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Abstract: 
Laboratory biofilm reactors are tools researchers use to grow biofilms that exhibit characteristics 
sufficiently similar to the environment of interest. Numerous biofilm reactors that model various 
fluid dynamics are described in scientific literature, each with its associated list of advantages 
and limitations. This chapter focuses on the process used to design and fabricate biofilm reactors 
with the stated goal of generating a commercial product. The process begins with identifying the 
environment of interest and key attributes the reactor should include or model. A prototype is 
then designed, built, and tested in the laboratory. Modifications are made based upon laboratory 
performance until a design is achieved that is affordable, practical, operationally simple, 
relevant, and which provides repeatable, convincing results. This process was used to design the 
Industrial Surfaces Biofilm Reactor, developed to model cooling tower biofilms but suitable to 
study biofilms grown under low shear, high gas transfer, and intermittently wet conditions. 
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1.1 DEFINITION OF A BIOFILM REACTOR 

A reactor is a vessel where controlled change occurs and is measured. A laboratory biofilm 
reactor is a tool that researchers use to generate a biofilm that exhibits particular qualities. 
Applied and fundamental biofilm research relies upon laboratory biofilm reactors to simulate 
environmental or medical conditions of interest. These reactors are used to grow biofilms to 
study inherent chemical and physiological characteristics and are commonly used to aide in the 
development of antimicrobial compounds for their control. Reactors can house a variety of 
surfaces on which to grow biofilm, including hard non-porous surfaces such as glass, metal, or 
plastics, or porous surfaces such as porcelain, cement, tile, textiles, or cell tissue. Historically, 
biofilm was associated with aqueous environments, which heavily influenced early biofilm 
reactor design and consequently much of the early published research (Characklis and Marshall, 
1990; Costerton et al. 1978; Zobell 1943). While biofilm may exist in what would be considered 
a dry environment (Vickery, 2019), for the purposes of this chapter, we will focus on biofilm 
reactor design for partially or fully hydrated environments.  

A logical approach when designing a reactor is to look at the fluid dynamics present in an 
environment of interest and create a system to mimic that environment. In the most general of 
terms, a system is considered to be open if there is an exchange of fluids and closed if no fluids 
are exchanged.   In the case of aerobic research, a system may be closed with regard to liquid 
exchange, but open with regard to gas exchange. Generally, with anaerobic systems, both liquids 
and gases are closely controlled. Batch reactors are commonly used closed systems. In a batch 
reactor, concentrations change over time--cell numbers increase, by-products increase, and 
nutrient components decrease. A batch system may have mixing (fluid shear) present. An 
example of this is a microtiter plate in an environmental shaker or tubing configured to 
continuously recycle nutrients.  

Continuously Stirred Tank Reactors (CSTR) and Plug Flow Reactors (PFR) are examples of 
open systems. A CSTR has flow into and out of the reactor so that there is no net accumulation 
of fluid. The fundamental assumption of a CSTR is that the bulk fluid in the reactor is perfectly 
mixed. This means a sample collected from any part of the reactor is representative of the entire 
system. As a note of caution, this assumption may not hold if the CSTR is growing biofilm and 
sections of the biofilm have randomly sloughed from the surface. The fluid dynamics in a CSTR 
are controlled by mixing (usually with a baffle, stir bar, internal rotating drum, etc.). An 
important feature of a CSTR is that the system will reach steady state with regard to bacterial 
growth, nutrient utilization, and product production. This is a desirable attribute because time is 
no longer a critical parameter once steady state is achieved 
. In practice, CSTR biofilm reactors actually reach a “quasi” steady state wherein biofilm 
continually grows and randomly detaches from the growth surfaces, resulting in no net increase 
in biofilm over longer time periods, but often leading to substantial differences in biofilm at a 
particular location over short time spans. 

The fluid dynamics in a PFR are defined by the flow rate of the fluid through the reactor. Unlike 
a CSTR, a PFR system is not perfectly mixed in the axial direction, but mixing may occur in the 
radial direction. The most classic example of a PFR is a pipe. In practical terms, this means that 
the biofilm changes along the length of the pipe or tubing. A PFR will also reach steady state, 
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meaning that at a specific location in the pipe, the biofilm should be consistent over time. As 
with the CSTR, we must qualify the term “steady state” because biofilm growth is dynamic, and 
sections may detach and regrow.  

