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The thickness variability of biofilms of Pseudomonas 
aeruginosa, Klebsiella pneumoniae, and the binary pop- 
ulation combination of these two species was quantified. 
The experimental method involved cryoembedding bio- 
films with a commercial tissue embedding agent, sec- 
tioning, and applying image analysis to construct thick- 
ness profiles along linear transects (up to 1 cm in length) 
across the substratum. Biofilms embedded and sec- 
tioned by this method were locally as thin as a single cell 
attached to the surface (<5 prn) and as thick as 1000 pm. 
Week-old biofilms of three different species composi- 
tions displayed distinct structural features as indicated 
by their mean thicknesses and by a roughness coeffi- 
cient. Monopopulation biofilms of P. aeruginosa (29 pm 
mean thickness) or K. pneumoniae (100 k m  mean thick- 
ness) were thinner than the binary population biofilm 
(400 pm mean thickness). A roughness coefficient devel- 
oped in this investigation corroborated the qualitative 
visual characterization of P. aeruginosa biofilms as rela- 
tively uniformly thick (mean roughness coefficient 0.151, 
K. pneumoniae biofilms as patchy (mean roughness co- 
efficient 1.141, and the binary population biofilm as inter- 
mediate (mean roughness coefficient 0.26). Whereas P. 
aeruginosa and binary population biofilms covered the 
substratum completely, significant areas of essentially 
bare substratum were apparent in K. pneumoniae bio- 
films. The patchiness of K. pneumoniae biofilms may be 
due to the fact that this organism is nonmotile. A spatial 
correlation analysis of the thickness data indicated that 
thickness measurements were still correlated even when 
separated by distances that exceeded the mean biofilm 
thickness. Cell aggregates, some of them hundreds of 
microns in size, were observed in the effluent of K. pneu- 
moniae and binary population biofilm reactors. Measure- 
ments of thickness variability and other observations re- 
ported in this article provide a quantitative basis for anal- 
ysis of microscale structural heterogeneity of biofilms. o 
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INTRODUCTION 

Microscale structural heterogeneity of biofilms is emerging 
as a potentially important aspect of biofilm function. 12,18 

The term, structural heterogeneity, could include such fea- 
tures as nonuniform distribution of cells and polymers 
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within the biofilm matrix and variable biofilm thickness. 
Examples of practical problems in which such heterogeneity 
may play a role include hydrodynamic fouling,53733o micro- 
bially influenced corrosion,26 biofilm population dynam- 
i c ~ , ' ~ , ~ '  biocide and antibiotic penetration,".12 and sub- 
strate conversion.22 From an engineering viewpoint, one of 
the first steps required to assess the significance (or possibly 
insignificance) of structural heterogeneity for these issues is 
to develop mathematical descriptions of biofilm topography 
and its variability. In this article, we report measurements 
of biofilm thickness distributions in three biofilm systems. 

Many earlier researchers have observed structural heter- 
ogeneities in biofilms by such techniques as light micros- 

and trans- COPY 9 

mission m i c r o s ~ o p y , ' ' ~ ' ~ ~ ~ ~ ~ ~ ~  atomic force microscopy ,' 
confocal scanning laser microscopy, 13,14,23,24,37 and Fou- 
rier transform infrared spectroscopy. 23 Heterogeneity has 
also been inferred from fluid frictional resistance measure- 
m e n t ~ . ~ ' ~ '  Some quantitative information is available in the 
form of extensive measurements of biofilm thickness,6936 
but quantitative descriptions of biofilm topography are gen- 
erally lacking. The purpose of the research presented in this 
article was to characterize and compare the thickness vari- 
ability of three biofilm systems. 

3,19,32,36,38,40 scanning4. 16,25,27,28,32,37,40 

MATERIALS AND METHODS 

Microorganisms and Media 
Pseudornonas aeruginosa and Klebsiella pneurnoniae from 
the culture collection of the Center for Biofilm Engineering 
were used in all experiments. Both bacteria are environ- 
mental isolates and known biofilm formers. They were 
grown on a phosphate buffered minimal medium with 20 
mg/L glucose as the limiting nutrient and sole carbon and 
energy source.' This concentration of glucose is low 
enough to ensure that oxygen was never limiting in the 
biofilm. The bacteria are both rod-shaped organisms of sim- 
ilar size (approximately 1 x 3 pm). P .  aeruginosa is mo- 
tile, though motility on our medium was not verified, 
whereas K .  pneurnoniae is nonmotile. 

