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Abstract 

One of the central puzzles concerning the interaction of low Reynolds 

number (Re<<1) fluid transport with bacterial biomass is the formation of 

filamentous structures called bacterial streamer. Bacterial streamers can be 

tethered at one or both ends to solid surfaces, while the rest of the structure is 

suspended in liquid. Bacterial streamer formation in low Re fluid transport is of 

significant technological and biomedical interest due to relevance to a wide 

variety of critical operating scenarios including clogging of biomedical devices 

such as heart stents, catheters, porous media, and water filtration systems. In the 

present study, we investigate formation and temporal evolution of biofilm-

mediated streamers. These streamers form from deformation of pre-formed 

biofilm on a surface after several hours of injecting bacterial solution into the 

microfluidic device. Once the streamers form, they accelerate the clogging by 

accruing more biomass from the injected flow. Our experiments, carried out in 

a microfluidic device, rely on fluorescence microscopy techniques. Our 

microfluidic device consists of an array of micro-posts, which was fabricated 

using soft-lithography. Detailed procedures for experimentation with the 

microfluidic device are also presented in this study. 

We report our discovery of a new kind of low Re bacterial streamers, 

which appear from pre-formed bacterial flocs. In sharp contrast to the biofilm-

mediated streamers, these streamers form over extremely small timescales (less 

than a second). We demonstrate that floc-mediated streamers form when a 

freely-moving floc adheres to the micropillar’s wall and gets rapidly sheared by 

the background flow. We also show that, at their inception, the deformation of 

the flocs is dominated by recoverable large strains indicating significant 
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elasticity. These strains subsequently increase tremendously to produce 

filamentous streamers. Interestingly, we find that these fully formed streamers 

are not static structures and show viscous response at time scales larger than 

their formation time scales. We also show that such novel streamer formation 

can lead to rapid clogging of microfluidic devices.  

Thereafter, the clogging dynamics of bacterial biomass that accumulated 

in the device due to the formation of bacterial streamers is investigated. 

Particularly, we find the existence of a distinct clogging front which advances 

via pronounced ‘stick-slip’ of the viscoelastic bacterial biomass over the solid 

surface of the micro pillar. Thus, the streamer, the solid surface, and the 

background fluidic media define a clear three-phase front influencing these 

advancing dynamics. Interestingly, we also find that once the clogging becomes 

substantial, contrary to a static homogenous saturation state, the clogged mimic 

exhibits an instability phenomena marked by localized streamer breakage and 

failure leading to extended water channels throughout the mimic. These 

findings have implications for design and fabrication of biomedical devices, 

and membrane-type systems such as porous balloon catheters, porous stents, 

and filtration membranes prone to bacteria induced clogging as well as 

understanding bacterial growth and proliferation in natural porous media such 

as soil and rocks. 

Finally, we study the impact of nanoparticles as antibacterial agents to 

combat biofilm formation. In our work, we use Mg(OH)2 nano-platelets to 

inhibit the growth of planktonic bacteria, and consequently biofilm and 

bacterial streamer formation. The results demonstrate that depending on the 

concentration of Mg(OH)2 nano-platelets in the solution they can act as an 
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antibacterial or a bacteriostatic agent for Pseudomonas fluorescens as a model 

organism for biofilm formation. Furthermore, they can inhibit streamer 

formation in the microfluidic devices. 
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1 Introduction 

1.1 Bacterial communities & biofilms 

Bacteria are prokaryotic microorganisms and are one of the ancient forms 

of life on earth [1, 2]. They are ubiquitous in the environment. Bacteria can live 

by themselves in a planktonic state or they can be part of community structures 

such as biofilm and floc [3, 4]. In biofilm mode, bacteria attach to surfaces and 

organize themselves into integrated and structured communities that contain the 

bacterial cells encased by extracellular polymeric substances (EPS) [5-7].  The 

complex nature of biofilm formation can be idealized as a multi-step process 

with defined stages (Fig. 1.1). For many bacterial species transport and 

attachment events are the first step of this process that can be facilitated by 

bacterial motility organelles such as flagella and pili [8]. Irreversible attachment 

to the surfaces is the second step of this process. Adhesion between cells and 

the surfaces is facilitated by secretion of EPS that contain proteins, 

polysaccharides, lipids, nucleic acids, and other biopolymers such as humic 

substances [4]. Then, microcolonies proliferate through cell division, including 

other planktonic cells and EPS production. In the next step, these microcolonies 

mature into three-dimensional structure of biofilm. Finally, some cells are 

detached from biofilm and then dispersed into the bulk to continue this cycle. 

[8, 9].  
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Figure 1.1: 5 stages of biofilm development. 1)  Transport and reversible attachment 

of bacteria cells to surface. 2) Irreversible attachment of bacteria and EPS production. 

3) Microcolonies formation by replication, growth and EPS production of adsorbed 

cells. 4) Biofilm formation. 5) Detachment of some bacterial cells from biofilm [4, 8, 

9].  

 

The multi-stage transition of planktonic bacteria to a biofilm stage has 

several advantages for bacteria. Previous studies suggested that bacterial 

resistance to antimicrobial agents increases in biofilm mode in comparison to 

the planktonic mode [5, 10]. This is due to the fact that biocidal agents can be 

diluted effectively to sublethal concentrations before reaching all bacteria cells 

in the biofilm when biocidal agents are bonded or neutralized by EPS [10]. 

Another mechanism of biofilm resistance to antimicrobial agents is the 

formation of starved and stationary phase in biofilm. To be effective, antibiotics 

need normal cellular activity in order to disrupt the microbial processes [5, 10]. 

Finally, the existence of resistant subpopulation phenotypes in biofilm known 

as ‘persister’ is another mechanism of protection in biofilm [5, 10]. The EPS 

matrix itself has several advantages for biofilms. For example, biofilm cells are 

immobilized and kept together in close proximity by EPS, which leads to 

intense interactions such as cell-cell communication [6]. The matrix turns into a 

recycle center by holding all the lysed cell components available [6]. The 
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matrix can also act as a nutrition source [6]. Furthermore, the matrix protects 

the bacteria cells from ultraviolet radiation, antibiotics, metal toxicity, etc. [6]. 

Therefore, the biofilm mode leads to protection of bacteria from a broad range 

of environmental challenges, increases their chance of survival in a hostile 

environment, and enhances their resistance to antibiotics by several orders of 

magnitude [5-7, 10].   

Biofilm formation is a phenomenon that involves multiple spatial and 

temporal scales. [11]. For example, enzymes and molecular cues at the 

nanoscale facilitate communication and coordination among bacteria. 

Microcolonies develop at the microscale, but the dimensions of a typical 

biofilm belong to the mesoscale. In addition, a broad range of time scales are 

involved in biofilm processes from milliseconds in convective transport to 

several days of biomass development and detachment [11]. The significant 

implications of biofilm formation in industrial, clinical, and natural 

environments attract researchers’ attention to better understand and control 

biofilm. However, understanding the biofilm’s behavior is challenging due to a 

wide range of spatial and temporal scales related to biofilm developments in 

addition to extensive versatility in chemical composition, mechanical 

properties, and morphology of biofilms [11].  

Studying the formation of biofilm on simple geometries such as tubes or 

flat surfaces has been the focus of researchers in recent years, and there has 

been significant progress in this area. However, the knowledge regarding 

biofilm growth in complex environments such as porous media is still in need 

of scientists’ attention.  
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1.2 Biofilms in porous media1 

An often-sought goal of biofilm research was using antimicrobial agents 

to eradicate biofilm. However, more recently, the potential advantages of 

biofilm in environmental and industrial applications have been recognized and 

become the focus of several ongoing studies [12]. Biofilms can form easily in 

porous media in which the intrinsic high surface to volume ratio provides them 

a suitable place to attach and develop [13]. Formation of biofilm in porous 

media is related to several environmental and industrial processes such as 

subsurface biofilm barriers [12], microbially enhanced oil recovery [12, 14], 

and water filtration systems [15].    

Biofilm formation in porous media can change permeability, porosity, 

dispersion, and diffusion of the media. Depending on the application, this can 

be beneficial or detrimental [12]. For instance, soil is an example of porous 

media [16] and maximum reduction of permeability and porosity is required in 

the case of subsurface biofilm barriers [12]. Subsurface biofilm barriers that are 

engineered structures have been proposed in order to control and remediate 

contaminated soil and groundwater. Maximum reduction of permeability is the 

aim of these barriers by promoting thick biofilm growth. The growth of biofilm 

reduces the groundwater flow in certain subsurface areas. Moreover, it can 

direct groundwater flow into a certain direction in the case of treatment [12]. 

Microbially enhanced oil recovery (MEOR) is another example of biofilm 

applications in soil as a porous media.  MEOR is applied in different ways, 

such as enhancement of oil mobility by production of biosurfactants, in situ 

biocracking of long alkane chains, and selective plugging of high-permeability 

                                                 
1 Some part of this section is adopted from chapter 2. 
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sections of channels in reservoir rock [12].  On the other hand, in the case of 

wastewater treatment, e.g. biofilm reactors such as trickling filters, rotating 

biological contactors (RBC), submerged fixed bed biofilm reactors, membrane 

attached biofilm reactors, etc., an optimal biofilm thickness is required to 

provide an efficient substrate removal and simultaneously avoid clogging due 

to accumulation of excessive biofilms [12, 17].  

Porous media can be mimicked by different methods. One way of  

simulating porous media is filling reactors and columns with different materials 

such as sand, rock, basalt, porous clay [12, 17-19], glass beads [18, 20], etc. 

However, observing biofilm formation in such complex habitats can often be 

challenging due to the opacity of porous media. In such situations, 

microfluidics based porous media platforms can prove extremely advantageous 

as they allow real-time and in-situ monitoring of biofilm [21].  

Microfluidics is the science and technology to manipulate fluids at the 

micrometer scale [22]. The microfluidics field initially originated from 

microanalytical methods in the early 1990 [22, 23]. In the last decade, this field 

has flourished dramatically owing to the ease of micro-device fabrication based 

on the soft-lithography technique [23]. In this regard, polydimethylsiloxane 

(PDMS) is the most popular material for microfabrication to date due to its 

flexibility, transparency, gas permeability, biocompatibility, and chemical 

inertness [23, 24]. Microfluidic devices provide numerous advantages; ease of 

fabrication, minimal reagent use, rapid and low cost analysis, and, more 

importantly, a laminar fluid flow regime are just a few advantages of these 

devices [25, 26]. Furthermore, the small size of microfluidic devices makes it 

possible to be mounted on a microscope stage for real-time monitoring. 
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Another advantage of microfluidic devices is the ability to build multiple 

bioreactors on a single bio-microfluidic platform and simultaneously allow for 

online monitoring and/or incorporation of sensors. The flexibility to implement 

multiple laboratory experiments in one device and the ability to collect 

significant pertinent data for accurate statistical analysis is an important 

advantage of microfluidic systems [21, 27]. Due to these unique features of 

microfluidic devices, fundamental and applied research has been revolutionized 

in different fields such as biology, physical chemistry, material science, and 

biomedicine [23, 26]. 