A defining feature of open systems is the ability to control residence time, which is the time it 
takes for one entire fluid volume in a reactor to be completely exchanged. Mathematically, 
residence time is calculated by dividing the reactor volume by the fluid flow rate. For a CSTR 
operated specifically to grow biofilm, the residence time is less than the doubling time of the 
bacteria of interest. This means that the suspended bacteria wash out of the system and only 
attached cells (biofilm) remain. The residence time in many plug flow reactors is short, as the 
fluid quickly flows by a point on the pipe wall. In terms of biofilm, this is not of concern because 
those were the conditions under which the existing bacteria established, and they will continue to 
obtain the nutrients they need for growth. This feature becomes important, however, when 
testing antimicrobials, because a short residence time means a short contact time for the 
antimicrobial. Closed systems, it is important to note, do not have this feature, which means 
suspended bacteria, detached biofilm, and attached biofilm must all be considered when planning 
an experimental design and interpreting the results.  

In the biofilm laboratory, typical reactors include microtiter plates (all configurations, including 
the MBEC® 96-well plate reactor), CDC Biofilm Reactor®, Drip Flow Biofilm Reactor®, 
Rotating Disk Biofilm Reactor, Bio-inLine® Biofilm Reactor (also known as the Modified 
Robbin’s Device), Biofilm Annular Reactor, Constant Depth Film Fermenter, microfluidic 
devices, flow cells, agar plate methods, porous media columns, tubing or pipe reactors, and 
reactors that are modifications of the systems listed above. Multiple reviews describe these 
reactors and their use in detail (Azeredo et al., 2017; Coenye and Nelis, 2010; Gomes et al., 
2014; Gomes et al., 2018). ASTM standardized methods have been developed and validated 
based on the CDC Biofilm Reactor®, Drip Flow Biofilm Reactor®, Rotating Disk Reactor, and 
the MBEC® Device (also known as the Calgary Device) (ASTM Methods E2647-13, E2196-17, 
E2562-17, and E2799-17). These standardized methods allow statistical comparison of biofilm-
active compounds (antimicrobials), and in the case of commercial products, marketing claims 
against biofilm. Both open and closed systems are represented in this list, and most of the reactor 
systems use submerged or hydrated coupons or surfaces for microbial growth. Although one 
reactor is not necessarily better than another, they all have associated advantages and limitations. 
Reactor choice does influence experimental outcome (Buckingham-Meyer et al., 2007; Manner 
et al., 2017), which means results should always be put into the context of the system used to 
generate the biofilm and not over-extrapolated. The Biofilm Annular Reactor and Modified 
Robbins Device  have been used extensively in drinking water and process water treatment 
systems to evaluate biofilm formation and corrosion control issues. The CDC, Rotating Disk, and 
Drip Flow Biofilm Reactors have been used extensively in the evaluation of various materials 
and chemistries for control of biofilms in a wide range of industries, including medical, dental, 
home products, industrial chemicals, and environmental, among others. The Constant Depth 
Film Fermenter has been used in the medical and dental biofilm research community, albeit more 
sparingly in the US than in Europe. Microtiter plate methods are used extensively in fundamental 
biofilm research and for screening large chemical libraries for efficacy against biofilm.  
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Although a substantial number of biofilm researchers rely on the biofilm reactors listed above, in 
biofilm laboratories around the world, researchers are creating specialized reactors for specific 
applications. These specialized reactors rarely become commercial products, however. This 
chapter will focus on the process used to design and fabricate a biofilm reactor with the stated 
goal of generating a commercial product.  

1.2 DESIGN PROCESS 

Biofilm is a collection of living microorganisms that are continuously growing and adapting to 
changes in the environment (Hall-Stoodley and Stoodley, 2005). A well-designed reactor must 
facilitate the growth, treatment, sampling, and analysis of biofilm that represents the 
environment that the researcher wants to study. Recreating key field or clinical test conditions in 
the laboratory enables the generation of relevant results that are predictive and useful for future 
decision making. The biofilm reactor and associated protocol must also be affordable, practical, 
simple to operate, relevant, and provide repeatable, convincing results (Zelver et al., 2001). An 
example of this is the use of the Rotating Disk Biofilm Reactor for studying toilet bowl biofilms 
(Zelver et al., 1999). 

