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Abstract:

Biofilm detachment induced by various chemicals, including metal salts, surfactants and
depolymerization agents, was investigated using an experimental system consisting of a two-species
bacterial biofilm grown in continuous flow annular reactors. Two types of experiments were
performed: 1) in situ environmental step change experiments conducted in annular biofilm reactors to
examine detachment and 2) determination of viscometry of biofilm collected from these reactors.
Experimental results showed that biofilm detachment could be induced by addition of various
chemicals. Monovalent and divalent salts (including NaCl, CaCl2, MgCl2) were the most effective
chemicals in changing biofilm structure, reflected by an average of 73% viscosity reduction. Directly
performing step changes in biofilm reactors with these salts detached 40% of the biofilm in 75 minutes.
Chelants showed similar results, e.g. 19.6% viscosity reduction and 26.3% bilfilm detachment for
EDTA. Surfactants (including sodium dodecyl sulfate, Triton X-100, Tween 20) also altered the
structure of biofilm (e.g. viscosity reduction was 8.7% for Tween 20, 41.9% for Triton X-100, -12.6%
for SDS) and caused a much larger amount of biofilm to detach (average of 61.7%). Addition of
chlorine, monochloramine and some enzymatic lyases (including lysozyme and protease) caused
viscosity reduction and biofilm detachment also. We found that 1) electrostatic (e.g., cation bridging)
and hydrophobic interactions were two major forces that maintain the integrity of biofilm structure; 2)
cells and EPS were the structural components of biofilms. Disruption of biofilm crosslinking forces and
destruction of structural biofilm components could cause biofilm detachment.
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ABSTRACT

Biofilm detachment induced by various chemicals, including metal salts,
surfactants and depolymerization agents, was investigated using an experimental system
' consisting of a two-species bacterial biofilm grown in continuous flow annular reactors.
Two types of experiments were performed: 1) in situ environmental step change
experiments conducted in annular biofilm reactors to examine detachment and 2)
determination of viscometry of biofilm collected from these reactors. Experimental
results showed that biofilm detachment could be induced by addition of various
chemicals. Monovalent and divalent salts (including NaCl, CaCl,, MgCl,) were the most
effective chemicals in changing biofilm structure, reflected by an average of 73%
viscosity reduction. Directly performing step changes in biofilm reactors with these salts
detached 40% of the biofilm in 75 minutes. Chelants showed similar results, e.g. 19.6%
viscosity reduction and 26.3% bilfilm detachment for EDTA. Surfactants (including
sodium dodecyl sulfate, Triton X-100, Tween 20) also altered the structure of biofilm
(e.g. viscosity reduction was 8.7% for Tween 20, 41.9% for Triton X-100, -12.6% for
SDS) and caused a much larger amount of biofilm to detach (average of 61.7%). Addition
of chlorine, monochloramine and some enzymatic lyases (including lysozyme and
protease) caused viscosity reduction and biofilm detachment also. We found that 1)
electrostatic (e.g., cation bridging) and hydrophobic interactions were two major forces
that maintain the integrity of biofilm structure; 2) cells and EPS were the structural
components of biofilms. Disruption of biofilm crosslinking forces and destruction of
structural biofilm components could cause biofilm detachment.




INTRODUCTION

Biofilm detachment refers to the transfer of biomass and other particulate
constituents of a surface-attached microbial film to the fluid phase surrounding the
biofilm. Detachment is one of the fundamental phenomena governing biofilm
accumulation and activity. As the pﬁmary process balancing microbial growth in most
biofilm systems, detachment is a key determinant 6f the extent of biofilm accretion.
Detachment probably plays a role in the development of the heterogeneous structures
observed in some biofilm systems (Murga et al., 1995) and it may alsp influence biofilm
ecology (Rittmann, 1989; Stewart et al, 1997). Deépite its fundamental imporfance in
virtually every biofilm system, detachment is one of the least well unders"cood processes
in biofilms.

Detachment is also interesting as an alternative strategy for controll/ing unwantéd
biofilms such as tﬁose that foul cooiing water towers, oilfield produced water pipelines,
or food processing plants. Biocides and antibiotics havé been the principle weapons used
to combat biofouling. These agents work biy killing .microorga'm'sms. This strategy is
in\}ariably frustrated by the universally observed reduced susceptibility of biofilm
microorganisms to disinfection (Costeﬁon et.al, 1987; Brown and Gilbert, 1993).
Furthermore, in niany biofilm fouling problems the desired end result is a- clean surface -

rather than an inactive, yet physically intact, biofilm. Antimicrobial agents achieve this

)




indirectly by stopping growth and alfowing the naﬁlral detachment process t;) slovs-/ly
rémoye the biofilm. Promoting the detachment process directly would appeér to be an
attractive and obvious alternative approach. This approach could have the added
ad{/antage of reducing. reliance on inherently toxic c_ontrol'agents whose continued use is
fundamentally limited with the trend towards in_creasingly restrictive environmental

regulations. -




LITERATURE REVIEW

Earlier research on detachment of biofilm hés investigated the influence of shear
stress, growth rate, limiting nutrient, oxidizing regents, and enzymes. Trulear and
Characklis (1982) first determined a relationship between bioﬁlfn detachment rate and
shear stress. Subsequent analyses have not arrived at a consensus regarding the
significance of shear stress (Rittmahn, 1982; Bakke et al., 1990, Peyton and Characklis,
1993). Detachment in fluidized bed reactors is thought to occur predominantly by an
abrasion mechanism (Chang et al., 1991; Gjaltema et al., 1995). A few analyses suggest
that detachment can be growth-associated; that is, specific detachment rates depend on
the net growth rate in the biofilm (Speitel and DiGiano, 1987; Stewart, 1993; Peyton and
Characklis, 1993; Tijihuis et al., 1995). Howell and Atkinson (1976) proposed that
sloughing occurs when the substrate concentration at the substratum falls below a critical
value. Applegate and Bryers (1991) found that P. putida biofilm grown under oxygen
limitation exhibited detachment rates 20-40% of those measured in a bio‘ﬁlm grown
under carbon limitation. The oxygen-limited biofilm contained more extracellular
polymeric substance (EPS) and more calcium than did the carbon-limited biofilm.
Characklis (1980) found that biofilm detachment resulting from chlofination was much
higher between pH 7.5 and 8.5 than it was betweeﬁ 6 and 7. An enzyme blend of

cellulase, amylase and protease was claimed effective in digesting microbial slime