Reactor Design and Operation 
A continuous flow annular reactor was used to grow bio- 
film.33 The reactor consists of two concentric polycarbonate 
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cylinders: a stationary outer cylinder and a rotating inner 
cylinder. The inside wall of the outer cylinder has vertical 
grooves that hold removable stainless-steel slides allowing 
sampling of biofilm. The bulk liquid is completely mixed 
by recirculation through four draft tubes bored through the 
solid inner cylinder. The rotational speed was 150 rpm, 
corresponding to a wall shear stress of approximately 1.4 
N/m2. The dilution rate was 3.53 h-' at a flow rate of 1.92 
L/h. All experiments were conducted at 25 * 1°C. 

Two concentrated solutions were mixed with water to 
constitute the reactor influent stream: glucose and mineral 
salts (0.06 L h-'), phosphate buffer (0.06 L h-'), and 
dilution water (1.8 L h- '). To inoculate the reactor, it was 
filled with medium and 1 mL of thawed frozen stock culture 
( lo8 cells/mL) of each bacterial species was injected 
through a septum. The bacteria were allowed to grow in 
batch mode for 24 h with the inner drum turning. After this 
incubation period, influent flows were started. The reactor 
effluent was plated daily on R2A agar to check for contam- 
ination. If contamination was detected, the reactor was dis- 
continued and no data was collected. 

Biofilm Cryoembedding 

Cryoembedding is a technique adapted from tissue histopa- 
thology that has recently been applied to biofilm re- 
search. 31 ,39 A modification of the cryoembedding technique 
proposed by Yu et al.39 was used in this investigation (Fig. 
1). The method uses a commercial embedding agent (Tis- 
sue-Tek OCT compound, Miles Inc., Elkhart, IN), which is 
merely an aqueous solution of hydrophilic polymers that 
maintains a degree of plasticity when frozen. A sample slide 
was removed from the reactor and the biofilm was imme- 
diately covered with a thick layer of the embedding agent. 
It was allowed to sit for 10 min to displace as much water 
as possible from the specimen before freezing. The embed- 
ded biofilm was then placed on dry ice until the whole 
turned opaque white. After 5 additional minutes (10 min 
total), the specimen, still attached to the slide, was wrapped 
in aluminum foil and stored at -70°C. Before wrapping, 
the flow direction was indicated by marking the specimen 
with a permanent marker. 

Cryosectioning 

Frozen samples were cut with a cryostat (Reichert-Jung 
Cryocut 1800, Leica) operated at - 19°C. The cryosection- 
ing protocol has been improved from that described by Yu 
et al.39 by removing the specimen from the substratum by 
gently flexing the metal coupon and performing the second 
embedding within the cryostat. By carrying out these steps 
(Fig. 1, steps d and e) inside the cryostat, fewer ice crystals 
are formed at the fresh interface and the sample sections 
with less chance of fracturing. The frozen specimen from 
storage at -70°C was placed back on dry ice inside the 
cryostat, then separated from the substratum by gently 
bending the slide to remove the frozen biofilm. The frozen 

Figure 1. Cryoembedding protocol. A biofilm slide was removed from 
the reactor (a) and immediately covered with a thick layer of a cryoem- 
bedding agent (b). The embedding agent was allowed to infiltrate the 
biofilm for 10 min, then the slide was placed on dry ice and allowed to 
freeze (c). The frozen specimen was transferred to the cryostat, removed 
from the metal slide (d), and allowed to thermally equilibrate. Another 
layer of embedding agent was added to cover the opposite side, and the 
whole was then frozen on dry ice once more (e). The biofilm was com- 
pletely surrounded by embedding agent and ready for trimming and sec- 
tioning. Shading key: dark, biofilm; light, embedding agent; hatched, 
slide; cross-hatched, dry ice. 