BioSurface Technologies Corporation (BST) and the Standardized Biofilm Methods Laboratory 
(SBML) in the Center for Biofilm Engineering have collaborated on the design, fabrication, 
and/or commercialization of three biofilm reactors (CDC Biofilm Reactor, Drip Flow Biofilm 
Reactor, and Rotating Disk Biofilm Reactor), a tool known as the “splash guard” that is used 
when testing the effectiveness of biocides against biofilm following the Single Tube Method 
(Goeres et al, 2019), and the Treatment Imaging Flow Cell, a reactor used with a microscope to 
visualize the removal of biofilm from a surface  or action of an applied antimicrobial (Ausbacher 
et al., 2018). The process of designing and bringing a reactor to market is depicted in Figure 1. 

The first step in the design and fabrication process of a commercial product is to define the 
environment, system or condition the laboratory reactor will model. This can be accomplished by 
performing a gap analysis to identify needs that are not currently being met, followed by a 
market analysis of what is available, and determining how the new system will compare. It 
seems obvious to note, but the most successful reactor will fill an unmet need. While the 
literature is packed with creative laboratory reactors that were designed to answer a specific 
research question, and many of these systems provide excellent results, the reactors are often so 
project-specific or complex that any market would be limited. 

Once the environment, system or condition is identified, the next step is to identify the key 
attributes the reactor must include to best model the environment of interest. Two basic strategies 
are employed to develop a relevant biofilm model. For example, in collaborative work with the 
US EPA, the focus was to measure efficacy of disinfectants against biofilms on hard, non-porous 
surfaces. In this case, the strategy employed was to engineer a biofilm to have specific 
characteristics that emulate the biofilm in situ, matching for example, the architecture, thickness, 
and strength of attachment. This was done by focusing on the fluid dynamics present while the 
biofilm was being formed. The second strategy incorporates the most important physiochemical 
and biological characteristics in the environment of interest. When evaluating medical devices, 
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for instance, the second approach is more valid because it considers parameters such as the 
bodily fluids present and fluid dynamics the device will experience when placed in the body. 

Figure 1. The step-by-step process BST and the SBML have developed and followed, which has 
led to successful product development. 

Soliciting stakeholder (market) input into the key attributes is an important step. Each category 
of stakeholder (industrial R&D researcher, academic researcher, regulator) will have requests for 
design attributes that will enable them to meet their research goals. Industry stakeholders may 
want to use the reactor to support a product marketing claim or to compare how their product 
performs against a competitor’s product when tested under similar conditions. Regulators may 
want to reference the reactor in guidance documents and therefore require data that supports 
product performance standards. Academics may want to conduct research that characterizes 
biofilm under specific test condition or to measure how the biofilm responds to changes in an 
environmental condition. If possible, it is best to solicit input from multiple members of a 
stakeholder group. This can be done at conferences, by reaching people directly, or through a 
survey. It can become challenging when stakeholders have conflicting recommendations or if the 
request is simply not feasible due to manufacturing restraints or cost. In this case, the design 
team makes the decision whether to include the attribute or not, followed by a conversation with 
the stakeholders to explain the reasoning behind the decision. 

Reviewing the literature, including patents, helps to identify reactors and methods other 
researchers have used that may be similar to the reactor under development. It is important that 
the new reactor does not duplicate a system already described in the literature. Although if this 
happens, a great option is to contact the authors and see if they want to collaborate on the 
commercialization of their system. This may present an intellectual property challenge, but this 
can generally be resolved. In addition, the literature may also reveal that a parameter that was 
perceived as critical to include may not actually have a large effect on the response of interest. 
Finally, when identifying the list of key attributes, it is best to address any potential or perceived 
safety concerns at the start of the process. Examples include potentially pathogenic bacteria or 
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fungi or, if the system will be used for anaerobic biofilms, assessment of whether special 
containment is necessary for toxic gases such as hydrogen sulfide. 