(Wiatr, 1991). Johansen et al. (1997) reported that a complex mixture of polysaccharide-
hydrolyzing enzymes, including i)rotease? cellulase, pectinase, B-glucanase, and xylanase,
was able to remove bacteria from steel and polypropylene substrata. '

Biofilm is mainly composed of a variety of bacteria embedded in a matrix of
extracellular polymeric substances (EP Sj of bacterial origin Witil water channels inside its
structure (Costerton and Lewandowski, 1997; Costerton et al., 1995; Chriétensen and
Charaklis; 1990; Siebel, 1987; Bakke, 1986). The adhesion forces that maintain the
structural integrity of bioﬁlmé or flocs (i.e. biological aggregates from activated sludge) |
are thought to include long range forces, such as van der Waals forces, and short range
forces, such as chemical bonds and hydrophobic interactions (Marshell, 1990; Tadros,
1980; Forter and Levs}in, 1972).

The long range adhesion forces can be addressed in part by the theory of
Derjaugin, Landau, Verwey, and Overbeek (DLVO theory) (V erway and Overbeek, 1948;
Derjaugin and Landau, 1941). Since surfaces of bacterial cells are normally negatively
charged (Marshall, 1976), the net interaction of cells in biofilm would be expected to bé
repulsive at very low electrolyte concentrations. In an ionic milieu, the ne;c charge on the
cell surface is counter-balanced by cations. The result is an electrical double layer at the
interface between the cell and the aqueous phase. The double layer is made up of the
. charged cell surface and the layer of opposite charged counter-ions that are attracted
electrostatically to the cell surface. In a high ionic strength aqueous mediﬁm the double
layer is compressed. At electrolyte concentrations corresponding to ionié strength about

1=0.001, a shallow secondary minimum may be formed at some separation distance




where the long range attractive van der Waals forces balances tﬁe short range repulsive
electrostatic forces. The decrease of electrical double layer is insignificant with further
addition of electrolytes. Zita and Hermansson (1994) reported that microbial flocs from
wastewater activated sludge Behaved in close accord with the predictions from DLVO
theory. It was found that the floc dissociation coefficient (a measure of the tendency of .
flocs to disperse) decreased gradually to its smallest value when the ionic strength of the
solution increased to about 0.01; then it remained almost unchanged Witil increasing ionic
strength from 0.01 to 0.1. However, it was found in the same study that.when ionic
strength increased from 0.1 to Vl, the dissociation coefficient was drastically increased.
The later could not be explained by DLVO theory. |

| Cation bridging (e.g. Ca") and hydrophobic interactions can be considered as short
range adhesion forces that maintain the structural integrity of biofilms, flocs, aﬁd
biological gels. Turakhia et al. (1983) showed that immediate and substantial detachment
ofaP. aerugino;sa biofilm could Be effected by addition of the calcium-specific chelant
ethylene glycol-bis-(B-aminoethyl et.her)—N,N-tetraacetic acid (EGTA). Gordon et al.
(1991) found that the gel strength of the alginate gel separated from mucoid
Pseudomonas aeruginosa was significantly reduced upon addition of NaCl, EGTA,
EDTA, and sodium dodecyl sulfate (SDS). SDS is a surfactant which may disrupt the
hydrophobic interactions that maintain gel strength. Singh and 'Vincent (1987) found that
the hydrophobic character of the isolated Pseudomonas sp from sewage sludge was
associated with the capacity to form aggregates. Valin and Sutherland (1992) even found

a correlation between flocculation in activated sludge and hydrophobicity on the basis of




contact angle measuremenf from sludge sample. The hydrophobicity of the cell surface is
also believed to be an important factor in determining the extent of adhesion of bacteria
to solid surfaces (Rosenberg, 1986).

The majority of the extracellular polymers in a biofilm are thought to be
polysaccharides. Research focused on polysaccharides or polymer matrices may well bear
on some phenomena in biofilms, such as biofilm detachment. For example, with regard to
the solution properties of polysaccharides, it was found that the viscosity decrease that
occurred when salt was added to solutions of different polysaccharides varied
considerably with the type of polysaccharide presented (Srrﬁdsrod and Haug, 1967; Cox,
1960). It was also found that the viscosity of an exopolymer produced by a Pseudomonas
sp. decreased by 75% of that in fresh water when 2.7M CaCl, was added, and b3.7 85%
when subjected to 4.4M NaCl (Dasinger et al., 1994). Parker et. al. (1996) determined the
influence of a whole range of metal cations on the viscosity of capsular polysaccharide
from Microcystis flos-aquae. He observed a biphasic effect of metal ion concentration on
viscosity of this polysaccharide. Initially the viscosity increased with increésing metal ion
concentration until a maximal viscosity occurred at a concentration of 1~10mM. The
viscosity decreased with further addition of that ion.

In summary, cells and extracellular polymers are considered major components of
biofilm. The structural cohesiveness of various types of biological aggregates inc'luding
biofilms, microbial flocs, microbial gels, appears to result from a combination of fofces‘
including long range van der Waals forces and short range forces like electrostatic and

hydrophobic interactions. These cohesive forces can be disrupted by numerous ways,




such as addition of salts (NaCl, CaCl,), addition of chelants (EGTA, EDTA), and
disturbance of hydrophobic interactions by adding surfactants. Treatment of a biofilm
with oxidizing reagents (e.g., chlorine) or with enzyme lyases (e.g., protease) can a1§o

cause biofilm detachment.




HYPOTHESES

I hypothesize that there are two broad types of crosslinking interactions in the
biofilm matrix: electrostatic and hydrophobic. Electrostatic crosslinks could involve
direct interactions between the two charged elements or they could be mediated by
bridging substances, for example divalent cations or éharged proteins. Similarly,
hydrophobic interactions could be direct or they might be mediated by a hydrophobic
protein. |

With this structural model of the bioﬁlm in mind, biofilm detachment could be
induced by a number of different treatments, including, for example, 1) degradation of an
EPS polymer chain, 2) loss of cellular structural integrity (i.e., cell lysis), 3) disruption of
a cell-polymer or polymer-polymer electrostatic croéslinking interactions, and 4)
disruption of cell-polymer or polymer-polymer hydrophobic crosslinking interactions.