The role of microfluidic devices in biological research is indispensable 

[23]. Biofilm can be studied in devices that mimic ecologically relevant 

spatiotemporal scales of biofilm habitat. In such a situation, the effect of 

different factors such as fluid dynamics, cell phenotype, and cellular 

communication that have direct influences on biofilm formation can be 

investigated [21]. 

1.3 Bacterial streamers- Filamentous biofilms2 

As discussed earlier, biofilm can form in soil. Further to biobarrier [12] 

and microbially enhanced oil recovery [12, 14], they also play a key role in 

maintaining soil ecology [28]. Biofilms can be used in water filtration systems 

[15]. Moreover, biofilm formation in medical devices is an important issue. In 

other words, biofilms can cause problems in medical devices, which make it an 

important area of research for scientists [7].  There are different factors that can 

affect growth of biofilm in porous media such as hydrodynamics, 

                                                 
2 Some part of this section is adopted from chapter 3. 
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physicochemical conditions (e.g. pH, temperature), nutrient availability, and 

presence of inhibitory or stimulating compounds [12]. Biofilms are viscoelastic 

materials [29, 30] and they have a complex time-dependent response to external 

forces. One such phenomena that is usually observed due to the action of 

sustained hydrodynamic flow on biofilm is bacterial streamer. This is so named 

because of their filamentous, string like, morphology whose one (or both) end 

is attached to a surface and rest of the structure is suspended in the fluid (Fig. 

1.2) [8, 31]. Bacterial streamers have been observed to form both in high (Re 

>1000) [30, 32-35], and in low Reynolds number conditions (Re<<1) [36-40]. 

Streamer formation in low Re transport is of significant technological and 

biomedical interest due to relevance to a wide variety of critical operating 

scenarios, including clogging of biomedical devices such as heart stents, 

catheters, porous media, and water filtration systems [39, 41, 42]. Recent 

studies have shown that streamers can have a broad influence on natural or 

artificial media, because they can be precursors to the formation of mature 

structures in these media. Moreover, these structures accelerate the rapid and 

catastrophic disruption of flow; this issue emphasizes the necessity for more 

studies on the streamer dynamics [13, 43].  

 

Figure 1.2: a) Biofilm in stagnant condition. b) Sustained fluid flow can lead to the 

deformation of a biofilm into a slender structure called streamer.  
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There are a few studies on dynamics of streamer formation in low Re 

regime of flow [13, 31, 37, 43-45].  For instance, Rusconi et al. [38], while 

studying the effect of curved channel geometries using a microfluidic device, 

found that Pseudomonas aeruginosa formed streamers in the curved sections of 

the microchannels with laminar flow condition. In their experiment, streamers 

were located in a plane positioned exactly at half of the channel height. They 

concluded that the probable mechanism for the streamer formation in their 

device is the accumulation of polymeric substances (secreted from bacteria) and 

the formation of precursor thread in the half height of the channel by secondary 

flow at the corner. The threads are then stretched and extended to the next 

corner by the primary flow. In another study, they [44] showed that the 

magnitude of secondary flow has an effect on streamer formation and the onset 

time for their formation. The sharper curvature angle of channel led to longer, 

thicker, and faster streamer formation [44]. In another study from the same 

group, Drescher et al. [41] showed that streamer formation in their device can 

lead to catastrophic clogging of the device. Furthermore, Valiei et al. [39] used 

a microfluidic device with micropillars and studied biofilm formation by 

Pseudomonas fluorescens. They found that, in certain flow rates, the bacteria 

formed extensive streamers resulting in a web-like network between the 

different pillars. Interestingly, secondary flows seem to have a little or no role 

in streamer’s location in their device [39].   

A commonality among the reports by Rusconi et al. [38], Drescher et al. 

[41] and Valiei et al. [39] is that the streamers appeared far later than the 

biofilms, and the corresponding streamer formation time-scale was of the order 

of hours from the beginning of the flow. Das and Kumar [46] have recently 

proposed that in such instances, where the streamer formation time-scale far 
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exceeded the relaxation time-scale of biofilms, streamers appeared from a 

highly viscous state of the intrinsically viscoelastic biofilms. In contrast to these 

studies, some other experiments conducted under apparently similar creeping 

flow conditions reported much smaller time-scale values (~ minutes) [37, 45, 

47]. For instance, Yazdi et al. [45] studied bacteria aggregation and biofilm 

formation in a vortical flow. In their studies, the oscillating bubble led to a pair 

of vortices in the flow adjacent to the bubble place. These vortices led to 

bacteria aggregation and consequently streamers formation. Marty et al. [37] 

looked at streamer formation in microfluidic devices, which mimicked water 

filtration membranes and found that streamers can grow rapidly and cover a 

large area of the device. Kim et al. [47] have reported even smaller streamer 

formation time-scales for the bacterium Staphylococcus aureus, though this was 

achieved by first coating the channel walls of the microfluidic device with 

human plasma. Such large variation in streamer formation time scale might 

indicate different physical mechanisms that govern the streamer formation 

process. Streamers forming at very large time scales (~ hrs) have typically been 

reported in systems where formation of biofilm occurs prior to streamer 

formation, referred herein as biofilm-mediated streamer formation [38, 39, 41]. 

To the best of our knowledge, a proper quantitative evaluation of small time 

scale streamer formation is yet to be reported. Furthermore, much of the 

literature on streamer formation in low Reynolds number conditions is 

relatively recent in the context of literature on biofilms, and the physical basis 

of streamer formation remains an active area of research [48-50]. 

While the above-mentioned studies establish the acute relevance of the 

clogging phase, the clogging phenomena itself is yet to be fully explored and 

understood. In fact, fostering a deeper understanding of the relationship 
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between background flow and the streamers’ short and intermediate time scales 

dynamics is critical in design, fabrication, and operation of different devices, 

such as medical devices. Furthermore, there is a growing need to control and 

inhibit streamers formation that requires more investigations.  

1.4 Objectives of this study 

The main objective of this research is to develop a fundamental 

understanding of bacterial streamers growth in porous media. This 

understanding will help to control their behavior and their consequent related 

effects due to their formation and growth.  

To achieve this goal, a pseudo porous microfluidic device was fabricated 

to establish a platform for our studies. In chapter 2, we explain in detail the 

fabrication process and bacterial culture method. Then, we investigate the 

biofilm-mediated streamer formation and its temporal development. 

In chapter 3, we define a new type of streamers (floc-mediated streamers) 

and explain our discovery of floc mediated streamers. For the first time, we 

show the inception of streamers formation, their characteristics in initial and 

intermediate phases, and finally their consequential rapid clogging of device.  

In chapter 4, we investigate the clogging phase of the floc-mediated 

streamers; we discover a nonlinear stick-slip type advance of the mature 

streamer front; we also show that the bulk of the clogging biomass 

demonstrates instability in the form of water channel formation in their 

structure. 
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In chapter 5, we investigate the antibacterial effect of Mg(OH)2 nano-

platelets on P. fluorescens in order to inhibit bacterial growth and floc 

formation; this leads to delay streamer formation and its consequences.  
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2 Protocol for biofilm streamer formation in a 

microfluidic device with micro-pillars3 

Material in this chapter has been published in: 

Hassanpourfard, Mahtab, Xiaohui Sun, Amin Valiei, Partha Mukherjee, 

Thomas Thundat, Yang Liu, and Aloke Kumar. "Protocol for biofilm streamer 

formation in a microfluidic device with micro-pillars." JoVE (Journal of 

Visualized Experiments) 90 (2014): e51732-e51732. 

2.1 Introduction 

Recently, we demonstrated bacterial biofilm formation dynamics in a 

porous microfluidic mimic device [1]. Bacterial biofilms are essentially 

colonies of surface aggregated bacteria that are encased by extracellular 

polymeric substances (EPS) [2-4]. These thin films of bacteria can form in 

almost every conceivable niche ranging from smooth surfaces to the much more 

complex habitat of porous media. Valiei et al. [1] used a microfluidic device 

with an array of micro-pillars to simulate a porous media structure and studied 

biofilm formation in this device as a function of fluid flow rate. They found that 

in a certain flow regime, filamentous biofilms known as streamers began to 

emerge between different pillars. Streamers can be tethered at one or both ends 

to solid surfaces, but the rest of the structure is suspended in liquid. Streamer 

formation typically starts after an initial layer of biofilm has formed and its 

formation can dictate the long term evolution of biofilm in such complex 

                                                 
3 The video link for this chapter is: https://www.jove.com/video/51732/protocol-for-biofilm-

streamer-formation-microfluidic-device-with 
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habitats. Recently, several researchers have investigated the dynamics of 

streamer formation. Yazdi et al. [5] showed that the streamers can  form in 

vortical flows originating from an oscillating bubble. In another experiment, 

Rusconi et al. [6] investigated the effect of channel curvature and channel 

geometry on the formation of streamers. They found that the streamers can 

form in curved sections of microchannel, and streamer morphology is related to 

motility. Recent research has demonstrated that streamers can have wide 

repercussions in various natural and artificial scenarios as they can act as 

precursors to the formation of mature structures in porous interfaces, lead to 

rapid and catastrophic biofilm proliferation in a biomedical systems, and also 

cause substantial flow-structure interactions, etc. [1, 7-9].  

Biofilm streamers often form in complex habitats such as porous media. 

Understanding biofilm growth in porous media environment is relevant to 

several environmental and industrial processes such as biological wastewater 

treatment [10], maintaining well-bore integrity in situations such as CO2 

capture [11] and plugging of pores in soil [12]. Observing biofilm formation in 

such complex habitats can often be challenging due to the opacity of porous 

media. In such situations, microfluidics based porous media platforms can 

prove extremely advantageous, as they allow real-time and in-situ monitoring. 

Another advantage of microfluidics is the ability to build multiple bioreactors 

on a single bio-microfluidic platform and simultaneously allow for online 

monitoring and/or incorporation of sensors. The flexibility to implement 

multiple laboratory experiments in one device and the ability to collect 

significant pertinent data for accurate statistical analysis is an important 

advantage of microfluidic systems [13, 14].  
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In the context of the above discussion, understanding streamer formation 

dynamics in a porous media environment would be beneficial to several 

applications. In this study, we develop the protocol for investigating streamer 

formation in a porous media mimic device. Fabrication of the microfluidic 

platform, necessary steps for cell culture, and experimentation are described. In 

our experiments, the wild type bacterial strain of P. fluorescens was employed. 

P. fluorescens, found naturally in soil, plays a key role in maintaining soil 

ecology [15]. The bacterial strain employed had been genetically engineered to 

express green fluorescent protein (GFP) constitutively.  

2.2 Experimental 

Microfabrication protocols for creating the microfluidic platform are 

discussed in step 1. Step 2 describes the bacterial culture protocol (Figure 2.2), 

and step 3 pertains to assembly of the experimental setup (Figure 2.3). Finally, 

the actual experimental set-up is described in step 4. 

Step 1. Chip fabrication procedure  

1. Design the mask with an appropriate software (e.g. L-Edit). The channel 

design consists of a main micro-channel of width 625 μm. The central 

region of the channel contains an array of micro-posts 50 μm in diameter, 

spaced 25 μm apart.  