Up to this point, “attributes” has been used as a general term. Specific attributes to consider at 
the start of the design process include: fluid dynamics, operational temperature, special 
containment, construction material of the reactor components, as well as, of the surface used to 
support the biofilm growth, material compatibility (for sterilization or interaction with 
antimicrobials), number of necessary sampling opportunities, access for collecting samples, 
ability to conduct time course studies (collect one sample without disturbing the others), 
possibility to replace test surfaces, manufacturing expense, and ease of use.  

For instance, when defining the fluid dynamics that the reactor will mimic, it is important to 
determine if the system will be closed or open. For open systems, the design must consider if the 
flow will be modeled as a CSTR or as plug flow. A biofilm reactor that is defined as a CSTR 
must be able to achieve and maintain a well-mixed environment. The reactor design must also 
consider if the flow is laminar (fluid particles follow smooth paths with little or no mixing) or 
turbulent (chaotic changes in pressure and flow velocity). The reactor design must also consider 
the doubling time of the bacteria used to grow the biofilm. Remembering that the residence time 
in the reactor must be less than the doubling time of the bacteria, a microbe with a fast doubling 
time in a reactor with a large volume will require a large volume of nutrients. For example, if the 
doubling time is one hour and the reactor volume is 1 liter, then the flow rate will need to be 1𝐿𝐿

1ℎ𝑟𝑟

or 1000𝑚𝑚𝐿𝐿
60𝑚𝑚𝑚𝑚𝑚𝑚

 which equals 16.67 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚. This means 24 liters of nutrients are necessary to grow 
the biofilm for 24 hours with a continuous flow of nutrients. In addition, it is important to 
consider pump requirements so that the reactor may be used with commercially available pumps. 

Growth surface (also known as coupon or carrier) selection is an important design choice. 
Stakeholders often want flexibility with regard to coupon material choice, which is based upon 
how they will assess biofilm growth. For instance, if the intent is to assess biofilm growth via 
microscopy, glass coupons are a logical growth surface. The reactor must therefore 
accommodate a variety of surfaces. From a statistical standpoint, it is important that the biofilm 
growth is repeatable regardless of location within the reactor. This means the fluid dynamics 
must be consistent across all coupons. Often, stakeholders request a reactor to hold as many 
coupons as possible and so a compromise must be reached. Time course studies can also be 
important in biofilm research, and being able to sample one coupon without disturbing the other 
coupons may also be a desirable attribute, although not always possible.  

Once the key attributes have been identified, it is time to design and build a prototype of the 
reactor that incorporates the key attributes. Material selection is important. Tables 1 and 2 define 
the properties of common materials used to construct biofilm reactors. There is not one perfect 
material that is consistently used for all biofilm reactors, rather, it is important to understand how 
the reactor will be used. If the reactor will be used to test the efficacy of strong biocides, then 
corrosion resistance and chemical compatibility are important to consider. It is often desirable to 
use off-the-shelf components for some of the pieces, which explains why one reactor may have 
parts constructed from multiple materials. Materials have different expansion coefficients, which 
is critical to consider, given that autoclaves will most likely be used to sterilize the reactor. 
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Different expansion coefficients amongst materials can lead to cracks and breaks in the reactor. 
Stakeholders want a durable product that does not have to be replaced after only a few uses.  

Part fabrication is considered at this stage. Machining parts is expensive and time consuming. 
Injection molding has high upfront costs but is less expensive in the long term, and it is limited 
to certain materials. Laser cutting is inexpensive but limited to 2D parts.  

Table 1. Material properties of common metals used in biofilm reactor construction. Table 
courtesy of BST and reflects their experience with biofilm reactor fabrication. 

Table 2. Material properties of common plastics used in biofilm reactor construction. Table 
courtesy of BST and reflects their experience with biofilm reactor fabrication. 

Once a reactor prototype is built, the system is brought into the lab and tested. At this point, 
researchers provide feedback on how easy the system is to operate and if any of the parts fail to 
perform their designed function. This is an iterative process. It is not uncommon that several 
prototypes are designed and built before the final design is achieved. Once the design is deemed 
close to being finished, a set of experiments are conducted to determine if the biofilm growth is 
repeatable. Changes may still be made at this point in the process, but they are normally 
minimal. Once repeatable biofilm growth is achieved, then the reactor design is finalized, and the 
product is ready for market.  
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1.3 IMPLEMENTING THE DESIGN PROCESS: INDUSTIAL SURFACES BIOFILM 
REACTOR  

The process described above was implemented during the design and fabrication of the Industrial 
Surfaces Biofilm Reactor (ISBR). After a market analysis of the currently available biofilm 
reactors, a need was identified for a bench-top biofilm reactor designed to provide a growth 
environment for biofilm under low shear, high gas transfer, and intermittent wetting. The goal 
was to model the environment present in a cooling tower, meaning the reactor will eventually 
need to accommodate the growth of biofilms that include Legionella spp. and tolerate the testing 
of strong biocides.  