The overall goal of the Wdrk*reported in this dissertation was to perform
preliminary experimental investigations of these hypotheses in order to understand the

mechanisms that cause biofilm detachment.




MATERIAL AND METHODS

Two types of experiments were conducted to investigate the influence of various

~ chemicals on biofilm detachment. The first type of experiment involved directly
measuring the amount of biofilm detachment caused by a step change addition of a
treatment chemical added directly to a biofilm reactor. Second type of experiment used
viscometry to. measure changes in the viscous properties of resuspended biofilm after
chemicai treatment. Biofilms were grown on the inner surface of"a continuous flow
annular reactor for about 7 days to reach a pseudo-steady state. Then they wére
challenged with an instantaneous concentration change of certain chemicals which for the
most part were not biocidal. Any changes of biomass on the surface qnd in the efﬂuént of
reéctor were recorded, analyzed, and quantified using in-line optical density
measurement, total protein measurements, 'and a cell enumeration methoci. Biofilms
scraped from the surface of an untreated reactor were used for Viscomefry experiments.
Biofilm viscosity changes before and after addition of various chemicals wére recorded

and quantified using a viscometer.

Microorganism and Culture Condiﬁons

Pseudomonas aeruginosa (ERC1) and Klebsiella pneumoniae (KP1) were co-

cultured on a minimal salts medium to grow binary species biofilms. These two species
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rotating polycarbonate drum, 2) surfaces of twelx}e removablé 316L stainless steel slides
attached to the inner surfacé of reactor, and 3j the rest of the polycarbonate inner s1;rface
of the reactor. Table 2 summarizes features of this réactor. Since there was no significant .
statistical difference of biofilm coverage between stainless steel slides and the
polycarbonate surfaces based on the measurement of total mass and total protein, the
wetted surface area was simply calculated by summation of these three individual areas.
Biofilm \‘Nas sampled without interruption of nutrient flow or inner cylinder rotation by
removing sample slides through stoppered holes in the top of the reactor. Because of the
relatively fast growth rate of Klebsiella pneumoniae, this organism could dominate in
biofilms if the two species were inoculated simultaneously (>99% based on cell
enumeration). To avoid this situation, the reactor was inoculated first with 1.0 mL of
thawed stock culture (10® cell mL™") of Pseudomonas aeruginosa for 24 hours in batch
mode, then with K. pneumoniae for an additioﬁal 18 hours. After a total of 42 hours of
incubation in batch mode with the drum rotating, the influent flow was introduced at a
rate of 31 milliliters per minute. The influent flow consisted of three inlet streams: 1) a
phosphate buffer flow (0.5 mL/min), 2) a nutrient (lacking phosphate buffer) flow (0.5
mL/min), and 3) a dilution water flow (30 mL/min). The biofilm was allowed to grow for

7 to 9 days before a treatment was initiated. The inoculation procedure is listed below.

Biofilm annular reactor inoculation protocol

1) Fill up reactor with medium.

2) Adjust the rotation rate of inner drum to 100rpm.
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3) Inject 1ml of thawed frozen culture of Pseudomonas aeruginosa into reactor.
4) Inject 1ml of thawed frozen culture of Klebsiella pneumoniae 24 hours later.

5) Switch the reactor to continuous mode 18 hours later.

Table 2. Annular reactor characteristics.

Characteristic _ Value

fluid volume 570 mL
flow rate ' 31 mL min™
dilution rate 3.26 b
Wetted surface area 1600 cm®
gap width 0.8 cm
inner cylinder diameter 10 cm
rotation rate 100 min™
Reynolds number 4800

Reactor Treatment and Sampling

After seven days in continuous flow mode, the reactor was subjected to a step
change experiment. Step changes of treatment chemical concentration in the reactor were
achieved by adding several milliliters of concentrated treatment chemical directly into the
reactor and simultaneously switching to a continuous supply of this reagent at th@ desired

concentration for 60 minutes. The pulse dose was the calculated amount to
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instantaneously raise the bulk concentration in the reactor to the desired final
concentration.

Biofilm was sampled approximately 30 minutes prior io the initiation of treatment
and every 15 minutes after the step change. The total sampling period was 75-90 minutes
or about 4 residence times. Effluent samples of biofilm were continuously collected
through a stopcock in the effluent tubing. Samples were homogenized for 1 minute using
a tissue homogenizer operated at 20;000 min. A sub-sample (100~200 mL) was
centrifuged for 10 minutes at 4 °C and 12000 xg for total protein analysis. Biofilm
covered slides were removed using aseptic sampling techniques at various times during
the experiments. They were. scraped into 100 mL phosphate buffer (same concentrations
as in medium). This biofilm suspension was homogenized for 0.5-1 minute. Part of the
solution (40 mL) was then centrifuged for 10 minutes at 4 °C and 12000 xg for total
protein analysis. The step change protocol, slide coupon sampling protocol and effluent

sampling protocol are detailed below.

Step change protocol

1) Prepare 3 liters of treatment chemical solution (solution A) with concentration of
1.033-fold of final concentration.
2) Prepare solution B By dissolving X mg of target chemical into 5 ~ 15 mL water.
X = target chemical concentration (mg/L) x reactor volume (L)
3) Autdclave solution A and B.

4) Inject solution B directly into reactor at the beginning of step change experiment.




)

6)

15

Switch feeding of the water source to solution A and continuously maintain it for 60
minutes.

Sw_itch back to Water after 60 minutes and disconnect from solution A.

Slide éoﬁpon sampling protocol

1)

2)

3)
4)

)

Gently pull out one of the stainless s;[eel slides.’

Scrape biofilms from the surface into 100 mL autoclaved phosphate buffer solution
with scraper. |

Homogenize biofilm solution using Homogenizer at 20000 min™ for 45 sec.

Take 1ml out of the 100ml sample for viable cell count.

Centrifuge biofilm sample (40ml out of 100ml) for total protein measurement.

Effluent sémpl,i‘ng protocol :

D

2)

3)

4

Collect whole effluent sample for 15 nﬁnutes.

Homogenize biofilm solution u/sing Homogenizer (High—Speed Homogenizer, Cole
Parmer E-04719-00; Generators (probes), Cole Parmer E-04720-11 (100mm x 8mm),
and E-04720-12 (200mm x 18mm)) at ZOOQO min™ for 45 sec.

Take 1ml out of the 100m! sample for viable cell count.