specimen was then turned over and removed from the dry 
ice, but kept in the cryostat for 10 min to allow thermal 
equilibration. A thick layer of embedding agent was added 
to embed the side that was previously attached to the sub- 
stratum, letting it overflow on every edge. The sample was 
transferred back to dry ice to rapidly freeze. The specimen 
was then removed from the dry ice, and allowed to again 
reach thermal equilibrium inside the cryostat. A razor blade 
at room temperature was used to trim blocks of cryoembed- 
ded biofilm to obtain pieces 1 to 2 cm long. A small amount 
of embedding agent was poured onto a precooled ( - 19°C) 
specimen chuck and the trimmed specimen was pressed 
onto the still fluid medium. When the embedding agent 
solidified, the specimen sample was fixed on the chuck and 
ready for sectioning. The specimen was oriented perpen- 
dicular to a disposable microtome blade (#815, Reichert- 
Jung, Leica). The orientation was performed visually with 
an estimated error of k 10 degrees. Each 5-km-thick frozen 
cross-section was collected on a glass slide (Superfrost 
Plus, Fisher Scientific, Denver, CO) for fixation and stain- 
ing. 

Fixation and Staining of Biofilm Cross-Sections 
Sections on glass slides were dried overnight, fixed with 
95% ethanol for 5 min, and air dried for 30 min. They were 
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then stained in Gill I1 hematoxylin for 6 min and rinsed 
gently with running tap water for 2 min. Sections were 
blued in Scott’s tap water substitute for 30 s, rinsed with 
running tap water for 2 min, dehydrated in 70% ethanol for 
1 min, two changes of 95% ethanol for 1 min each, two 
changes of 100% ethanol for 1 min each, two changes of 
xylene, and finally coverslipped with permanent mounting 
media. 

Image Analysis 

American Innovision Videometric 150 image analysis hard- 
ware and software was used to capture and store photomi- 
crographic images of biofilm cross-sections. The hardware 
consisted of an American Innovision, Inc., Color CCD 1.5 
LUX camera (Unit #150) mounted on an Olympus BH-2 
microscope using transmitted light. Objective settings and 
camera zoom settings were calibrated using a stage microm- 
eter and a color video monitor (Model No. PVM-13424, 
Sony Corp.). To obtain accurate measurements, digital im- 
ages were captured and stored at magnifications of 200 x to 
400X. Sequential images were collected and catenated to 
construct profiles thousands of micrometers (4 to 15 mm) 
long. 

Captured images were converted to TIFF files and im- 
ported into MARK, an image analysis software developed 
at the Center for Biofilm Engineering. The MARK program 
allows the user 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. The system then automatically mea- 
sures biofilm thickness, the distance between the line and 
the trace, at regular intervals along the substratum. In this 
work, thickness was measured every 2 pm. The resolution 
of thickness measurements was 1 pixel or approximately 1 
km. Thickness was measured in the direction of the flow; 
the x-axis of the thickness profiles corresponds to distance 
along the substratum in the direction of the flow. 

Statistical Analysis 

Thickness versus distance along the substratum data were 
imported into the statistics software S-PLUS (Statistical 
Sciences, Inc., Seattle, WA). This software was used to 
calculate a roughness coefficient and calculate variograms. 
The first statistical analysis performed on the thickness data 
was to calculate a coefficient of surface roughness or thick- 
ness variability, R,*. This coefficient was suggested by the 
common measure of surface roughness R,, which estimates 
the mean absolute de~iation.~’ R, is defined as 

where Lfi is the ith individual thickness measurement, over- 
lined Lf is the sample mean thickness, and N is the number 
of thickness measurements. In preliminary analysis, R, was 

found to vary directly with the sample mean thickness. To 
standardize R, for different mean thickness values, the ratio 
of R, to mean thickness was formed to obtain R,*, 

R,* is an index of thickness variation relative to the mean 
thickness. 

A spatial correlation analysis was also performed. This 
analysis was based on the variogram, which is a measure of 
correlation as a function of spatial separation distance.’l 
The variogram is estimated from a cloud of data points. The 
y-component of each cloud point is half the squared differ- 
ence between two data points a distance d apart along the 
substratum. The variogram function, denoted by y(d), is 
estimated by a curve fit through the data points in the cor- 
relation cloud using nonparametric regression. As correla- 
tion varies from strong to weak, y(d) varies between zero 
(best correlation) and its maximum value (minimal linear 
association). We consider the separation distance do corre- 
sponding to the maximum in the variogram curve to be an 
estimate of the distance at which two thickness measure- 
ments are uncorrelated. More information on the variogram 
curve and coefficient of variation can be found else- 
where.”.” 