Step 1. Identify the list of key attributes for the biofilm reactor. 

A brief description of a cooling tower is provided to help explain the design choices made for the 
Industrial Surfaces Biofilm Reactor.  

Description of Cooling Towers 
Cooling towers are used to transfer heat from recirculating cooling water to air. Cooling water is 
used in virtually all industrial processes that generate waste heat. To accomplish the heat 
transfer, water flows down over packing material while air travels upwards to bring the water to 
ambient temperatures. Figure 2 is a schematic of a typical cooling tower. Although different 
designs exist, the basic concept remains consistent. The challenge with cooling towers is that the 
water is not sterile and soon the packing material is covered in a thick biofilm, as shown in 
Figure 3. Biofilm decreases the heat transfer efficiency, results in issues with equipment 
functionality including corrosion and plugging and, most importantly, can cause potential health 
and safety concerns. Aerosols are generated as the water evaporates. These aerosols can contain 
pathogenic bacteria such as Legionella, whose route of transmission is through inhalation of 
aerosols. To control biofilm accumulation, biocides are added to the water. Biocides are costly, 
though, and associated with their own set of concerns including the aerosolization and release of 
toxic compounds to the environment and corrosion of equipment. Therefore, there is a need to 
optimize how and when the biocides are dosed before they are added to a cooling tower. A 
laboratory system allows for optimization of a biocide dosing strategy in a more cost effective 
and timely manner. If a biocide fails in a laboratory test, it is not likely to work in an operating 
cooling tower.  
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Figure 2. Schematic of a typical cooling tower design. Image courtesy of Kolmetz, 2014. 

Figure 3. LEFT: New cooling tower packing material used to increase surface area. RIGHT: An 
example of fouled packing material. 

In addition to modeling the key engineering parameters of a cooling tower, other important 
design attributes included:    
• complete containment to prevent any escape of aerosolized biofilm,
• various surfaces (coupons) for biofilm growth to further model relevant conditions (for

example, glass, polymers, stainless steel or mild steel, painted or coated material, etc.),
• large number of sampling opportunities (coupons),
• operated with varying influent media conditions to mimic the range of

industrial/environmental conditions to which surfaces could be exposed,
• in situ and ex situ testing possibilities (e.g., potential for use in either the laboratory or the

field),
• biofilm from reactor easily analyzed using various laboratory techniques.

Feedback from stakeholders was solicited and used to help refine the design. Comments 
included:  

- Would like to see the spray rate of a cooling tower calculated and compared to the rate in
the reactor.

- Would like to see a heat exchanger added to the flow path.
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- Was interested in understanding why the coupons were placed at a 10° angle (Note, this 
angle helped to stabilize the coupons).  

- Would like to include a heating element and monitor humidity in the reactor. 
- Would like the reactor to accommodate a submerge-and-drain cycle. 
- Would like the reactor to accommodate a wet/dry application for paint testing. 
- Would like to see experiments run with bacteria they have sequenced from their cooling 

towers.  
- What are the safety concerns associated with growing Legionella biofilms in the reactor? 

 
These comments were considered throughout the design and build process. 
 
Step 2. Using the list of attributes identified in Step 1, design a reactor and build a 
prototype.  
 
Three prototypes were fabricated during the design process (Figure 4). Each design was critically 
evaluated to assess if it met the design criteria. Safety, cost, material compatibility and 
availability, and manufacturability were all considered during the design and decision-making 
process. We also considered biosafety concerns and ease of operation in the laboratory, as a 
design that is too complex and high maintenance is not desirable. 
 

   
Figure 4. Early prototypes of the Industrial Surfaces Biofilm Reactor. 
 