Centrifuge 100 or 200ml of biofilm sample for total protein measurement.

" Analytical Methods for Step Change Experiment

Biofilm samples were subjected to various analyses, including viable cell

enumeration, total proteih measurement and optical density measurement. Viable cells
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were enumerated by performing serial dilutiog and plating on R2A and Pseodomonas
isolation agar plates ﬁsing the drop plate method (Hoben and Somasegaran, 1982; Miles
and Misra, 1938). The number of P. aeruginosa colonies was counted from Pseudomonas
isolation agar. The number of K. pneumoniae colonies was calculated by subtracting the
number of P. aeruginosa colonies from the total number of colonies counted ﬂbﬁ R2A
agar. Cell pellets recovered after centrifugation were further treated with TEP solution
(10mM Trizma Hydrochloride, ImM EDTA and 1mM phenylmethylsulfonyfluoride) at
pH 8 to extract soluble proteins from biofilms. The supernatants after an additional
centrifugation Were used to analyze for total protein by a modified Lowry method using
Sigma kit No. 690-A. Effluent samples were also analyzed for viable cell counts and for
total protein. The optical density at 650 nm of the reactor effluent was cqntinuously
monitored by a spectrophotometer (Spectronic 20D, Milton Roy Co.) installed in-line.
This spectrophotometer was connected to a conﬁputer that had an A/D data acquisition -
board (CIO-DASO8PGA, Computer Boards, Inc.) installed. A LABTECH NOTEBOOK
(I;aboratory Technology Co.') application running on that computer logged data from the
spectrophotometer every 60 seconds. Data recording was started at 15 minutes before the
step change and maintained for 90 to 105 minutes. Viable cell enumeration and total

protein measurement protocols are detailed below.




T

Viable cell enumeration protocol

1) Sequentially dilute sample into dilution tubes containing 9ml of phosphate buffer’

(consisting of Na,HPO,; 2.691mM and KH2P04, 2.998mM) by ’transferring Iml '
aliquots. |

2) Transfer 1ml aliquots using Drop Plate method from ones with the most likely
concentration for colony formation, to R2A agar and PTA .(Pseitdomonas: isolation
agar). |

3) Incubate all plates in 37°C incubatof for 24 houfs, then céunt 'the colonies.

4) The number from PIA is just Pseudomon_as aerﬁginosa concentration and the big,

white, opaque colonies on R2A are Klebsiella pneumoniae.

Total protein meéasurement protocol

1) Discard the supernatant of the centrifuged biofilm samples. Mix the pellet with 2 or
4ml of TEP solution (10mM Trizma Hydrochloride, lmM EDTA and 1mM |
phenylméthylsulfonyﬂuoride) at pH 8. ’

2) Disrupt cells using sonication (TORBEO 36810, Cole-Parmer) by three puises at 10 -
seconds for each pulse. |

3) Centrifuge again and use t.he supernatant for total prot;:in éss‘ay.

4) Setthe Waveléngth of spectrophotograph at 725nm.

5) Follow the Sigma 690-A diagnostic kit instruction for the rest of assay.
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Viscometry

A set of expg:riments was conducted using viscometry to detect changes in biofilm
mechanical properties when challenged with different chemicals. Viscosity is the measure
of the internal friction of a fluid. It depends on the concentration of the polymeric
materials, the type of these polymers and temperature of the samples.

Biofilm samples were collected by scraping biofilms from all wetted surfaces of
an untreated annular reactor after seven days of biofilm growth in continuous flow mode.
These samples were stored at 3 ~ 5 °C until use. A cone/pléte (CP40) type viscometer
' (LVDV-I 1++CP, Brookfield Engineering Laboratories, Inc.) was ﬁsed for' biofilm
viscosity measurement. It consists of a spinning cone and a stationary plate in which

samples are held. This type of viscometer only requires 0.5 ml of sample that is very
‘suitable for a biofilm study since generating of large a;mount of biomass is very difficult.
A computer was connected to the viscometer using a serial port. Data recording and cone
rotation speed could be automatically controlled using a software application called
WinGather (Brookfield Engineering Laboratories, Inc). The temperature inside the
measuring chamber‘ of viscometer was controlled by a circulating water bath (RTE-22]1,
NESLAB). The cone’s revolution speed was fixed at 0.6 rpm to avoid shear-thinning and
also to simulate the shear streés (about 4 dynes/cm?) experienced in the annular reactor.
First 0.5 mL of biofilm sample was transferred into the plate of cone/plate viscometer.
Viscosity of this biofilm sample was measured after assembling ‘Fhe plate to the

viscometer. Then the plate was disassembled and 0.1 mL of desired chemical solution
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was added into the plate. The viscosity of the treated biofilm sample was then measured. |

The detailed procedure to perform viscosity measurement is described below.

Viscosity measurement protocol

D

2)

3)

4)

)
6)

7)

9)

Turn on the water bath (RTE—221,lNESLAB) and stabilize the température at25+0.1
°C. |

Turn on the viscometer, screw in the rotating cone (type cp40) after autozeroing
according to instructions in the viscometer’s manual.

Drop the viscometer temperature probe into the water tank of the water bath, and
make sure the temperature readings from the two instruments are the same.

Connect the data communication cable from the viscometer to the serial port of a .
computer.

Turn on the computer and open up the WinGather application.

Press the print button on the front panel of the viscometer for about 20 seconds to
enable data transfer between the viscometer and computer.

If there is no data showing on the WinGather’s window, select a different port, either
COM1 or COM2, by clicking on the communication port button on WinGather’s

menu.

- 8) Transfer 0.5 mL of biofilm sample into the plate (cup shape) of viscometer.

Assemble the plate to the viscometer.

10) Set the rotation speed to 0.6 rpm using the speed selection button on the viscometer

front panel.
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11) Turn on the cone rotation by pressing the on/off button on the viscometer front panel.

12) Wait tw;) or more revolutions of the cone to let the viscosity reading stabilize.

13) Record viscosity data in a time stop fashion by putting 30 in the data field aﬁd 00:10
in the time interval field. This will record data fof 5 minutes with total of 30 data
points.

14) Turn off the cone rotation and disassemble the plate. Add 0.1 ml of desired chemical
so.lution into the plate, then reassemble.

15) Switch on the cone and repeat steps 12 and 13.