2. Print this design on glass (5" x 5" soda lime glass) with thickness of 0.09" 

which is coated by approximately 70 nm Chromium using masking in order 

to prepare photo mask.   

3. Photolithography: 

3.1. Clean a standard 4" silicon wafer chemically with piranha solution 

(H2SO4 and H2O2 with ratio of 3:1) for 20 minutes. 



20 

 

3.2. Rinse the wafer with DI water and dry it. 

3.3. Heat the wafer on a hot plate (200°C for 15 minutes). 

3.4. Coat the silicon wafer with photoresist. Here, the positive photoresist 

was spin-coated on a silicon wafer at 2000 rpm for 25 seconds to obtain 

a 12.5 μL thick layer. 

3.5. Remove all the solvent by soft baking of the wafer on a hot plate by 

floating the wafer for 90 seconds on nitrogen flow at 100°C. Then, 

keep it in vacuum at the same temperature for 60 seconds.  

3.6. Place the wafer in a dark box for 24 hours for dehydration. 

3.7. Expose the wafer to UV light in order to transfer the designed pattern to 

the photoresist.  

3.8. Immerse the wafer in photoresist developer solution for 240 seconds. 

Then, rinse the wafer with isopropyl alcohol and dry it by placing in a 

stream of nitrogen gas. 

4. ICP-DRIE (Plasma Induced- Deep Reactive Ion Etching) process: 

4.1. Apply DRIE etching. Choose the appropriate etch depth according to 

final depth required for device (50 μm in this investigation). Photoresist 

acts as a masking layer during this process.  

4.2. Remove the remaining photoresist with acetone and clean the wafer. 

5. PDMS (polydimethlsiloxane) casting: 

5.1. Use tri-chloro-methyl-silane (TCMS) for silanizing the silicon master 

mold. Pour 2 or 3 drops of tri-chloro-methyl-silane in a vial and place it 

in a desiccator beside the silicon master mold. Allow 2-3 hrs for the 

silanizing process to complete.  

5.2. In a separate container, mix the Sylgard 184 silicone base with curing 

agent by weight ratio of 10:1 to prepare PDMS. Degas the PDMS by 

subjecting it to vacuum conditions (about 2 hours). 

5.3. Put the silicon master mold in a holder. Then, pour the PDMS on the 

silicon master mold to form the PDMS stamp. Ensure that bubbles do 

not form in the PDMS during this process. 
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5.4. Cure the PDMS for 2 hours at 80°C.  

5.5. Peel off the PDMS stamp from the master mold. Then, cut the PDMS 

stamp into separate microchips. Finally, drill holes for the inlet(s) and 

outlet(s). 

6. Bonding of PDMS to glass: 

6.1. Expose the cover slip and PDMS stamp to oxygen plasma for 30 

seconds. Bond PDMS stamp to the cover slip. 

6.2. Anneal the device by putting it in oven at 70°C for 10 minutes to attain 

a better sealing.  

Step 2. Bacterial culture 

1. Prepare LB agar plates 

1.1. Add 20 g Luria-Bertani (LB) agar (Miller) powders and 500 mL of 

ultrapure water to a 1L flask. Stir to dissolve the powder.  

1.2. Sterilize by autoclaving at 15 psi, 121°C for 15 minutes. 

1.3. Allow flask to cool down to 50-55 °C on a bench or in a water bath in 

the biosafety hood.  

1.4. Add the antibiotic Tetracycline to achieve a final concentration of 50 

μg/mL. Mix well by swirling. 

1.5. Pour the mixture into plates. Fill each plate till 1/2 - 2/3 full. 

1.6. Flame the air bubbles briefly to pop them if they form. Solidified air 

bubbles are difficult to spread bacterial culture over. 

1.7. Allow the plates to cool at room temperature overnight.  

1.8. When they are cool, put plates back into their sleeve, seal bag, label 

(antibiotic and date), and store at 4 °C. Please note: cover the stock of 

plates with tin foil, as light deactivates many antibiotics. 

2. LB broth preparation 

2.1. Add 20 g Luria-Bertani (LB) broth (Miller) powders and 500 mL of 

ultrapure water to a 1L flask. Stir to dissolve the powder.  

2.2. Sterilize by autoclaving at 15 psi, 121°C for 15 minutes. 
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2.3. Allow flask to cool down to 50-55 °C on a bench or in a water bath in 

the biosafety hood.  

2.4. Add the antibiotic Tetracycline to achieve a final concentration of 50 

μg/mL. Mix well by swirling. 

2.5. When cool, place the labeled bottle at 4 °C. Please note: cover the 

bottle with aluminum foil, as light deactivates many antibiotics. 

3. Culture bacteria on an LB agar plate (This protocol uses P. fluorescens): 

3.1. Take the bacterial stock from the freezer (-80°C) and place it on ice. 

3.2. Place the -80°C bacterial stock and an LB agar plate inside a biosafety 

hood. 

3.3. Streak the bacterial strain onto an LB agar plate in a zigzag pattern. 

Cover the agar plate and incubate it at 30ºC overnight. Finally, store the 

plate in the refrigerator at 4ºC. 

4. Prepare the bacterial solution (S1): 

4.1. Pour 50 ml LB broth media to an autoclaved flask. Perform this 

operation inside a biosafety hood. 

4.2. Transfer a single colony from the LB agar plate to the flask. This 

operation should also be performed inside a biosafety hood. 

4.3. Put the flask in a shaker incubator at 30ºC and 150 rpm for adequate 

time (4 hours). 

5. Prepare the dilute bacterial solution (S2): 

5.1. Pour some 5ml LB broth media into a sterilized plastic tube. 

5.2. Dilute S1 by mixing with LB broth media. The typical dilution is 

1:100. Then, vortex the solution. Dilution can be repeated to obtain the 

desired optical density (OD measured at 600 nm =0.1). 

Step 3. Prepare the experimental set-up 

1. Using tweezers connect flexible plastic tubes (0.20” ID) into the inlet(s) and 

outlet(s) of the microchip. The inlets and outlets were previously drilled 
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into the PDMS portion of the microchip. In this investigation, the microchip 

consists of two inlets and one outlet. 

2. Fill syringe(s) with bacterial solution (S2 solution) and remove all the 

bubbles in the syringe(s). 

3. Connect syringe tip(s) (30G 0.5' blunt needle) into inlet tube(s). Then, 

connect outlet tube(s) to waste container. 

Step 4. Run the experiment 

1. Place and fix syringe(s) onto the syringe pump. Then place the microchip 

under an optical microscope with objective lenses of desired magnification 

(e.g. 40X). Cover the microchip with a live cell chamber device to maintain 

a constant temperature environment for bacterial growth (30°C for P. 

fluorescens). 

2. Set the pump to the desired flow rate level (say 10 μl/hr) and initiate fluid 

pumping. 

3. Once bacteria are introduced into the chamber, biofilm formation is also 

initiated. Biofilm formation and maturation typically occurs over a period of 

several hours or even days. Observe and take images of biofilm growth 

through the microscope.  

2.3 Results  

Using the above mentioned microfabrication protocol, a PDMS based 

microfluidic device was constructed. Figure 2.1 shows the scanning electron 

microscope (SEM) images of the PDMS device. Figure 2.1a shows the entrance 

section of the device. A fork-like entrance is created to equalize pressure head 

across the device. Further SEM imaging also showed that the pillar walls are 

almost vertical (Fig. 2.1b). The cultured bacterial solution (Fig. 2.2) was diluted 
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and its optical density was adjusted to a value of 0.1. We examined biofilm 

formation in the microfluidic device as a function of input flow rate. When P. 

fluorescens was injected into the device at a low flow-rate of 0.8 μl/hr, bacterial 

attachment and biofilm formation occurred at the walls of the device. Even after 

a prolonged period of time (>20 hrs), no other bacterial structures other than 

surface-hugging biofilms were observed. Next, the same experiment was 

repeated at a flow rate of 8 μl/hr. In this case, biofilm formation again started 

after a few minutes of infusion of the diluted bacterial culture. However, after a 

few hours, appearance of filamentous structures extending between micro-

pillars was observed near the mid-section of the device (Fig. 2.4). These 

filamentous structures could be visualized through the presence of immobile 

bacteria. These structures are known as streamers and they are filamentous 

biofilms that are only tethered at one or both ends to surfaces. The rest of the 

structure is often suspended in the liquid medium (as in this case). Figure 2.4 

shows the time-evolution of biofilm streamer structure. Streamers usually form 

due to the effect of fluid shear on the viscoelastic biofilm. Figure 2.5 shows the 

streamlines and velocity contours for flow past a series of pillars. The 

simulation shows that the streamers that form in our microfluidic system are 

essentially aligned along the fluid flow streamlines. The correlation between the 

flow structures and formation of biofilm streamers is not yet well understood. 

However, Das and Kumar [16] have recently proposed that these streamers 

form as highly viscous liquid state of the intrinsically viscoelastic biofilms. 

They based their conjecture on the observation that the time-scale of biofilm 

streamer formation typically far exceeds the viscoelastic relaxation time scales 

of biofilms. Biofilms are known to behave as viscoelastic liquids and hence at 

time-scales much larger than the viscoelastic relaxation time scale, they 
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essentially behave as highly viscous liquids [17]. According to this formulation, 

streamers can be expected to originate at locations of high shear stresses. Figure 

2.5 shows the locations of high velocity in the channel, and these locations 

coincide with locations of high shear stresses. In the initial phase of growth, 

streamers are observed to originate near these locations (Fig. 2.4). 

 

Figure 2.1: Scanning electron microscope (SEM) images of the microfluidic channel 

(top-view). a) Inlet section, b) Region containing micro-pillars. 

 

 

Figure 2.2: Sequential steps involved in bacterial culture. 

 

a

) 

b

) 
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Figure 2.3: Set up for microfluidic experiments. 1- Optical microscope (inverted), 2- 

Syringe pump, 3- Image and data acquisition, 4- Syringe containing dye (optional), 5- 

Syringe containing bacteria, 6- Waste reservoir. 

 

 

Figure 2.4: Time-lapse confocal imaging of evolution of streamers. Image plane 

corresponds to z= 25 μm i.e. middle of device. Dashed ellipses demonstrate biofilm 

streamers. 
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Figure 2.5: Computational fluid mechanical simulations showing streamlines and 

velocity contours of flow past micro-pillars. Fluid flow is from top to bottom and 

velocity scale is in m/s. 

 

2.4 Discussion 

We demonstrated a simple microfluidic device that mimics porous media 

for studying biofilm development in complex habitats. There are several critical 

steps that dictate the outcome of the experiments. They include device 

geometry. While the post geometry can vary, adequate pore-space for streamers 

to form is necessary. Moreover, Valiei et al. [1] have demonstrated that 

streamer formation occurs only in a certain flow rate range. At flow rates lower 

than a threshold value, deformation of biofilms into streamers may not be 

observed. Yet above a certain another threshold flow rate value, biofilm 

fracture can dominate and not allow formation of streamers. Another issue that 

can plague these experiments is gas bubbles that can become trapped in the 
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micro-pillar array. Usually these bubbles have to be removed by increasing the 

flow rate initially and then gradually decreasing it to the desired value. 

