm thickness measured by image analysis of SEM at ¢ and
d—d’ sections in Figures 4a and 5 were 295.1 and 290.1 um, respectively. This is
about 70% reduction from the 986 um endoscopy image analysis. This is
caused by the dehydration and alteration of the biofilm material while dis-
mantling the packed reactor for SEM observation. In our study, we found that
both techniques have their own advantages and disadvantages. Endoscope
images can provide a first-hand observation of biofilm growth without dis-
rupting the system, while the SEM images have a better resolution. However,
the image resolution by endoscopy could be improved by using a magnifying
lens in the future.
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Table 3. The comparison of the sample processing and observation between endoscopy and SEM
techniques

Endoscopy SEM
Maximum biofilm thickness 986 c—’ section in Figure 5: 295.1
(pum) (70% decrease) d—d’ section in
Figure 5: 290.1 (70.6% decrease)
Disruption of the system for No Yes
sample analysis
Sample damage (dehydration, No Severe
shrinkage, etc.)
In situ analysis Yes No
Trainee experience Few Required
Cost Low High
The resolution or signal Poor (10 um) but could Excellent (0.86 um)
of the sample image be improved by using a

magnifying lens in the future

The maximum thickness along the cross-sections measured by image analysis of endoscopy
(Figures 2c and 3c and Table 1 for the biofilm growth at 7 months in the middle well) and SEM
(sections c—¢” and d-d’ in Figures 4a and 5 and Table 2).

Conclusions

Endoscopic imaging techniques can be used for the non-destructive detection
and imaging of biofilms on porous sand grains. The in situ observations and
measurements for continuous growth of biofilms can be rapidly accomplished
using an endoscope without sampling biofilms along with the porous media
material, in which the size, area, shape, location, and the thickness of biofilm
can be identified with ease. Due to the limitations of low magnification and
poor resolution of endoscopy in the present study, image analysis of SEM was
used to further identify the biofilm thickness as computed by endoscopy image
analysis. However, the biofilm thickness measurement done by image analysis
of SEM became thinner than that by endoscopy image analysis. This may
result from dehydration and alteration of the biofilm material after disturbing
the system for SEM observations. If a magnifying endoscope can be developed
in the future, the biofilm thickness and the distribution of bacterial cells in
biofilms can also be determined directly from endoscopic images. Thus endo-
scopic imaging techniques may become a more powerful tool in the in-situ
observations in many areas.
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