Source of Reagents

- All general chemicals, such as various salts and gluéose, were bought from Fisher.
Surfactants were from Sigma. Dequest 2006 (Aminotri(methylene-phosphonic acid),
pentasodium salt) was bought from Solutia. Enzymes, including amylasé (10-30 units per
mg solid for a-Amylase, from porcine pan;:reas), cellulase (5,000 units, from aspergillus
niger), lysozyme (50,000 units per mg protein, from chicken egg white, 3X crystallized,
dialyzed anci lyophilized), nuclease (from penicillium citrinum lyophilized powder) and

protease (type 1, 10 units/mg, from bovine pancreas), were all bought from Sigma.
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RESULTS

This section reports the results of the two types of experiments performed,
viscometry of biofilm suspensions and detachrhcnt from an operating reactor. In both

types of experiment, data were collected before and after a variety of chemical treatments.

‘ D_ata.‘Analysis and Repeatability |

Viscometry

Viscosity results were obtained before and after addition of treatment chemicals,
but special care had to be used to obtain satisfactory results. Two practic.al complicationg
were encountered in performing viscometry, both of which were thought to reflect the
. .nat_ural heterogeneity of a scraped biofilm suspénsion. Viscometry of untreated biofilm
samples always resulted in an oscillatory response with a period cogesponding to one full
rotation of the viscometer cone (Fig. 1). Although oscillation was observed, the mean
value of the apparent viscosity prior to treatment was relatively stable. After the addition
of various salts, viscosities tended to become stable and nonoscillatory. This behavior
could be attributed to the fact that the large aggrega;tes of biofilm initially prgsented in

suspension were disassociated into many small particles after the addition of salts.
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performed over a range of initial viscosities. In each experiment viscosity data were
averaged for the last two revolution periods priqr to the addition of a chemical. This
average constituted the initial viscosity. Ini’;ial viscosities typically ranged from 20cP to
400 cP. A chemical was added and the post-treatment viscosity was measured. The irﬁﬁal
and final viscosities were correlated (F igure 2). The correlation of viscosities of biofilm
samples after addition of each chemical at a specific concentratién with viscosities of the‘
original biofilm samples before the addition of chemicals was e.s’.cablished‘ by using linear
regression. Linear regression parameters were used to predict‘ the post-treatment viscosity
corresponding to an initial viscosity of 150 cP. The standard errors of the prediction
(Using MiniTab version 12, MiniTab Inc.) were used to construct the error bars.
Interpolated post-treatment viscosities corresponding to an initial viscosity of 150 cP
were used to compare the effectiveness of viscosity changes by additions of various
chemicals. The changes of viscosity brought by the treatment chemicals themselves ip the
absence of biofilm only contributed to about +6 cP. or +£4% of the initial viscosity of 150
cP. An exception was protease, which itself increased the viscosity about 24 cP or 16%
(see Appendix A). ‘ .
Experiments with enzymes required a different approach for data analysis. Simply
blending biofilm samples with enzyme solutions resulted in instantaneous changes of
viscosity. These viscosity changes should not be attributed to enzymatic lysis. Viscosity
data were collected over time at 20-40 minute intervals over a two-hour period. The
viscosity measured at time zero (immediately after nﬁxing of biofilm and énzyme

solutions) was used to normalize subsequent measurements (Fig. 3). Decreases of the
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a) effluent turbidity, b) total protein in effluent and from biofilm sample slides, and c)
effluent cell count. The percentage of the biofilm that was detached was calculated two
ways. The first was the cumulative amount of total pr;ﬁtein discharged in the effluent over
a 75 minute period following the treatment divided by the initial tbtal protein inside the

biofilm reactor.

Effluent volume (ml)x Z Effluent total protein (zg/ml)

Total wetted area (mm?) x Initial slide total protein ( zg/mm*)

% detachment, effluent =

where effluent volume = 15 (min) x 31 (ml/min) = 465 (ml)

Total wetted area = 1600.4 (mm®)
The percentage of biofilm detached was also calculated based on biofilm slide sample. It
was the difference of total protein from a biofilm slide coupon before_and after treatment

divided by the initial total protein inside the biofilm reactor.

A slide total protein (zg/mm?).

% detachment, slide =

2
Initial slide total protein (ug/mm?) @)

The correlation of bioﬁlm detachment represenfed by the total protein measurement from
effluent and biofilm slide coupon is shown graphically in Figure 5. Although the |
relationship is noisy (r* =0.61), the slope of the regressed line is not statistically
significantly different from one (m=0.95; p=0.89) indicating that ;these ;[wo measures are
consistent. Integrated effluent protein concentration and integrated effluent optical

density changes were also positively correlated (1°=0.85) (see Fig. 6).
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Flectrostatic Interaction

Influence of different salt additions

Viscosity changes by addition of various salts are compared in Figure 7 at an
ionic strength of 0.3 for each chemical. The addition of cations other than iron decreased
biofilm viscosity by an average of 73%. Treatments with Fe** and Fe®* increased biofilm
viscosity about 50%, but they were not statistically significant as the P value was greater
than 0.05 (0.095 and 0.1248, respectively) (see Table 3). The method of 2-sample T test,
where variances are not necessary equal, was used in this and following statistical
analyses for all viscometry experiments. The probabiﬁty of each individual experiment
differing from the control was presented as P value. A 95% confidence level was used to
reject the hypothesis that there are no statistically significant viscosity changes by
addition of various chemicals when the P values are greater than 0.05. A non-ionic
treatment with 0.47 M sucrose (osmotically equivalent to 0.3M NaCl) caused a viscosity

reduction of 7% (not shown in Fig. 7).

Table 3. Statistical analysis of the changes of biofilm viscosity at ionic strength of 0.3

when compared to the control.