The final prototype of the Industrial Surfaces Biofilm Reactor is shown in Figure 5. The reactor 
consists of a glass vessel with two ports near the bottom. One of the ports maintains the water 
level within the bottom of the reactor, while the other is used to pump water from the bottom of 
the reactor to the top of the reactor. The recycled water is mixed with growth media before it 
goes back into the reactor through a port in the lid, which can be connected to a spray nozzle if 
desired. The lid contains three additional ports, one of which is used for air exchange, and the 
remaining two for adding other chemicals, such as biocides, to the reactor. The top also contains 
a removable port that is used to pull coupons from the reactor without disturbing the other 
coupons. On the bottom of the reactor rests a doughnut-shaped disk that is fabricated to hold 18 
coupons at a 10°angle. The disk is connected to a shaft with a magnet at the base that is driven 
by a stir plate. The disk rotates while the recycled water is dripped or sprayed over the surface. 
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The system was designed to be completely closed to the environment to prevent both cross-
contamination of fresh influent water with the recycled feed and aerosolization out into the lab. 
In use, it is possible to connect the pump that recycles the water to a timer so that the coupons 
are wetted at intervals, to simulate a shower or rain, for example. The rotational speed may also 
be adjusted to allow for more active evaporation of the water off the coupon surfaces, if 
necessary. The stir plate has a heating mechanism if the water in the bottom of the reactor needs 
to be warmed above ambient temperature to facilitate evaporation, for instance.  
 

 
Figure 5. Final prototype of the Industrial Surfaces Biofilm Reactor. 

A critical design decision was how to introduce water onto the coupons. It was decided that the 
final design would have the water drip into the reactor, with an option to attach a spray nozzle. 
Keeping in mind that bacteria are present as both suspended cells and biofilm in this reactor, and 
that growth media is added directly to the recycle loop, there is the potential for a spray nozzle to 
become fouled. Also, the recycle rate may change for different applications which impacts the 
force of the spray coming out of the nozzle, which in turn impacts the biofilm growth on the 
coupons. Figure 6 shows the different options considered for the spray nozzle. In the end, the 
nozzles that deflected the spray resulted in the best spray pattern, and the protocol developed for 
the reactor recommends using the nozzle pictured on the far left (not sold with the reactor).  
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Figure 6. Four nozzles were considered during the design phase. (A) and (B) show nozzles that 
deflect the spray. (C) shows a nozzle that sprayed the water directly onto the coupons. The fourth 
nozzle considered was a large gauge needle (not pictured).  
 
Step 3. Laboratory validation and design optimization. 
 
During the laboratory phase of the testing, researchers conducted experiments using drinking 
water bacteria to determine if the reactor was relatively simple to operate in a safe condition, as 
compared to the other biofilm growth reactors. This testing resulted in numerous reactor design 
modifications including: 
1. a new glass vessel design, 
2. coupon orientation in the bottom disk, 
3. how the magnet was connected to the disk and the placement of the disk on the bottom of the 
reactor, 
4. different spray nozzles versus none, and 
5. reconfiguring nutrient addition to the recycle loop. 
 
Step 4. Repeatability testing of the final design. 
 
The microbes present in Bozeman, MT USA drinking water were used throughout the 
development and final testing of the reactor protype. Drinking water microbes are consistent with 
the type of microbes that may be growing in a cooling tower biofilm. The drinking water used in 
this testing was water that had run through two filters; the first filter removed any residual 
chlorine and the second filter enriched for the microbes present in the drinking water. 
 
The laboratory protocol used in the final testing of this reactor started with assembling and 
sterilizing the reactor and all the parts. The reactor was then filled with the processed drinking 
water. The recycle water was supplemented with dissolved organic carbon to encourage biofilm 
growth. The water recycle rate was set to 55 mL/min. Tryptic Soy Broth (TSB) was added to the 
recycle tubing at a rate of 2 mL/min and concentration of 100 mg/L TSB. The experiment lasted 
five days with coupons being collected and analyzed for biofilm on Days 1 – 5. The experiment 
was repeated twice. The data for each day were analyzed with a linear model with a random 
effect for experiment. The data for all days were analyzed with a linear mixed effects model with 
a random effect for experiment and a fixed effect for day (Pinheiro and Bates, 2000). 