Microfluidic platforms such as these offer several advantages and few 

limitations. The platform enables us to work with small culture volumes, and 

has the flexibility of incorporating user-defined features. For example, different 

porous structures can be simulated by altering the geometrical parameters of the 

micro-pillar array. Even structures which mimic the random structure of real 

porous media can be fabricated on microfluidic platforms [18]. Moreover, 

several such channels can be implemented on a single device allowing for 

collection of significant pertinent data for accurate statistical analysis. 

However, microfluidic systems typically mimic two-dimensional structure of 

porous media. Devices which can mimic the three-dimensional nature of porous 

media are usually quite challenging to fabricate.  

Formation and evolution of streamers are not well understood yet, and 

further research is required in this direction. Understanding of how streamers 

form and lead to the formation of mature biofilm structures will be relevant to a 

wide variety of scenarios including clogging of biomedical devices such as 

heart stents, biofilms in soil, and filtration systems. Our microfluidic platform is 

a step in that direction. 
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3 Bacterial floc mediated rapid streamer formation in 

creeping flows 

Material in this chapter has been published in: 

Hassanpourfard, Mahtab, Zahra Nikakhtari, Ranajay Ghosh, Siddhartha Das, 

Thomas Thundat, Yang Liu, and Aloke Kumar. "Bacterial floc mediated rapid 

streamer formation in creeping flows." Scientific reports 5 (2015). 

3.1 Introduction 

In their natural state bacteria can be found in either disparate planktonic 

forms or living in tight knit communities such as flocs, mats, pellicles or 

biofilms [1-3]. The latter, aggregative modes of bacterial growth are 

characterized by cells embedded in a matrix, usually of self-produced 

extracellular polymeric substances (EPS) composed of long-chain biomolecules 

such as polysaccharides, nucleic acids and lipids [1, 4-7]. This composite soft 

matter, consisting of bacteria and EPS, has been attracting intense scrutiny due 

to a complex interplay between material behavior and the underlying life 

processes brought about by large deformation even at very low Reynold’s 

number (Re); for example, in the case of filamentous bacterial streamers 

generated from bacterial biofilms [8-11].  

Streamers are so named due to their distinguishing filamentous 

morphology. They have been reported in systems with sustained hydrodynamic 

flows [9]. These slender bacterial aggregates are typically tethered at one or 

both ends to solid surfaces, while the rest of the structure is suspended in a 
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liquid environment. Bacterial streamers have been observed to form both in 

high [12, 13], and in low Reynolds number conditions (Re<<1) [10, 11, 14-16]. 

Streamer formation in low Re transport is of significant technological and 

biomedical interest due to relevance to a wide variety of critical operating 

scenarios including clogging of biomedical devices such as heart stents, 

catheters, porous media, and water filtration systems [8, 11, 17]. Rusconi et al. 

[10], while studying the effect of curved channel geometries using a 

microfluidic device, found that P. aeruginosa formed streamers in the curved 

sections of the microchannels. Drescher et al. [8] later showed that streamer 

formation in microfluidic devices with curved sections can lead to catastrophic 

clogging. Valiei et al. [11] used a microfluidic device with micropillars, and 

studied biofilm formation by P. fluorescens. They found that, in a certain flow 

regime, the bacteria formed extensive streamers resulting in a web-like network 

between the different pillars. A commonality between the reports by Valiei et 

al. [11], Rusconi et al. [10] and Drescher et al. [8] is that the streamers appeared 

far later than the biofilms, and the corresponding streamer formation time-scale,

,was of the order of hours from the beginning of the flow. Das and Kumar 

[18] have recently proposed that in such instances, where the streamer 

formation time-scale far exceeded the relaxation time-scale of biofilms, 

streamers appeared from a highly viscous state of the intrinsically viscoelastic 

biofilms. In contrast to these studies, some other experiments conducted under 

apparently similar creeping flow conditions reported much smaller  values (

~ minutes) [15, 16] (see Table 3.1). Kim et al. [19] have reported even smaller 

streamer formation time scales for the bacterium Staphylococcus aureus, 

though this was achieved by first coating the channel walls of the microfluidic 

device with human plasma. Such large variation in streamer formation time 

st

st st
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scale might indicate different physical mechanisms that govern the streamer 

formation process. Streamers forming at very large time scales ( ~st hrs ) have 

typically been reported in systems where formation of a biofilm occurs prior to 

streamer formation; referred herein as biofilm-mediated streamer formation [8, 

10, 11]. To the best of our knowledge, a proper quantitative evaluation of small 

time scale streamer formation is yet to be reported. Furthermore, much of the 

literature on streamer formation in low Reynolds number conditions is 

relatively recent in the context of literature on biofilms and the physical basis of 

streamer formation remains an active area of research [9, 20, 21]. 

Table 3.1: Time scale of streamer formation from different experiments 

Bacteria Streamer 

formation 

time scale 

(hr) 

Comment Ref. 

Pseudomonas 

aeruginosa 

6-7   Rusconi et al. 

[10] 

Pseudomonas 

aeruginosa 

18   Rusconi et 

al.[22]  

Pseudomonas 

fluorescens 

few hours for certain 

flow rates (8-

12-20 ul/h) 

Valiei et al. 

[11]  

Pseudomonas 

aeruginosa 

50   Drescher et al. 

[8]  

Staphylococcus 

epidermis 

6   Weaver et 

al.[23] 

Escherichia coli 0.5  Yazdi and 

Ardekani [16] 
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Pseudomonas 

fluorescens 

~𝟏𝟎−𝟒 (i.e. a 

few seconds) 

 Present work 

 

In this study, we report our discovery of a new kind of bacterial streamer 

formation – these streamers do not appear from biofilms, rather they appear due 

to flow-induced deformation of the pre-formed bacterial flocs. We conduct our 

experiments in a microfluidic device composed of micropillars and containing 

solution laden with flocs of the bacterium P. fluorescens. We are able to 

optically probe the inception process of the streamers by embedding the 

bacterial flocs with 200 nm red fluorescent polystyrene beads that serve as 

tracers. We discover that fluid flow first advects the flocs some of which then 

get attached to the micropillars; subsequently, the hydrodynamic shear forces 

deform them into filamentous streamers. Interestingly, the formation timescale 

of this floc-mediated streamer formation is less than a second, which is in sharp 

contrast to the much larger timescale witnessed for biofilm-mediated streamers. 

Next, we find that the streamers are not purely elastic structures since we 

observed perceptible viscous behavior at time scales larger than its formation 

time scale but still far from clogging regime. Our methodology of using 

nanoscale fluorescent tracers, allows for the first time a direct quantification of 

the evolution of the streamer morphology. This gives us valuable clues about 

the fundamental mechanism of floc-mediated streamer formation in contrast to 

the much more extensively studied biofilm-mediated streamer formation, which 

still remains a highly contentious problem. 
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3.2 Experimental  

3.2.1 Microchip fabrication: 

A 4" silicon master mold was prepared by following the conventional 

photolithography process from the designed pattern. Then, by applying soft 

lithography processes and using the prepared master mold, the final device was 

fabricated from polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, NY, 

USA). Next, by exposing the cover slip and the PDMS stamp to oxygen plasma 

for 30 seconds, the PDMS stamp and the cover slip were bonded together to 

prepare the microchip. At the end, the microchip was annealed at 70 °C for 10 

min to attain better sealing. The protocol is described in detail by 

Hassanpourfard et al. [14].  

3.2.2 Bacterial culture 

In this experiment, colonies of P. fluorescens CHA0 (wild type) were 

grown on Luria-Bertani (LB) agar plate at 30 °C overnight. Next, one colony 

from an agar plate was inoculated into LB broth medium. One colony was also 

inoculated in M9 broth medium. To prepare the M9 broth, first, a 5X 

concentrated stock solution was prepared by stirring 56.4g of power (containing 

the salt components 33.9g/L Na2HPO4, 15g/L KH2PO4, 5g/L NH4Cl, and 2.5g/L 

NaCl) in 1L of water. This solution was autoclaved for 15 minutes at 121°C in 

order to sterilize it. After cooling the 5X concentrated M9 stock, it was diluted 

to a 1X working solution by adding 200ml of the 5X M9 stock to 700ml sterile 

water. Afterwards, 2ml of sterile 1M MgSO4, 0.1 ml of sterile 1 M CaCl2 and 

20 ml of 20% glucose were added. Then, the solution was adjusted to have a 

final volume of 1L by adding sterilized distilled water (the final glucose 
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concentration was 0.4%). The strain of bacteria here is green fluorescent as they 

express green fluorescent protein (GFP) constitutively. To stimulate floc 

formation in the bacterial solution, the bacterial solution was kept in a shaker 

incubator (New Brunswick Scientific Co., NJ) at 30 °C and 150 rpm for about 

48 h. Longer incubation duration leads to nutrient depletion and subsequent floc 

formation [24].  Here in the LB medium, the OD600 for the bacterial culture was 

approximately 1.7 after 48 hours and for the M9 medium under the same 

conditions the OD600 was approximately 0.7. 

3.2.3 Microscopy 

The microfluidic chip was placed on the stage of an inverted optical 

microscope (Nikon Eclipse Ti). The bacteria solution was injected continuously 

into the microchip by using a syringe pump (Harvard Apparatus, MA, USA). 

The temperature of microchip was set at 30 °C by the aid of an on-stage 

microscope incubator (Pathologic Devices, Inc., MD, USA). Particle tracking 

was performed using the object tracking module in Nikon NIS-Element AR 

software interface. Effective surface area calculations were also performed 

using the same software. Error for stretch ratio calculation was estimated to be 

approximately 8%. Surface coverage percentage was calculated by defining a 

threshold value for green color intensity. If the green color intensity of a pixel 

was above the threshold value, then corresponding pixel was counted. Next, we 

calculated the surface coverage percentage by dividing the counted pixels to the 

total number of pixels in the image (except area covered by the pillars) and 

multiplying by 100. This procedure is the same as that outlined in a previous 

publication by Kumar et al. [25]. Furthermore, the streamer’s location in 
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different z directions was investigated by capturing z-stack images using a 

confocal laser scanning microscope (CLSM) (Carl Zeiss, Inc.,NY, USA). 

3.2.4 Computational fluid mechanical (numerical) simulations 

We performed 2-D fluid mechanical simulations using the commercial 

package Comsol Multiphysics® to simulate the device flow. In this simulation, 

we assumed that the fluid going through the channel has the same properties as 

water at 30°C and pressure. To describe the fluid flow in the channel the 

incompressible Navier-Stokes and continuity equations were used. The inlet 

velocity was calculated according to the flow rate (here 15 μl/h).  The no-slip 

and the no penetration boundary condition were imposed on the walls and a 

constant atmospheric pressure was imposed at the channel outlet, respectively. 

Mesh density was increased until no mesh dependency was observed in the 

solution. Velocity is non-dimensionalized with respect to the velocity scale, 

 / cU Q W h   , where Q is the volume flow rate (imposed by the syringe 

pump). 

3.2.5 Velocity gradient calculation 

We tracked a particle P which moves in a fixed Eulerian grid from 

P0(x0, y0) to P1(x1, y1) in time δt1 and then further moves to P2(x2, y2) in 

another time δt2. 