LiCl NaCl KCl1 CaCl, MgCl, FeCl, Fe(NO,); Sucrose

P 0.0002 0.0001 0.0718 0.0014 0.0002 0.095 0.1248 0.0314
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final viscosity ranged from 60% to 105% of the initial viscosity (80%~93% for NaCl,
97%~105% fof CaCl,, 6i%~80% for FeCl, and 73%~103% for Fe(NO,),). Theée Chénges
of viscosity were considered insignificant (P > 0.05, Table 4j based on statistical analysis.
However changes from additiop of FeCl, resulted in P values ranging ﬁom 0.0001 to
0.0018 (Table 4) at low ionic strength. Biofilm viscosity was dramatically changed when
the ionic strength was great than 0.1. It dropi)e‘cl significantly to about 20% of thp initial
value with addition of sodium (Fig. 8) and calcium ions (Fig. 9), but increasgd to about
150% with addition of Fe** or Fe** ions (Fig. 10 and 11, respectively), which was not
statistically significant. Since addition of FeCl, or Fe(NO;), also caused the pH to
decrease from 6.5 to 2.1, other experiments ;zvere performed to investigate the effect of
pH change alone by acidifying biofilm samples with 6N HCI. Biofilm viscosities
decreased about 40% from the initial valﬁe of 150 cP when the pH of biofilm samples
changed from 6.5 to 2.0, which indi;:ates that the increases of biofilm viscosity by
addition of Fe*" and Fe** might even be higher if the pH of the biofilm sample were held

steady.
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Biofilm dejachment was alsp demonstratgd by scraping and assaying biofilm from
slides samples before and after the treatment. The percentages of biofilm re‘mov'ai as
determined by total protein assay of biofilm samples and by ir_1tegration of the increased
protein released in the effluent are tabulated in Table 5. Net detachment caused by
various salts was ;18 percent by 0.3M sodium chloride, 48 percent by 0.22M calcium
chloride, and 23 percenf by 0.21M magnesium chloride. A pH downshift resulted in
average of 15% of biofilm detachment. A pH upshift caused more than double that
amount averaging 46%.lThe net detachinent caused by sucrose was only approximately
7.5%. In another sodium chloride treatment experiment, No.\6, chloramphenicol (200
mg/L), a protein synthésis iﬂhibitor, was added to block any biological reéponses that
could cause biofilm detachment. This generated more bi:oﬁlm detachment (69%) than‘_ ,
using sodium chloride alone (48%), indicating, thaf de novc; prot‘éiri synthesié was not

involved in mediating biofilm detachment.
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Dequest 2006 reduced biofilm viscosity by 50% whefeas EDTA reduced it only 20%
(Fig. 15). From statistical analysis these viscosity reductions were significant in

comp_arisor_l to the control. P value were 0.0001 and 0.002 for EDTA and Deﬁuest 2006

(Table 6), respectively.

In situ step changes using EDTA and Dequest 2006 were also performed. The |
results presented in Table 7 shown an average of 26% detachment for EDTA and 27%
detachment for Dequest 2006.

Table 6. Statistical é.nalysis of the changes of biofilm viscosity treated with EDTA or
Dequest 2006 when compared to the control.

EDTA  Dequest 2006

P 0.0001 0.002 ‘

Table 7. Summary of biofilm detachment caused by environmental step changes of

chelants.
% detachment, % detachment  Average
No # Treatment reactor effluent biofilm slides %
1  Control | 0 4 2
12 EDTA (0.01M, 2.92¢g/L) 13 - 40 26

13 Dequest 2006 (1g/L) 28 26 27
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hexadecyltrimethylammonium bromide were statistically significant with P values of
0.0001 and 0.001 (Table 9), respectively. Biofilm viscosity changes by treatments of
SDS, Tween 20, aﬁd lignosulfate may not be considered different from the control
statistically (P > 0.05, Table 9).

In situ step change experiments provided direct information about biofilm
detachment by some of these agents. Net detachment was approximately <71 percent after
addition of 1000 mg/L sodium dodecyl sulfate (SDS), 26 percent by 1000 mg/L Tween
20, and 48% by 1000 ﬁgm Triton X-100 (see Table 5, the control is included for
comparison). Biofilm detachment cou_ld be induced even when the viscosity change was
small or positive, as with SD‘S,. Avprotein synthesis ‘inhi-bitor, chloramphenicol -
(100mg/L), Was used again in a SDS duplicate experiment (No. 16j. The pfo‘;ein
synthesis inhibitor increased bioﬁlm detachment by 20%. This indicates that biologically
mediated responses were not a mechanism that caused bioﬁlm detachment by éddition of

this surfactant.

Table 9. Statistical analysis of the changes of biofilm viscosity treated with surfactants

whern compared to the control.

SDS Triton X-100 Tween20 Hexadecyltrimethyl- Lignosulfate

ammonium bromide

P 0.3986 0.0001 0.131 0.001. 0.1902
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Table 11. Statistical analysis of the changes of biofilm viscosity treated with degradation

agents when compared to the control.

OCI'- NH,CI Amylra‘se Cellulase  Lysozyme. Nuclease' Protease

P 00026 00012 010 013 - 001 007 004

' Biofilm detachment causéd by these depoly@érization agents Wés also measured
in éitu in the biofilm reactor by a étep change addition. Results are liste(i in Table 6.
Removal by chlorination was about 50% higher at pH=10.9 (average of 65%) than
pH=6.4 (average of 42%). This is consistent with Characklis’ report (Characklis, 1980)
and with data on depoiymerization ‘of‘ polysacch_arides (starch) by chlorine, fdr which the
optimum pH is greater than 7 (Whister and S(;hwei‘ger, 1957). There was no notable

. difference in the amount of detachment caused by hypochlorite and monochloramine.
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Time Scale of Biofilm Detachment

The relative rapidity of the detachment respéns’e following a chemical treatment
(e.g., immediate versus delayed) provides clues to the underlying mechanisms of
cohesion and detachment. In particular, it could be expected that challenges to the biofilm
by disruption of physico-chemical forces (e.g., electrostatic or hydrophobic interactions)
or rapid degradation reactions (e.g. with the chlorine) would result in detachment
occurring very rapidly, on a time scale of seconds or minutes. On the other hand,
challenges to the biofilm matrix that are based on relatively slow degradative action (e.g.,
added enzymes or induced release of lyases from the cell in response to a treatment)
would be expected to require more time to trigger detachment.