RESULTS 

Frozen cross-sections of biofilms of P .  aeruginosa, K .  
pneumoniae, and the binary combination of these two spe- 
cies were examined microscopically to quantify variations 
in biofilm thickness. To evaluate the extent of removal 
achieved when frozen biofilm was split from the substra- 
tum, the substratum was examined at high magnification 
after separation. A representative image (Fig. 2) shows that 
only very few cells remain attached. The remaining cells 
appear to be preferentially located along the grain bound- 
aries of the metal surface. Clean separation between the 

Figure 2. Photomicrograph of the substratum after biofilm removal. The 
sample was stained with ethidium bromide and examined with fluores- 
cence microscopy. The white spots are bacteria. The scale bar is 20 pm. 
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substratum and frozen biofilm was also indicated by a linear 
boundary evident in microphotographs of biofilm cross- 
sections (Fig. 3). 

Microphotographs of biofilm cross-sections (Fig. 3) re- 
veal, in qualitative terms, the distinct structural features of 
the three biofilms. Monopopulation P. aeruginosa biofilms 
are thin and relatively uniformly thick. K .  pneumoniae bio- 
films are patchy, with large areas of nearly bare substratum 
(Fig. 3c) punctuated by tall microcolonies (Fig. 3b). The 
binary population biofilm is thick and uneven. The variabil- 

ity of staining intensity within a single image (e.g., Fig. 3b 
and d) suggests nonuniform distribution of biomass within 
the biofilm. 

Biofilm thickness variability was quantified by construct- 
ing thickness profiles and distributions. Typical thickness 
profiles from P. aeruginosa, K .  pneumoniae, and binary 
population biofilms are shown in Figure 4. Mean, mini- 
mum, and maximum thicknesses for each of the three bio- 
film compositions as measured at three different locations 
on the same coupon are summarized in Table I. Another 

Figure 3. 
in (a) and 350 pm in (b), (c), and (d). 

Photomicrographs of P .  aeruginosa (a), K. pneumoniae (b and c), and binary population (d) biofilm cross-sections. The scale bar is 100 pm 
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Figure 4. 
K. pneumoniae (b), and binary population (c) biofilm. 

Representative biofilm thickness profiles of P .  aeruginosa (a), 

useful way to present the thickness distribution, particularly 
for modeling purposes, is in the form of cumulative per- 
centage plots. Typical distributions are shown in Figure 5. 

Calculated values of the biofilm roughness coefficient, 
R,*, fall in three distinct ranges which correspond to the 
three biofilm compositions analyzed; 0.10 to 0.18 for P. 
aeruginosa biofilms, 0.83  to 1.33 for K. pneumoniae bio- 
films, and 0.21 to 0.30 for binary population biofilms (Ta- 
ble I). These three ranges are statistically significantly dif- 
ferent from one another. The closest comparison is between 

Table I. 
tance summary. 

Biofilm thickness, roughness coefficient, and variogram dis- 

P .  aeruginosa 
# I  
#2 
#3 
Overall 

K .  pneumoniae 
# I  
#2 
#3 
Overall 

Binary 
# I  
#2 
#3 
Overall 

31 
28 
28 
29 

269 
24 
7 

100 

208 
348 
654 
404 

15 47 0.17 
16 41 0.10 
14 56 0.18 
14 56 0.15 

0 1195 1.33 
0 140 1.26 
0 40 0.83 
0 1195 1.14 

45 285 0.21 
139 599 0.27 
167 1074 0.30 
45 1074 0.26 

400 
100 
100 
200 

4500 
2600 
500 

2500 

800 
800 

4800 
2100 

L,, biofilm thickness; RS, normalized roughness (see text); and do, ap- 
proximate separation distance between thickness measurements that gives 
independent thickness values. 
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80 

bo 
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Figure 5. Representative cumulative percentage plot of P .  aeruginosa 
(a), K .  pneumoniae (b), and binary population (c) biofilm thickness dis- 
tributions. 