The normalized velocity gradient at P0 is then given by forward-

difference discretization:  
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[𝐿] ≈
𝑙

𝑈 𝛿𝑡1𝛿𝑡2
(

𝑥2𝛿𝑡1−𝑥1(𝛿𝑡1+𝛿𝑡2)+𝑥0𝛿𝑡2

𝑥1−𝑥0

𝑥2𝛿𝑡1−𝑥1(𝛿𝑡1+𝛿𝑡2)+𝑥0𝛿𝑡2

𝑦1−𝑦0

𝑦2𝛿𝑡1−𝑦1(𝛿𝑡1+𝛿𝑡2)+𝑦0𝛿𝑡2

𝑥1−𝑥0

𝑦2𝛿𝑡1−𝑦1(𝛿𝑡1+𝛿𝑡2)+𝑦0𝛿𝑡2

𝑦1−𝑦0

)                  (1) 

 

Two eigenvalues of [L] corresponding to two principal eigenvectors were 

found. One of the eigenvectors was found to be nearly aligned with the 

orientation of the streamer and the eigenvalue corresponding to the other 

eigenvector was vanishingly small as expected. Thus for the purpose of this 

work, we denote the larger eigenvalue (which is aligned with the streamer 

orientation) of the velocity gradient tensor as the principal velocity gradient, 1L . 

Note that this principal velocity gradient component is assumed to be mostly 

inelastic in the time frame considered with elastic and rotational components 

assumed negligible.  

3.3 Results 

3.3.1 Initiation of floc-mediated streamers 

Our microfluidic device (Fig. 3.1a, b) consisted of a sequence of 

polydimethylsiloxane (PDMS) micropillars in a periodic staggered grid pattern. 

The micropillars had a diameter (d) of 50 µm and spaced 75 µm apart (l). The 

fluid flow rate (Q) was maintained at levels such that the resultant flow in our 

device was in the creeping flow regime (Reynolds number, Re, was O (10-3)). 

Numerical simulations provide the velocity profile inside the channel under 

these conditions.  Fig 3.1c depicts the non-dimensionalized (with respect to 

 / cU Q W h 
 
where W & hc are channel width and height respectively) 

contour plot of magnitude of velocity and also streamlines (inset) in the device.  
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Figure 3.1: a) A schematic of experimental set-up under pressure driven flow with 

constant volume flow rate (Q). b) Layout of staggered pattern porous media. Width 

(W) of porous zone is 625 μm. The distance between the center of pillars (l) and 2 

rows of consecutive pillars is 75 μm. The diameter of the pillars and the height of the 

device (hc) both are 50 μm. c) Computational fluid mechanical simulations 

demonstrating the non-dimensionalized velocity ( 2 2

x yv v U ) contour of the flow 

in the porous section of the microchannel. iv  depicts fluid velocity in i-th direction.  

In our device µl/hr corresponds to 
41.3 10  m/s  . The scale bar is 50 μm. 

(Inset) Streamlines for the same flow condition. 

 

We studied the behavior of the wild type (WT) strain of P. flourescens, a 

bacteria that plays a vital role in maintaining plant physiology [26]. The 

genetically modified WT expressed green fluorescent protein (GFP) 

15Q 
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constitutively and hence was green fluorescent. Pre-formed biomass of P. 

flourescens in the form of bacterial flocs was utilized in our study (Fig 3.2a). 

The bacterium was cultured in LB and M9 media (see Materials and Methods). 

While biomass/floc formation occurred in both media, flocs formed in M9 

media were significantly smaller than the flocs produced in LB and they did not 

form streamers (see Fig. 3.3). This shows that growth conditions are also 

relevant factors; here we focus on flocs produced in LB media and defer 

investigation of growth conditions to a subsequent manuscript.  
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Figure 3.2: a) Flocs of P. fluorescens bacteria after incubation at 30 °C overnight. The 

scale bars are 25 μm. b) Relative frequency histogram of the flocs. The x-axis is 

equivalent diameter of the flocs in the reservoir. The median and mode for this relative 

frequency histogram are 21.28 and 22.23 μm, respectively. c) and d) Green and red 

fluorescent images, respectively, of the microchannel after injecting the bacteria with 

200 nm fluorescent red polystyrene beads particles into it. The images were taken at 

the same time and place that was approximately at the middle of the channel height (z 

=25 μm). The red fluorescent particles clearly seed and enable visualization of the 

streamer. Note the regions demarcated by dashed ellipses where bacteria (green) are 

not significant, but the streamer itself is easy visualized due to red particles seeding the 

EPS network. The scale bars are 50 μm. 

 

 

Figure 3.3: a) Relative frequency histogram of the flocs cultured in M9 media. The 

median and mode for this relative frequency histogram are 6.78 and 5.85 μm, 

respectively b) and c) Comparison of streamer formation in LB and M9 media. 

Streamers did not form in M9 media at short-time scales (~ few minutes) as compared 
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to LB media. 

 

Bacterial flocs are EPS encapsulated aggregates of the bacteria that are 

dispersed in a liquid phase. These flocs were imaged first in quiescent media 

and their equivalent diameter was measured. For our system we observed a 

wide variation in the equivalent diameter. Their quantification was done 

through a relative frequency histogram, which shows that the mode for these 

flocs occurred at approximately 22 µm (Fig. 3.2b). These flocs were further 

mixed with 200 nm red fluorescent amine coated polystyrene (PS) particles and 

the mixture was allowed to flow through the microfluidic device. Two color 

imaging was performed for the system as the bacteria were green fluorescent 

and PS particles were red fluorescent. The red fluorescent beads were 

embedded in the EPS matrix of the flocs and thus provided clear visualization 

of the dynamics of these flocs (Fig. 3.2c and d). Such two-color visualization 

helps us overcome the difficulty in visualizing EPS, which is almost transparent 

under brightfield illumination.  

The solution containing planktonic bacteria and bacterial flocs was flown 

through the device for several minutes and it was observed that streamer like 

structures formed within a few minutes of the initiation of the experiment (Fig. 

3.4 and Video 14). The bacterial flocs could be seen to attach to the micro-pillar 

posts and then deformed by fluid shear.  A dashed ellipse marks the location of 

this event. Similarly, in the right hand side, another floc undergoes a similar 

process. It is interesting to note that the size distribution of flocs measured in 

quiescent media (Fig. 3.2a) is not reflected in the size of flocs that were 

observed to flow past the pillars (see Fig 3.5). For instance, although the mode 

                                                 
4 The link for video 1 is: http://www.nature.com/articles/srep13070 
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of floc sizes was similar to the pillar diameter, such flocs were not observed in 

the flow past these pillars (Fig. 3.5).  

 

Figure 3.4: a) Rapid streamer formation in a short time scale (a few seconds). The 

scale bars are 50 μm. See accompanying video. The images were taken approximately 

at the middle of the channel height (z=25 μm). In the top-left image, the arrows 

demarcate the advancing fluid meniscus. The ellipses demarcate two regions where 

streamers form. b) An arrow demarcates a floc, which is first advected through the 

channel and then is attached to a micropillar wall at t=47 s. Finally, at 95 s a streamer 

is formed. Scale-bars are 50 µm. 
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Figure 3.5: Relative frequency of flocs sizes entering the microfluidic channel. 

 

3.3.2 Timescale and mechanism of floc-mediated streamer 

formation 

The central result of our study is that the time-scale of formation of these floc-

mediated streamers ( st ) is very small (Fig. 3.4 and Video 1). A close 

examination of video 1 reveals that the floc in the right hand side of Fig 3.4 

undergoes large deformation at 1st   sec. For instance, in the left hand side of 

Fig. 3.4, a floc approximately 3-3.5 μm in diameter undergoes very large 

deformation to form a streamer like structure. In video 1, a constant volume 

flow rate (or a constant U) is enforced by the syringe pump; however in the 

initial period when all pillars have not been wetted, U can have considerable 

oscillatory component in time [27]. Let us denote the time for this initial 
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wetting as wettingt , which is observed to be about (~ 95 s) and taken to be the 

time when U becomes constant indicating the onset of completion of wetting. 

Thus at wettingt t , we assume that wetting of all pillars is complete, and U 

becomes constant. For wettingt t , i.e. when U has an oscillatory component in 

time, the response of the flocs to a temporally varying fluid shear at a spatial 

location can be seen clearly (Fig 3.6 and Video 1). Probing further, we track a 

set of closely placed particle couplets and measure the ratio of their separation 

along the streamer to their initial separation. This stretch ratio (λ) contains 

useful information regarding the material behavior of the streamer. To this end, 

a floc is chosen where embedded PS beads act as tracers and allow us to 

identify two closely situated points, α and β, and then these are tracked as a 

function of time (Fig. 3.6a). The point α is largely immobile due to its adhesion 

to the cylinder wall, while β is displaced by the fluid shear forces. As the fluid 

shear force scales with velocity , a time-periodic U results in a time-

periodic τ. The distance between the two points in their initial (reference state) 

is denoted by  and in the current state by . The axial stretch ratio defined 

as  
d

t
d

 
x

X
is plotted with respect to time in Figure 3.6b. As expected, 

Figure 3.6b indicates that, at t< wettingt , λ(t) oscillates between unity and a 

maximum value of approximately 3 (i.e. 200% engineering strain). This initial 

recoverable strain clearly indicates an elastic component of the streamer 

material. As the flow velocity increases, the streamer stretching begins to 

increase until, at the advent of steady flow, the floc is stretched into the slender 

geometry characteristic of streamer. After the initial wetting period ( 95 st  ), 

~
U

L
 

dX dx
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the streamer becomes attached between two successive pillar walls indicating 

stretch of the order of seven (Fig 3.6b). If a complete loss of material strength is 

assumed at this deformation, a lower limit of streamer formation time can be 

estimated from the background fluid velocity profile obtained from the 

simulations (Fig 3.1c). Assuming an average transport speed of approximately 

513 10U   m/s, and transport distance as the inter-pillar separation length, of 

675 10l   m, we get ~s

l
t

U
 which comes to be approximately of the order of 

ts is O (10-1) s. This time scale agrees well with our experiments. Furthermore, 

from the numerical simulations, the role of shear deformation in streamer 

formation is strongly suggested as well (see Fig. 3.7), since most of the 

streamers originate from regions corresponding to maximum shear stress.  

 

Figure 3.6: a) Two points and are tracked as the fluid velocity fluctuates in 

the channel. These two points would later form a streamer. The scale bar is 50 μm. 

b) Stretch ratio of the two points as a function of time during the initial filling 

period of the channel. Streamer formation region (right) also co-incides with the 

onset of steady flow. Black dashed line depicts λ=1 (Inset) Stretch ratio for a 

smaller time segment. The colored envelope represents estimated error.  
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Figure 3.7: a) Simulation results for the contour of the magnitude of the 

dimensionless shear stress   1

2

Td
u u

U
     , u being the velocity field b) 

Polar frequency histogram of where flocs attach on the pillars. Half of one pillar is 

considered. 0˚ represents upstream stagnation point and 180˚ represents downstream 

stagnation point. 