To address the question of the time scale of biofilm detachment, we defined two
measures of the detachment response time. The first of these was tile time to the
maximum effluent optical density. "_'['he‘ second was the integrated effluent optical density
over the first 18 minutes, which cqrresponds to the average residence time, divided by the
75 minutes treatment period. Both measures are presented graphically in Figure 20. This
analysis indicates that the “salt” group, including ionic (including salts, No.2-8), osmotic
(sucrose, No.11), and chelant treatments (No. 12 and 13) all induced dete‘tchment rapidly,
with peak times averaging 5 minutes. These treatments likewise yielded a large fraction
of the total detachment, averaging 45 percent, within the first 18 minutes. Treatment with

hypochlorite (N 6.21) also induced rapid detachment (peak time 8 minutes). By
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comparison, treatment with SDS (No.14-16), Tween 20 (No.17), pH shifts (No.18) and
monochloramine (No.22-27) exhibited relatively delayed respoﬁses. The peak times were
averaged 20 minutes fqr SDS, 17 minutes for Tween 20, 35 minutes for pH shift, 32
minutes for monochloramine, and 29 minutes for lysozyme. Similarly, the fraction of the
total detachment occurring in the first 18 minutes was lower than for the ionic treatments;
it averaged 27 percent for SDS treatment, 24 percent for Tween 20, 8 percent for the pH
treatments, 21 percent for monochloramine, 12 percent for lysozyme. Results from this
data analysis suggested that salts caused biofilm detachment via a different mechanism(s)

than what causes detachment after exposure to surfactants, pH shift, monochloramine and

lysozyme.
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DISCUSSION

Experiments measuring biofilm detachment and the apparent viscosity of biofilm -
suspensions in response to diverse chemical treatments suggest that multiple types of
cohesive forces maintain biofilm structural integrity. These experiﬁiental results are
consistent with a model of biofilm cohesion in which two types of structural elements,
namely EPS and cells, are crosslinked by a combination df electrostatic and hydrophobic
interactions.

The evidence that microbial cells are structural elements is limited to the
observation that the enzyme lysozyme, which specifically degrades the bacterial cell wall,
reduces the viscosity of biofilm suspension (46%). Results from step change experiment
treated by lysozyme showed that cell viability from slide coupon decreased about an
order of magnitude after treatment, while it only removed about half of the bion‘lass‘ as
measured from the loss of total protein on the slide. This indicated that in addition to the
loss of biomass by detachment, there was a loss of cell viat;ility showing that Whole cells
were attacked by lysozyme. If cells were simply inclusions in the biofilm matrix that bore
no mechanical load, then disruption of the cell envelope would be expected to lead to
holes in the biofilm matrix, but not to detachment or aggreg.ate dispersal. An alternative
explanation for the effects of lysozyme treatment is that peptidoglycan, the cell wall

structural material, is also a component of EPS.
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Proteins play a role in biofilm cohesion based on the observatioﬂ that protease
caused significant reduction in biofilm viscosity (40% compared to control). Proteins
may be either structural polymer in the EPS itself or may function as a bridge between
polymer strands or between cells and polymers. The potential importance of protein in
contributing to biofilm structural integrity is consistent with some recent reports that
proteins constitute a much larger fraction of EPS than previously recognized (Nielsen,

et.al., 1996).

Interpretation of Viscometry Study

The viscosity of polymer solution depends on the concentration of polymers and

can be represented mathematically by the expression of Tanford (1961):

S=ln+xmPc | ©)
where p = viscosity of polymer solution

C = polymer concentration

[n] = intrinsic viscosity

k = coefficient

The intrinsic viscosity can be determined by the Mark-Houwink (Tanford, 1961)

equation:
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[pl=KM® - @)

Where M = molecular weight

o. = an exponent dependent upon the stiffness of the chain.
Biofilm samples are highly heterogeneous. The majority of the bioﬁlm viscosity is
contributed by few big chunks of biofilm aggregates. In this heterogeneous environment,
the local concentrations of biopolymer in these big chunks of biofilm may change very
little or nbt at all, despite a total volume increase of 16.7% with addition of treatment
chemicals. This was confirmed from the statisticaily insignificant change of biofilm
viscosity in the control viscosity expe;riment.'Thc viscosity in control changed to 15716
cP from the initial viscosity of 150°cP. The molecular weight of biofilm polymer during
chemical treatment cbuld i)e changed as a result of degradation of polymef (for example,
chlorine and lyase), or damage of the structure of biopolymer by disrupting crossli'nkir}g
interactions that hold polymer together. Therefore the changes of viscc;sity by chemical
addition can be related to changes in molecular weight of the polymer or the stiffness of
the polymer chain. The polysaccharides, which are major components of biofilm |
extracellular polymers, are usually random coils vﬁth o = 0.5 to 0.8 (Christensen and
Characklis, 1990). If the viscosity reduction by treatment of certain chemical were 50%,
this would translate to about 50% reduction of intrinsic viscosity from equation (3). From .

equation (4) with the assumption of o = 0.5, a 50% of reduction in intrinsic viscosity
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would correspond to a 75% reduction in molecular weight of biofilm polymer. This

represents a huge change in biofilm polymer structure.

FElectrostatic Interaction

Electrostatic interactions clearly play a role in biofilm cohesion. Mono and
divalent cation (Li, Na, K, Mg, Ca) chloride salts‘ all caused large reductions in biofilm
viscosity as the ionic strength ot; the treatment exceeded about 0.1. Treatment of biofilm
reactors with salts (Na, Mg, Ca) caused biofilm detachment. The DLVO theory explains
very well why there were no significant viscosity changes in the range of ionic strength
1=0.001 to 0.1 in our viscometry e?(periments. It could not explain the sudden drastic
changes of viscosity at high ionic strength (I>0.1). The observation that the mechanism
for bacteria] cohesion differs from the prediction of DLVO theory when the electrolyte
concentration is increas;ed over I=0.1 has been reported previously in studies of floc
stability (Zita and Hermansson, 1994) and bacterial adhesion to solid surfaces (Gordon
and Millero, 1984). One of the possible explanations for this could be that the binding
capacity of the cations that crosslink the exopoiymers changes with change of ionic
strength. It was reported (Svensson et al., 1991; Schiewer and Volesky, 1997) that the
binding constants of divalent cations, such as calcium, could ciecrease by roughly 2 orders
of magnitude at high ionic strength (I=1) as compared to low ionic strength (1=0.002).