P .  aeruginosa and binary population biofilms. A test on the 
equality of the means of the R,* values for these two groups 
gave ap-value of 0.04, indicating a low probability that the 
observed differences in the data occurred by chance alone. 
The roughness as measured by R,* does not depend on mean 
thickness. 

Variograms reflecting the spatial correlation between 
thickness measurements as a function of lateral distance 
between the measurement points varied in shape from sam- 
ple to sample. They were most consistent for P. aeruginosa 
biofilms. A typical variogram for a P. aeruginosa biofilm is 
shown in Figure 6. Spatial correlation distances estimated 
from variograms varied considerably even within the same 
species (Table I). The variogram suggests that P. aerugi- 
nosa biofilm thickness measurements are correlated at spa- 
tial separation distances less than about 100 pm. Vario- 
grams indicated that thickness measurements for K. pneu- 
moniae and binary population biofilms were still dependent 
at separation distances that varied between 500 and 5000 
Fm. No consistent trend of increasing or decreasing thick- 
ness with distance in the direction of flow was observed for 
any of the three types of biofilm. 

Biomass particles observed in biofilm reactor effluents 
ranged from single cells to cell aggregates hundreds of mi- 
crons in size (Fig. 7). Larger aggregates were seen in 
monopopulation biofilms of K .  pneumoniae and the binary 
system than in monopopulation P. aeruginosa biofilm re- 
actors. 

0 200 400 600 800 1000 

Diatance between pointa (pm) 

Figure 6. Variogram curve from a P .  aeruginosa biofilm profile. 
Gamma is the variogram function, which is a fit through the correlation 
point cloud. The distance d is the separation between two thickness mea- 
surements measured in the plane of the substratum. 
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Figure 7. Individual cells and multicellular aggregates observed in the 
effluent of (a) P. aeruginosa, (b) K. pneumoniae, and (c) binary popula- 
tion biofilm reactors. The scale bar is 10 pm in (a) and 100 pm in (b) and 
(C). 

DISCUSSION 

Measurements of biofilm thickness obtained by image anal- 
ysis of biofilm cross-sections demonstrate significant mi- 
croscale variability in biofilm structure. The variation in 
thickness is graphically revealed by one-dimensional pro- 
files (Fig. 4) or by cumulative percentage distributions (Fig. 
5). These measurements are significant from an engineering 
point of view because they provide a quantitative handle on 
the otherwise difficult to analyze issue of biofilm heteroge- 
neity. 

Thickness measurements do not reflect all of the struc- 
tural heterogeneity of the biofilm. Because the thickness 
represents the distance between the substratum and the out- 
ermost cell, internal features of the biofilm, such as voids or 
cell clusters, are not captured by this measurement. Signif- 

icant heterogeneity in the distribution of biomass within the 
biofilm is suggested by the variable staining intensity of 
biofilm cross-sections (e.g., Fig. 3b and d). 

P. aeruginosa, K .  pneumoniae, and binary population 
biofilms had different mean thicknesses, and different spa- 
tial distributions of biomass, pores, and water channels. 
Mean thickness estimates for monopopulation biofilms in 
this study are similar to those recorded in earlier  work^.^^'^^ 
P. aeruginosa biofilms grow as dense, thin, relatively uni- 
formly thick biomass matrices that lack the voids and water 
channels present in other biofilm systems. These features 
could be partially characterized by the mean thickness (29 
pm) and a roughness coefficient (0.15). Regular ridges or 
dunes that others have noted in P. aeruginosa b i ~ f i l m s ~ , ' ~  
were not observed. K .  pneumoniae biofilms, in contrast, 
were denser near the biofilm-bulk fluid interface, contained 
internal pores or channels, and exhibited highly variable 
thickness. The exceptionally high variability of the K .  pneu- 
moniae biofilms (R,* = 1.14) reflects the patchiness of 
growth: cells grow in tall colonies separated by nearly bare 
areas of substratum. The differences between the structures 
of the two monopopulation biofilms could be due to differ- 
ences in such characteristics of the two species as capsule 
structure or motility. Biofilms composed of the combination 
of the two species were structurally distinct from either 
monopopulation system. They were thicker than either 
monopopulation biofilm (mean 400 pm) and displayed 
intermediate roughness (R,* = 0.26). These measurements 
show that species composition is an important factor deter- 
mining biofilm structure. 