 

Streamers eventually lead to catastrophic clogging of the device, such as 

that observed by Drescher et al. [8]. Interestingly however, the time period 

spanning the advent of streamer formation to final clogging is not marked by a 

sudden transition if closer look at the streamer behavior is taken. In this context, 

on an experimental time scale greater than the streamer formation time-scale (

st t ), but still far from clogging related change of overall velocity profile and 

streamer shape, there is a perceptible viscous component indicated by a 

creeping response of a material point of the streamer material (Video 2 5). 

Quantification of this response is made possible by evaluation of the temporal 

                                                 
5 The link for video 2 is: http://www.nature.com/articles/srep13070 
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response of the principal velocity gradient (strain rate) at a constant background 

velocity, which itself scales as the shear stress. This creeping response is well 

demonstrated by a temporal change in velocity gradients at the middle of the 

streamer. Although the velocity gradient variation for all streamers were found 

to be approximately constant in the time scale of scrutiny, for brevity we report 

the explicit temporal variation for a streamer only at velocity scale U of 

41.3 10  m/s , Fig. 3.8a (see Materials and Methods). This indicates a steady 

creep regime under the flow conditions during the time scale of measurement. 

We further probe this behavior by plotting an averaged velocity gradient at a 

point for various flow rates, Fig. 3.8b. The figure clearly shows a nonlinear 

relationship between shear stress and strain rate and the slope, which is a rough 

estimation of the inverse of viscosity, shows a decreasing trend with stress. This 

suggests significant shear thickening component. Although the precise physical 

origin of this effect and the determination of the exact constitutive relationship 

to describe the inelasticity would need further experiments, this behavior is 

consistent with the structure of a typical biofilm and the relatively short period 

of observation. The film, which is itself a composite made up of suspended 

bacteria, flocs and aggregates in the EPS interact weakly with one another. 

However, as shear stress increases, these constituents come closer thereby 

increasing viscosity. Note that in time scales longer than the ones observed, 

several other complex phenomena such as mass aggregation and transition of 

inelasticity regimes would likely occur.   
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Figure 3.8: a) Temporal variation of the non-dimensional principal velocity 

gradient ( 1L ) of a fully formed streamer. The experimentally obtained values (blue 

dots) show an approximately constant trend (dashed red line); two points 

demarcated through dashed green ellipses were neglected as outliers. (Inset) A 

point P was tracked on a fully formed streamer for calculation of the velocity 

gradient. Here 
41.3 10  m/sU   . b) Time-averaged principal velocity gradient (

1L ) of fully formed streamers as a function of non-dimensional flow speed (U). 

 

3.3.3 Clogging action of the floc-mediated streamers 

At a time-scale much greater than the streamer formation time-scale (𝑡 ≫

𝑡𝑠) , a very different picture emerges. Streamer formation is a dynamic 

phenomenon where the streamer grows in width as it accrues additional mass 

from its surrounding fluid. Figure 3.9a shows that in approximately one hour 

after the beginning of the experiment a large part of the device is covered in 

biomass. This can be quantified by measuring the surface coverage by the 

biofilm as a function of time. Figure 3.9b shows that very quickly about 50% of 

the device is covered by the bacterial film. Thus clogging in this device can not 

only be catastrophic [8] but also take place at a rapid clogging rate. The 

exponential increase in surface coverage can be explained by previously 
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developed models for streamer growth as explained by Dreshcer et al. [8] and 

later corrected by Das and Kumar [18].   

 

Figure 3.9: Rapid and catastrophic clogging of the channel by streamers. a) 

Images of the channel at two time-points. The scale bars are 50 μm. b) The graph 

shows a gradual increase of surface coverage from 2% (3 min) to 5% (25 min). 

Then, it has a dramatic surge from 5% (25 min) to 37% (57 min). After that the 

graph plateaus. Solid curve represents a sigmoidal curve fit to the data.  
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3.4 Discussion  

Here, using seeded particles, which allowed very precise quantification of 

the deformation of the biomass structures, we clearly demonstrate that pre-

formed biomass, in the form of bacterial flocs, can lead to streamer formation 

through the process of large deformations, even when fluid flow in a system 

lies in the creeping flow regime. This is the first experimental observation, 

where the formation of a streamer has been demonstrated and we have shown 

that pre-formed biomass can lead to very rapid streamer formation time scales. 

Furthermore, particle tracking enabled us to conclude that the material behavior 

of the streamer can have both significant elastic as well as viscous component 

making them highly dynamic mechanical structures even in creeping flows. 

Finally, streamers cause not only catastrophic, but very rapid clogging of 

devices. 

The exact material constitution of the bacterial communities is of great 

interest for a range of applications [9]. However, traditional material 

characterization techniques are impractical for in situ applications thus making 

the characterization of this system far more challenging. However, important 

material information is obtained by scrutinizing the response of the streamer 

due to fluidic loading by the background flow. The temporal behavior of the 

axial strain as quantified by λ(t), offers important insights into the mechanics of 

streamer formation. An interesting aspect of the streamer formation is the 

ability of the biomass to remain elastic under relatively large stretch ratios 

(engineering strain ~200%). This is typical of elastomeric materials. Such large 

strain elasticity is typically attributed to a molecular level ‘chain stretching’ 

[28]. However, for the current material, it may also include straining of a more 
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complex intermediate hierarchical microstructure well known in biofilm 

morphological literature [1, 29]. This study would thus serve as an important 

motivation for such future extensions. As the flow develops fully, the shear 

stress on the incipient streamer increases significantly. This results in a 

significant increment of the shear stress causing the incipient structure to 

undergo even larger deformation after which the streamer extends between 

adjacent pillars and streamers are formed, see Fig 3.4.   The strain regime 

corresponding to this highly extended state (λ~ 7), typically indicate substantial 

inelastic behavior. This is confirmed by observing a material point couple 

which move slowly through the streamer even when the background flow is 

constant (Fig.3.8 a,b). We assume that the measured velocity gradient at these 

deformations is almost entirely inelastic in nature.  

It is also important to note that the time-scale of streamer formation, as 

observed in the current investigation, is much smaller than both biological 

growth time-scales and viscoelastic relaxation time scales of biofilms [30]. This 

indicates that floc-driven streamer formation is physically distinct from biofilm-

driven streamer formation [18]. In practical terms, the long time-lag observed in 

biofilm-driven streamer formation [8, 10, 11] is not observed here, thus leading 

to very rapid streamer growth and clogging. We would also like to note that 

secondary flows seem to have little or no role in streamer location in our 

device. Rusconi et al. [10] had credited secondary flows for the formation of a 

single streamer at the mid-height of their device. We investigated streamer 

distribution in the device along the z-axis using confocal laser scanning 

microscopy (CLSM) (Fig. 3.10a). In our device transverse secondary flows 

converging at the mid-plane of the device (similar to those seen by Rusconi et 

al. [10]) are also seen (Fig. 3.10b), but localization of streamers at 2cz h is 
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not seen. In fact, we found that streamers were distributed at different heights in 

the device (Fig. 3.10a). The non-dimensional streamer thickness, 
s ch h h  , 

where hs is the dimensional streamer thickness, at time 30 min is plotted in Fig 

3.10c.  

 

Figure 3.10: a) Confocal sidebar shows the floc attachment through the height of the 

pillars. CLSM images of streamer formation at different heights in the chip. Such 

distribution of streamers across z-height is seen at other locations too. b) Numerical 

simulation of the non-dimensional z-component of the velocity at a downstream 

location (
*

z zv v U
) (arrow shows the direction of the flow). Secondary flows, in a 

direction transverse to the main flow, converge at the middle plane in the chip. c) 

Histogram of streamer thickness as evaluated by CLSM after 30 mins of 

experimentation. 
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Biofilm streamer formation remains an exciting frontier with several open 

ended unanswered questions.  Here, we clearly demonstrate that pre-formed 

biomass, in the form of bacterial flocs, can lead to streamer formation through 

large deformations, even when fluid flow in a system lies in the creeping flow 

regime. This is the first direct experimental observation, where the formation of 

a streamer and their behavior in the intermediate time scale with respect to 

clogging has been demonstrated by using seeding particles for very precise 

quantification of the biomass structures.  The key results of this work include 

demonstration of very rapid streamer formation and subsequent creep response 

of fully formed streamers. Finally, we show that streamer formation lead to 

rapid clogging of the device.  
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4 Dynamics of bacterial streamers induced clogging in 

microfluidic devices 

Material in this chapter has been published in: 

Hassanpourfard, Mahtab, Ranajay Ghosh, Thomas Thundat, and Aloke Kumar. 

"Dynamics of bacterial streamers induced clogging in microfluidic 

devices." Lab on a Chip (2016). 

4.1 Introduction 

Bacterial streamers, which are microscopically slender filamentous 

aggregates primarily comprising of bacterial cells encased in a matrix of self-

secreted extra-cellular polymeric substances (EPS) are typically formed due to 

the action of sustained hydrodynamic flows on bacterial soft matter [1-4]. 

Although, streamers are known to form under a wide range of hydrodynamic 

conditions, including turbulent flow conditions (Re>1000) and creeping/Stokes 

flow (Re<<1) conditions [3-9], their formation and implications are issues that 

are yet to be fully resolved. Recent investigations, especially those using porous 

microfluidic devices [2, 3, 7, 8] indicated that streamers development has two 

mutually distinct phases. The initial phase, which is soon after formation, is 

characterized by streamers which appear morphologically similar to slender 

strings with a high length (ls) to diameter (ds) ratio (𝑙𝑠 𝑑𝑠⁄ ~𝑂(10)). Once 

formed, the streamers continue to accrue mass from the background flow 

thereby thickening (decreasing aspect ratio), finally maturing into a biomass 

that covers the entire pore-space of the device [2, 3] thereby transitioning into 
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the later ‘clogging’ phase. In the context of the present work, the latter phase is 

characterized by the streamer diameter becoming of the same order as the pore-

scale (l) i.e. (ds~l) (Fig. 4.1). These thickened streamers which make their 

appearance at a later stage of the flow experiment are termed ‘mature streamer’ 

to distinguish them from the initial slender streamers.  

Recent research indicates that an important impact of streamer formation 

in creeping flow regime (Re<<1) is the rapid mass accrual and catastrophic 

clogging of porous media [2, 3], biomedical devices [2, 10], and filtration units 

[8]. In this context, this clogging phase can disrupt the performance of 

numerous medical devices such as catheters, heart stents, and filtration 

membranes that can be vital for patients [10]. Moreover, their ability to detach, 

and then form aggregates elsewhere pose the potential risk for severe infections 

[11, 12]. In contrast to these biomedical concerns, recent investigations of 

streamer formation in microfluidic porous media mimics have also been 

motivated by the need to understand microbial growth and proliferation in 

natural porous media such as soils and rocks [3, 13]. 