A B C 
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The results displayed in Table 3 show the repeatability standard deviations between runs for each 
day and averaged over all days to be well below the accepted repeatability standard deviation 
upper limit of 1 (Hamilton, 2010). The run-to-run variability decreased over time for the coupon 
log density (LD) of biofilm, dropping to zero after day 2. The plot in Figure 7 shows the 
similarities between mean log densities of the three coupons selected for each day. Figure 7 also 
shows that the mean log densities in run 2 appear to be leveling off by day 4, but the mean log 
densities for run 1 may still be increasing after day 5. Figure 8 shows that the broth log density 
(LD) measurements showed more variability between runs, with the run 2 LDs staying mostly 
steady across the four days and the run 1 LDs increasing and decreasing across time.  
 
Table 3. Mean log density, coupon-to-coupon and run-to-run variability (with percent variance 
for each component) and repeatability standard deviation for log density measurements taken 
from coupons. Variability of the coupon log density (biofilm assessment) data is shown for each 
day separately and averaged across all 5 days over both runs. Only one run was performed on 
Day 5, so no run-to-run variability or repeatability standard deviation could be calculated. The 
broth log density measurements only contained one value for each day of each run, so variability 
and repeatability could not be calculated for each individual day, only across all the days as seen 
in the last row of the table. NC = Not Calculable.  

 Mean Log Density 
(Log10(CFU/cm2)) 

Coupon-to-
Coupon 

Variability 

Run-to-Run 
Variability 

Repeatability 
Standard 
Deviation 

Coupons- Day 1 6.75 0.0022 
(3.3%) 

0.065 
(96.7%) 

0.260 

Coupons-Day 2 7.13 0.0064 
(33.2%) 

0.013 
(66.8%) 

0.139 

Coupons-Day 3 7.46 0.1292 
(100%) 

0 
(0%) 

0.359 

Coupons-Day 4 7.39 0.0564 
(100%) 

0 
(0%) 

0.237 

Coupons-Day 5* 7.82 0.0076 NC NC 
Coupons-Over All 

Days 
7.31 0.055 

(100%) 
0 

(0%) 
0.236 

Broth-Over All 
Days  

7.77 
(Log10(CFU/mL) 

0.0759 
(30.5%) 

0.173 
(69.5%) 

0.499 
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Figure 7. Log densities (Log10(CFU/cm2)) from coupons over time, separated by run. Each point 
for each day is a mean log density of three selected coupons from the reactor. Error bars for each 
point represent a 95% confidence interval for the average log density of that individual day and 
run.  
 

 
Figure 8. Log densities ((Log10(CFU/ml)) from broth samples over time, separated by run. Each 
point represents a single broth log density measurement for each individual day and run. Error 
bars could not be created for these points since they represent single values.  
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The final assessment is that the reactor shows promise, the repeatability standard deviations are 
within the range reported for other biofilm methods, but the protocol needs optimization which 
may result in additional small design changes. 
 
Step 5. Incorporate a manufacturing approach to ready the reactor for commercialization. 
 
During the entire process, BST was evaluating if the design was sustainable, cost efficient, and 
that the parts were either commercially available or if they could be manufactured locally. 
Important points to highlight include: 

• Given that this reactor will be used in multiple experiments that may last several days, it 
was important for the reactor pieces to be interchangeable and durable, even after 
exposure to concentrated biocides and multiple sterilization cycles.  

• Easy assembly was favored, and an important consideration when designing the 
mechanism to rotate the bottom disk, which is also why we switched to a single glass 
vessel in lieu of the reactor version shown in the center image in Figure 4.  

• Safety was considered during the entire design process.  
 
1.4 CONCLUSIONS 
 
Laboratory biofilm reactors are the tools researchers use to generate biofilm with specific 
attributes. While no biofilm reactor is necessarily better than another, each has advantages and 
limitations; one reactor may better mimic the conditions present in the environment of interest 
than another. Commercially available biofilm reactors are developed following a traditional 
design and build process. This process was followed to design the new Industrial Surfaces 
Biofilm Reactor that was develop to model cooling tower biofilms but is suitable to the study of 
any biofilm grown under the conditions of low shear, high gas transfer and intermittent wetting.  
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