We suggest the use of the term rough to describe biofilms 
whose characteristic magnitude of thickness variation is less 
than the mean thickness (R,* < l) ,  and the term patchy to 
describe biofilms in which the thickness variation exceeds 
the mean (R,* 1). By this definition, monopopulation P .  
aeruginosa and binary population biofilms are rough, while 
the monopopulation K .  pneumoniae is patchy. This distinc- 
tion may be useful in that approaches to modeling these two 
concepts of biofilm structure are likely to differ. 

A spatial correlation analysis of the thickness data indi- 
cated that thickness measurements were still correlated even 
when separated by distances that exceeded the mean biofilm 
thickness by roughly a factor of 5 to 50 (Table I). Results of 
the variogram analysis varied depending on the sample lo- 
cation. These results raise the possibility that variations in 
biofilm thickness may occur over large distance scales, a 
finding supported by the observation of patchy or nonuni- 
form biofilm coverage of biofilm sample slides (especially 
with K .  pneumoniae) as judged by visual examination. 
Gjaltema et al. l9 recently reported observations of nonuni- 
form biomass distribution in an annular reactor like the one 
used in our study. The length scale over which they ob- 
served variation extended to the dimension of the reactor, or 
approximately 20 cm. The measurements reported in the 
present article only pertain to heterogeneity at the micro- 
scale, because they cover distances of only a few millime- 
ters. These results and observations suggest that additional 
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work is needed to characterize spatial correlation of thick- 
ness measurements. 

Microscopic examination of biofilm reactor effluents re- 
vealed the presence of multicellular aggregates, some hun- 
dreds of microns in size (Fig. 7). The size of the aggregates 
depended on the microbial composition of the biofilm: ag- 
gregates in the effluent of a pure-culture K .  pneumoniae 
biofilm reactor were an order of magnitude larger than any 
observed in pure culture P .  aeruginosa effluents. Detach- 
ment of large particles may be one mechanism that creates 
and sustains biofilm thickness variability. The difference in 
the size of the cell aggregates in P .  aeruginosa and K .  
pneumoniae reactors may be related to differences in bio- 
film thickness and structure. Thin, relatively uniform bio- 
films of P .  aeruginosa spawn small cell aggregates; patchy, 
locally very thick K .  pneumoniae biofilms give rise to large 
particles when a cell cluster detaches. Our photomicro- 
graphic evidence of aggregates, although qualitative, sup- 
ports the use of mathematical formulations to describe de- 
tachment as a discrete process that involves release of mul- 
ticellular aggregates from the b i ~ f i l m . ~ ~  

The experimental method and the results presented in this 
article should be of value to modelers interested in under- 
standing the significance of biofilm structural heterogeneity 
to such processes as microbially influenced corrosion, hy- 
drodynamic fouling, biocide efficacy, and overall substrate 
conversion. Fundamental phenomena that are likely to be 
significantly impacted by thickness variation include exter- 
nal mass d e t a ~ h m e n t , ~ ~  and the interaction 
of reaction and diffusion within the biofilm. Models that are 
significantly more complex than those available today will 
be required to evaluate the impact of biofilm heterogeneity. 

CONCLUSIONS 

Extensive thickness measurements of biofilms of pure P .  
aeruginosa, K .  pneumoniae, and the binary combination of 
the two species were obtained by image analysis of frozen 
cross-sections. This method permits quantitative analysis of 
biofilm thickness variation and qualitative observations of 
internal biofilm structure. The three types of biofilm dis- 
played distinct structural features visualized in photomicro- 
graphs and quantified by the mean thickness and a rough- 
ness coefficient. Biofilms grown in identical reactors at the 
same operating conditions ranged from thin and nearly uni- 
formly thick ( P .  aeruginosa) to highly variable and patchy 
( K .  pneumoniae). We conclude not surprisingly that species 
composition can be an important determinant of biofilm 
structure. More generally, the application of image analysis 
to frozen biofilm cross-sections provides a quantitative ba- 
sis for the analysis of biofilm microscale structural hetero- 
geneity. Measurements of thickness variability reported in 
this article confirm in quantitative terms that significant 
microscale structural heterogeneity occurs in biofilms. 
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