While the above-mentioned studies establish the acute relevance of the 

clogging phase, the clogging phenomena itself is yet to be fully explored and 

understood. In fact, fostering a deeper understanding of the relationship 

between background flow and the streamers’ short and intermediate time-scale 

dynamics is critical in the design, fabrication and operation of such medical 

devices. In this context, the understanding of biological macromolecular 

interfaces in such systems, which affect the relative motion of mature streamer 

vis-à-vis device walls, needs to be advanced.  
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Here we investigate clogging dynamics of bacterial streamers using a 

microfabricated pseudo-porous platform. Our device employs pore sizes that 

are 𝑂(10−5) m, a range that is often found in artificial and natural porous 

structures such as membranes [1] and soil [13, 14]. We observed that mature 

structures formed from bacterial streamers have three-phase interface (bacterial 

biomass, media and solid interface) that show a ‘stick-slip’ behavior in their 

movement in the channel. These mature structures eventually undergo failure if 

the volume flow rate in the device is kept constant and this can lead to the 

formation of distinct water channels. Two bacterial strains viz. P. fluorescens, a 

soil-dwelling bacterium [15-17], and P. aeruginosa, an opportunistic pathogen 

[10], were employed and they exhibited similar dynamical response. 

4.2 Experimental 

In our experiments, a microfluidic device fabricated from 

polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, NY, USA) was used 

as a platform to mimic porous media. To fabricate this device, we followed the 

steps of conventional photolithography process and soft lithography process to 

create PDMS stamps. The microfluidic devices themselves were created by 

finally bonding a glass coverslip and PDMS stamp by oxygen plasma process. 

The fabrication details are standard practice in nanofabrication and interested 

readers can refer to Hassanpourfard et al. [7] for process details. Figure 4.1a 

demonstrates our microfluidic set up. The microfluidic device contains a 

channel with arrays of PDMS micro-pillars. Figure 4.1b shows a porous section 

of the device which contains 400 micropillars. The arrangement of micropillars 

allows the device to function as rough two-dimensional analog of a porous 

media. SEM image of pillars shows that the pillars are very regular and 
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perpendicular structures (Fig. 4.2). Using the syringe pump (Harvard 

Apparatus, MA, USA), fluid laden with bacterial flocs of wild type (WT) strain 

of P. fluorescens was introduced into the device with a constant volume flow 

rate of the fluid (Q) for each experiment. The genetically modified WT strain 

expressed green fluorescent protein (GFP) constitutively and hence was 

green fluorescent. The velocity scale (U) corresponding to an imposed flow 

rate is given by 𝑈 = 𝑄 (𝑏 × ℎ)⁄ , where b and h are channel width and height 

respectively. To prepare bacterial flocs, the bacterial solutions were prepared by 

firstly streaking the -80 ºC bacterial stocks of P. fluorescens onto the LB agar 

plate. The agar plate was incubated in the incubator overnight at 30 ºC. One 

colony from agar plate was transferred into the LB broth and it was placed into 

shaker incubator at 30 ºC for about 2 days, until the optical density at 600 nm 

(OD600) reached a value of approximately 0.7. The longer incubation period 

was adopted so that nutritional stress condition results in the formation of 

bacterial flocs [2]. Bacterial flocs are an aggregative mode of bacterial growth, 

where bacterial cells are embedded in EPS. Unlike biofilms, flocs do not 

necessarily form at a liquid-solid interface and instead can be found suspended 

in a liquid environment [18]. In our experiment, the equivalent diameter of 

flocs was measured in the quiescent media and their quantification was shown 

as a relative frequency histogram. The result shows that the mode for these 

flocs is approximately 21.5 μm (Fig. 4.3).  
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Figure 4.1: a) Microfluidic experimental set-up. b) Top view of the porous section of 

the channel. The channel width (b) is 625 m and the porous section of channel 

contains 400 (8 × 50) pillars. The micropillars’ diameter (d) and height (h) are 50 μm 

and they are set 75 μm apart (l). The fluid flow rate (Q) was at a value that we had a 

creeping flow in the channel, Re, was O (10-3). c) Time series of streamer development 

from slender body (high aspect ratio) to mature structures. 

 

 

Figure 4.2: SEM image of PDMS pillars in the micro-channel. Scale bar is 25 μm. 
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Figure 4.3: Relative frequency histogram of flocs of P. fluorescens.  The mode and 

median for this relative frequency histogram are 21.48 and 20.68 μm respectively. A 

total of 100 flocs were considered. See Hassanpourfard et al. [2] for details regarding 

image analysis. The inset shows two flocs of P. fluorescens that were obtained after 

incubation at 30 ºC for 2 days. Scale bar is 25 μm. 

 

4.3 Results and discussion 

Once bacterial flocs were introduced into the microfluidic device, some 

of them adhered to the micro-pillar walls and were stretched by hydrodynamic 

shear forces into streamers. The time-scale of such streamer formation (𝑡𝑠) was 

only a few seconds. The initial formation phase which was characterized earlier 

by  Hassanpourfard et al. [2] was once again clearly visible. These slender 

structures then thickened into ‘mature streamers’ increasingly occupying the 

pore space thereby causing clogging of the device. The clogging time-scale 
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(𝑡𝑐𝑙𝑜𝑔𝑔𝑖𝑛𝑔) was reported to be of the order of 103 seconds. In order to image the 

dynamics of the biomass, the original bacteria solution was seeded with red 

fluorescent amine coated polystyrene (PS) particles with 200 nm diameter. We 

should note at this point that typically only the cells (length scale ~ few 

microns) are visible under fluorescence illumination, and the EPS itself is 

invisible, thus posing a challenge for tracking the movement of the entire 

streamer biomass. PS particles, which easily seed the EPS, were added to 

overcome the challenge of tracking the biomass. Thus, the 200 nm PS beads aid 

in streamer visualization. The temporal change in the morphology of streamers 

is shown in Figure 4.1c.  

The mature streamers which clog the pore-space, also show the formation 

of a three-phase front (biomass, pillar walls and fluidic media). These streamers 

start to flow with different velocity from the background flow, as shown 

previously [2] aiding their movement downstream. In this study, we observed 

that this movement is not smooth, but rather proceeds through a ‘stick-slip’ 

mechanism (see Fig. 4.4a for time series data and Video 36). To further quantify 

this stick-slip phenomena, we tracked the movement of a Lagrangian point (i.e 

a trapped PS particle) in the mature streamer close to the three-phase contact 

line (Fig. 4.4b inset). Then we calculated the cumulative arc length (s) that 

travelled by the Lagrangian point as function of time (𝑠 =  ∑ 𝑠𝑡
𝑡
 𝑡0

 where 𝑠𝑡 =

√(𝑥𝑡 − 𝑥𝑡−1)2 + (𝑦𝑡 − 𝑦𝑡−1)2). Figure 4.4b depicts the temporal variation of s 

for various flow speeds. The x-axis for Figure 4.4b is translated by a time (𝑡0), 

which indicates the time elaspsed since the beginning of the stick-slip behavior. 

This was different for different flow rates (Table 4.1). Figure 4.4b, clearly 

                                                 
6 The link for video 3 is: 

http://pubs.rsc.org/en/content/articlelanding/2016/lc/c6lc01055e#!divAbstract  
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shows that s increased in steps, indicating a stick-slip behavior. In order to 

ensure that the stick-slip behavior was not a result of intermittency caused by 

the pump, a separate experiment was also conducted where gravity assisted 

pressure driven flow was used. Even in this case, the results demonstrate a 

stick-slip movement of the mature streamer (Fig. 4.5). A further matter of 

interest would be the deformation of the pillars themselves under the flow 

loading. To this end, we found that the PDMS micropillars demonstrated no 

noticeable deformation (within imaging uncertainty) during any of our 

experiments as confirmed through time-resolved microscopy. Figure 4.4b 

reveals a gross stick-slip behavior, although regions with linear behaviors can 

also be discerned. Even for these regions, we find that when the time-scales for 

particle tracking are refined, the stick-slip behavior occurs at smaller time-

scales (Fig. 4.4c). This stick-slip motion was also observed for P. aeruginosa.  

This shows that this behavior may be a more general mechanical phenomena 

and independent of the bio-physical issues associated with bacterial strains (Fig. 

4.4d). Another interesting aspect of these experiments is that despite the 

inherent heterogeneity of biological samples, the overall phenomena are quite 

repeatable. We found this to be a general aspect of this types of experiments 

reported both in our previous reported works [2, 3, 7, 19] as well as many 

similar experiments as part of our ongoing research effort. All our experiments 

were repeated at least 3 times (Table 4.2) and similar behavior was observed for 

different replications (Fig. 4.6).   
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Figure 4.4: a) Time series image of streamer (P. fluorescens) that shows stick-slip 

behavior. t0 here is 83 min after beginning of experiment with the imposed flow 

velocity of 1.33×10-4 m/s. Scale bar is 50 μm and the white arrow shows the flow 

direction in the channel, which is from top to bottom. The green arrows delineate an 

advancing front undergoing stick-slip behavior. Note that the entire channel is liquid 

filled. b) Stick-slip behavior of P. fluorescens for different flow velocities. The 

particles in the front section were tracked and the cumulative length travelled was 

quantified. The inset shows the tracked front in the microfluidic device. The scale bar 

is 50 μm and the arrow shows the flow direction in the channel. c) Stick-slip behavior 

of P. fluorescens in different time scales. Here t0 is 83 min after beginning of 

experiment with the imposed flow velocity of 1.33×10-4 m/s. (inset) Stick-slip behavior 

also occur at much smaller time-scales. d) The stick-slip behavior of 2 different 

bacterial strains (P. fluorescens and P. aeruginosa) for flow velocity of 1.33×10-4 m/s. 

OD600 for P. aeruginosa was about 0.6. 

 

Table 4.1: t0 for different imposed flow speeds 
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U (m/s) t0 (min) 

1.33×10-4 80 

2.66×10-4 48 

4.44×10-4 23 

5.33×10-4 20 

6.67×10-4 11 

 

 

Figure 4.5: Stick-slip behavior of tracked particle in a mature streamer in a gravity-

assisted pressure driven flow experiment due to the elevation of culture reservoir above 

the waste container. Here t0 is 11 min after the beginning of experiment. 

 

Table 4.2: Repetitions per experiment 

U (m/s) Number of 

experiments 

P. fluorescens 
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4.44×10-5 3 

1.33×10-4 4 

2.66×10-4 3 

4.44×10-4 3 

5.33×10-4 3 

6.67×10-4 3 

P. aeruginosa 

1.33×10-4 3 

 

 

 

Figure 4.6: Stick-slip behavior of P. fluorescens for imposed flow velocity of 1.33×10-

4 m/s from 3 different repetitions. Here t0 is between 30 to 90 min from beginning of 

the experiment. 

 

Stick-slip behavior is fairly common between sliding surfaces and often 

attributed to multiple causes [20-26].  Moreover, viscoelastic materials can 

experience stick-slip or spurt flows due to instabilities [21, 27-29]. Recently, 
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Gashti et al. [30] also noticed that biofilms subject to continuous shear can 

show a non-monotonic velocity, which they attributed to possible non-

Newtonian behavior of the biofilm [30]. However, in the current case, this 

behavior may have far more complex origins due to both the multiphasic nature 

of the interface and material nonlinearities typical of in-situ bacterial streamers. 

Therefore, a more detailed characterization has been left for a future work.  