iror;, in the form of Fe**, Fe** or both, probably crosslinks more; strongly with

negatively charged biofilm structural elements. FeCl, and Fe(NO,); were the only salts
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that when added to biofilm suspensioné in high concentrations caused éigniﬁcant
viscosity increases (52% and 45% at 1=0.3, respectively). All other salts causedA
significant viscosity reduction (avg. 73%) when added at the séme ionic strength. This
iron phenomendn was also found by Sutherland (1980). It was found that
polysaccharides, separated from several marine and freshwater bacteria, precipitated only
with an addition of Fe* or Fe’* and there was no effect when Na”, Caé+, Cu**, Mg*, Zn®™,
or AI** was added. Caccavo et al. also reported that Fe** was a better crosslinking i_on in
activated sludge (Caccavo et al., 1996). This may be explained from the Schulze-Hardy '
rule (Gregory, 1989): aggregétion shop‘ld be ion dependent and effectiveness of ions
should increase with valency. Trivalent ions (e.g. F§3+) should be more effective than
divalent ions (e.g. Ca?*, Mg*"). In conﬂict with previous reports and hypotheses (Turakhia
and Characklis, 1989, Applegate and Brye;,rs, 1991, Huang and Pinde;, 1‘995) we found ﬁo
direct evidence that divalent calcium played an impbrtant role in bioﬁlm crosslinking.
Calcium addition caused biofilm detachment and reduction in biofilm viscosity that were
comparable to those rﬁeasu_red for sodium. Two chelating aggnts, EDTA and Dequest
2006, both caused feductions in biofilm viscosity and induced biofilm detachment, which
further supporté, a role for crosslinking multivalent cations.

The above-listed effects caused by salts should not be considered osmotic effects.
Treatment of a biofilm reactor with 0.47 M sucrose (osmotically equivalent to the 0.3 M
NaCl treatment) caused only negligible biofilm detachﬁlent (8% versus 48% for NaCl).
Treatment of biofilm suspension with sucrose reduced the viscosity negligibly (7% versus

83% for the osmotically equivalent NaCl treatment).
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-Hydrophobic Interaction

Surfactants are widely used in biological research, for example to solubilize
hydrophobic components of various tissues and cellular stfuctures. All surfactants consist
of a hydrophobic residue terminating ina hydrophilic head group and can be divided into
anionic, cationic, or non-ioni¢ depending on whether the head group is negatively,
positively or not charged, respectively. Pro‘;ein, which is a very impoﬁant component of
biofilm consisting of about 25% of dry weight in our system (Table 8), is probably a
target of surfactants. For anionic surfactants initial binding occurs to tﬁe cationic sites on
the protein surface, while for non-ionic surfactants the binding sites will be hydrophobic
patches on the protein surface and no further binding occurs éfter these are saturated.
Anionic surfactants may, however, induce protein unfolding .to expose many more
hydrophobic binding sites previously buried in the core of the tertiary structure.
Therefore, with addition of surfactants the initial conformations of proteins might be
altered. This structural disturbance of proteinaceous matrix components may be one of
the mechanisms by which surfactants disrupt biofilm 'strucﬁual integrity. Surfactant might
also disrupt thé cell membrane and thereby weaken or release EPS molecules that are
putatively anchored to the cell via a membrane interaction. Membrane disruption could
also release stockpiled lyase enzymes that then degrade EPS. Another possibility is that
surfactants interfere with crosslinking interaction between hydrophobic moieties on

carbohydrate or proteinaceous components of the EPS.
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Depolymerization

It has been found that hypochlorite ion attacks polysaccharides with extensive
oxidation at the C, and C, positions of D-glucose units, which results in cleavage of the
C,-C, bond (Hullinger, 1963; Whistler et al, 1953). Depolymerization can ?esult frorﬁ the
inductive effects of the glucosidic bond, or from degradation of the intermediate carbonyl
compound.

A small viscosity reduction by monochloramine in comparison with chloriné
(11.5% versus 47.7%, repsectively) was found, suggesting that monochloramine is a
much weaker depolymerization agent than chlorine. In its ability to induce biofilm
detachment, however, monochloramine was very comparable with chlorine, 46.3% versus
49.7%, réspectively. This indicates that depolym‘erization itself was not the only
mechanism that caused biofilm detachment whén treated with monochloramine. This
leads to a spéculation that, when challenged with certain environmental stresses, biofilms
might respond with a variety of physiological changes, including release of lyase '
enzymes that degrade EPS. The high variation in the percentage of l;ioﬁlm detachment
(rgnging from 21.9% t(; 70.4%, which shown no apparent relation to the concentration of
monochloramine added) may suggest the existence of a biologically mediated response
that may not be induced each time.

Enzymatic lyases speciﬁcally attack certain component of biofilms. The amylase

targets the alpha-linkage between glucose molecules. The cellulase attacks carbohydrate
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moleculés; the protease, in the other hand, only cleaves extracellular protein molecules.
- Nuclease certainly attacks various forms of nucleic acid. Although all of enzymes tested
may be very effective for their particular use, their influence on biofilm detachment is
generally small, with about 40% biomaés, detached ‘from biofilm reactor for the most
effective viscosity reduction eﬁzym_e—--lysozyme, which breaks. d(;wn the cell wall
membranes. Nevertﬁeless enzymatic lyases could cause biofilm detachment by

" destruction of particular biofilm structural constituents.




66

CONCLUSIONS

Experimental investigation of biofilm detachment Vfrom binary population biofilm
of P. aeruginosa and K. pneumoniae showed that:

1) Biofilm detachment can be induced by addition of diverse chemicals, including NaCl
(51 percent based oﬁ total protein), CaCl, (48 percent), MgCl, (23 percent), Sucrose
(8 percent), pH upshift (16 percent), EDTA (26 percent), Dequest 2006 (27 percent),
sodium ;10d‘ecy1 sulfate (71 percent), friton X-100 (48 i)ercent'), Tween 2‘0 27
percent), chlorine (50 -percent), monochlqraminé (46 percent), and lyéozyme 40
percent).

2) Cells and EPS are structural components of biofilms. Destruction of biofilm
components, including EPS or cells, can .cause biofilm detachment.

3) Electrostatic intéractions (in particular cation bridg'ing) and hydrophobic interactions
are two major forces that maintain the integrity of bioﬁlm struéture’. The biofilm
viscosity reducﬁon, which was used to reflect the changes of biofilm structure when
challenged with various of chemicals, averaged of %3 peréent when treated by salt, 7
percent by sucrose, 20 percent by EDTA, 49 percent by Dequest 2006, 42 percent by
Triton X-100, 9 percent by Tween 20, 42 percent by chlorine, 12 percent by
monochloramine, and 46 percent by lysozyme. Disruption of these forces can cause

biofilm detachment.


























































































































