While figure 4.4 depicts the behavior of the advancing front of the 

clogging biomass, interestingly, the bulk of the clogging biomass also shows 

interesting behavior. Since, the syringe pump enforces a constant volumetric 

flow rate (Q), clogging led to increased flow velocities in the clogged portion 

leading to a non-uniform flow field within the clogged device. This resulted in 

failure and breakage of mature streamers (Fig. 4.7a) at critical locations, leading 

to the formation of water-channels in the biomass, whose length scale was 

found to be several times that of the pore-length scale (l) (Fig. 4.7b) (also see 

video 47. Water channel formation depends on the imposed flow speeds. Water 

channels were observed for velocity scales of 1.33 × 10−4 , 2.66 × 10−4 and 

5.33 × 10−4  𝑚/𝑠 after 3h injection of P. fluorescens bacterial solution while 

no visible water channel was observed for 𝑈 = 4.44 × 10−5 𝑚/𝑠  (Fig. 4.8). 

Furthermore, water channels also formed in a microchip clogged with P. 

aeruginosa strongly indicating a mechanical origin of these phenomena (Fig. 

4.9). The origin of this mode of failure is not yet fully understood.  

                                                 
7 The link for video 4 is: 

http://pubs.rsc.org/en/content/articlelanding/2016/lc/c6lc01055e#!divAbstract 
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Figure 4.7: a) Bacterial biomass detachment in the microfluidic device that leads to 

water channel formation imaged under green fluorescence. t0 is 108 min after the 

beginning of the experiment (U=1.33×10-4 m/s). Red arrows show movement of 

detached streamer. Scale bar represents 50 μm. b) Green dash lines delineate a water 

channel formed in the device after 2 hours flow of P. fluorescens with flow speed of 

1.33×10-4 m/s. Images are top view of the porous section of the channel and were 

captured approximately at the middle height of the channel (z = 25 μm). Scale bar 

represents 150 μm. White arrows show the flow direction. 
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Figure 4.8: a) Water channel formation in the clogged part of the microfluidic device. 

Bacterial solutions (P. fluorescens) were injected for 3 hours into the channel and the 

experiments were performed for different imposed velocity scales of i) 4.44×10-5 m/s, 

ii) 1.33×10-4 m/s, iii) 2.66×10-4 m/s and iv) 5.33×10-4 m/s. Clogging didn’t occur for 

U=4.44×10-5 m/s. Scale bar is 250 μm. White arrow shows the flow direction that is 

from top to bottom in all the experiments. 
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Figure 4.9: Water channel formation in the clogged part of the microfluidic device. 2 

parallel dash lines demonstrate the location of water channel. Bacterial solution (P. 

aeruginosa) was injected for 3 hours into the channel with U=1.33×10-4 m/s. Scale bar 

is 150 μm. White arrow shows the flow direction that is from top to bottom 

 

Figure 4.10 summarizes the characteristic time-scales of various 

phenomena observed in our experiments. It is important to note that various 

events such as clogging of the device, failure and breakage of biomass have the 

same time-scale as the biological cell doubling time-scale. This suggests that 

mechanical effects are the dominant contributors to the observed phenomena. 

Interestingly, no direct correlation between the cross sectional area and the 

character of the stick-slip behavior was revealed from the experiments. In 

‘stick-slip’ motion, during the stick stage, there is no relative motion between 

two surfaces and during the slip stage motion occurs; this pattern usually 

repeats itself [31]. In this context, note that in spite of the topical similarity of 

certain regions of the deformation time plot (Fig. 4.4c-d) with a viscous or 
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viscoelastic material, when taken in totality they do not support a purely 

material origin of this behavior. This is confirmed through visual data which 

indicates pronounced sliding at interfaces as well as looking into the myriad 

jumps in the plots at different time resolutions of the stick-slip plots (Fig. 4.4c-

d). This is because such sudden changes in deformation characteristics are 

typically associated with instabilities and phase changes whose consequences 

are often prominently visible in the structure such as necking failure [19]. 

Similarly, the formation of water channels in the current paper also point to a 

substantial material source of instability. However, in the case of stick-slip, we 

observe no substantial changes in material constitution near the tracking points 

with the same regularity as the jumps (which appeared at even finer time 

scales). Thus, we conclude that the sudden changes in deformations (the 

spurting ‘slip’ and the sudden arrest of it through ‘stick’) primarily reflect a 

more global motion aided by the onset and arrest of sliding at the interfaces, 

further confirmed through microscopy data.  Therefore, in this paper the 

nomenclature of stick-slip as used by Zhang & Li [31], where stick-slip 

processes are defined for two sliding surfaces has been adopted. A more 

detailed investigation of the observed phenomena would require substantial 

bulk and interfacial characterization and is left as an exercise for the future. 
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Figure 4.10: Various time scales related to our experiment.  

 

4.4 Conclusion 

In conclusion, in this work we revealed important yet unreported aspects 

of the dynamics of bacterial streamer induced clogging in a microfluidic device. 

Particularly, we discovered a highly nonlinear stick-slip type advance of the 

mature streamer structure which causes the clogging front to move in spurts 

rather than following a continuous advance. In addition, we also find that even 

after the onset of substantial clogging in the device, the biomass retains a highly 

complex dynamic state characterized by marked instabilities and failures which 

result in extended distinct water channels in the device.   
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5 Antibacterial effect of Mg(OH)2 nano-platelets on 

Pseudomonas fluorescens and its consequences on 

bacterial streamer formation in a microfluidic device 

5.1 Introduction: 

Bacteria are ubiquitous in the environment [1]. They can form a protected 

mode of life known as biofilm [1-3], where bacteria are attached to a surface 

and enclosed in a matrix of extracellular polymeric substances (EPS) produced 

by themselves, which acts as a support system holding the cells together [4]. 

Due to the effect of fluid flow, biofilm can deform into a filamentous structure 

called a streamer [5-10]. More specifically, these filamentous structures are 

attached to a surface from one or both ends while the rest of their structures are 

suspended in the liquid. Their formation, especially in low Reynolds number 

fluid transport, which is similar to some medical devices such as catheters and 

heart stents, water filtration systems, and porous media, have attracted a lot of 

attention lately [6, 7, 11]. Recently, Hassanpourfard et al. [12] showed that 

bacterial streamers not only can form as a result of highly viscous behavior of 

attached viscoelastic biofilm, but also they can form from flow-induced 

preformed bacterial flocs deformation [12]. Once they form, they rapidly 

accelerate the clogging process [7, 12] by forming a spider web like structure 

which is able to accrue more biomass from the solution [6].  Moreover, biofilms 

are resistant to antimicrobial agents by 3 orders of magnitude and therefore, 

they are a universal concern [13]. For example, in the health field, researchers 

have determined that biofilms growth on surfaces, whether on medical devices 
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or oral surfaces such as teeth, have the ability to detach, form aggregates and 

pose potential risks for severe infections [14, 15]. In water filtration systems, 

typical consequences of resistant biofilm formation include a decrease in 

membranes’ performance, pollution of previously purified water, and higher 

power and pressure requirements due to the flux decline [16].   

As such, there is a growing need to prevent biofilms and streamers 

formation. Controlling or inhibiting their growth by utilizing antibacterial 

agents can achieve this aim. Currently, there is continued emphasis on finding 

new antibacterial agents, especially because of the increasing microbial 

resistance to multiple antibiotics [17, 18].  Thus, many are interested in 

focusing on developing novel antimicrobial agents to combat the emergence of 

antibiotic resistant microbial organisms, and their consequences [2, 3]. In 

particular, nanoparticles have received much attention due to their nano-scale 

size and structures, which enables them to demonstrate new and enhanced 

biological, physical and chemical properties, and functionalities [17]. Silver, 

copper, metal oxides including TiO2, MgO and ZnO and metal hydroxide 

material such as Ca(OH)2, and Mg(OH)2 have been acknowledged as 

antibacterial nanoparticles [13]. Among the metal hydroxide material, Mg(OH)2 

is the preferable choice due to its low cost and non-toxicity [19]. It is currently 

being used as an environmentally friendly flame retardant, paper conservation 

agent [13, 20-22], acid neutralizer [13, 19], and most importantly as an 

antibacterial agent [19]. 

In this study, to inhibit the formation of streamers, we used Mg(OH)2 

nano-platelets to constrain the growth of planktonic bacteria due to the fact that 

the complex process of biofilms and bacterial flocs formation are initiated by 
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planktonic bacteria themselves [23]. Herein, Mg(OH)2 nano-platelets were 

studied for their antibacterial effects. More specifically, the antibacterial effects 

on P. fluorescens in LB media were investigated. As previously stated, bacteria 

cells in EPS matrix are much more resistant to antibiotics than their less 

commonly found planktonic counterparts [24], and therefore, are of interest to 

research. In our experiment, solutions of varying Mg(OH)2 nano-platelet 

concentrations in LB media were prepared and cultured on agar plates to 

visualize the effects qualitatively. The effects of Mg(OH)2 nano-platelets on P. 

fluorescens bacterial floc mediated streamer formation and its consequences 

including biofouling and clogging mechanisms were investigated using a 

microfluidic device designed to resemble porous media. Using microfluidic 

devices gives us more insight regarding the properties, nature, and evolution of 

microbial biofilms and streamers [23].  

5.2 Experimental 

5.2.1 Bacterial culture 

In the initial step of the experiment, by streaking -80ºC P. fluorescens 

CHA0 (wild type) bacterial stock onto a LB agar plate, the bacterial sample was 

prepared. This particular strain of bacteria expresses GFP (green fluorescent 

protein) constitutively. The agar plate was incubated at 30 ºC overnight. Next, a 

colony from the agar plate was transferred into LB broth medium, which was 

then incubated in a shaker incubator (New Brunswick Scientific Co., NJ) at 30 

ºC, 150 rpm overnight. For the experimental solutions, we mixed LB broth 

medium with different concentrations of Mg(OH)2 nano-platelets (1X, 0.75X, 

0.5X, 0.25X, 0.1X, 0.01X and 0X (Control); X= 50 g/l). To disperse the nano-
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platelets in the LB media, each solution was sonicated for 10 min and then 

autoclaved for 20 min at 121 ͦ C and 151 psi. The control flask only contained 

LB medium. Afterwards, bacterial solution with the ratio of 1 (bacteria) to100 

(media) was added to each flask. Then the solutions were placed in shaker 

incubator at 30 ºC and 150 rpm.  

5.2.2 Agar plate experiment 

3 drops of each experimental solution of about 25 μl each were poured 

onto 3 sections of LB agar plates. The plates were incubated at 30 ºC. Images of 

the plates were taken after 24 hours of incubation.  

5.2.3 Particle preparation for atomic force microscopy (AFM) 

studies  

The Mg(OH)2 nano-platelets (10 mg) were suspended in 1-butanol dry 

organic solvent (20 mL) in a covered glass flask and immersed in an ultrasonic 

bath under ambient conditions of temperature and pressure. The SiO2 substrates 

were cleaned with ethanol, treated in oxygen plasma and dipped in the colloidal 

suspension of the Mg(OH)2 nano-platelets under continuous ultrasonic 

treatment for 90 s. Mg(OH)2 nano-platelets crystals were attached to the 

cleaned Si wafer and the additional loosely bound Mg(OH)2 nano-platelets 

were removed by further sonication in pure 1-butanol for additional 1 min. The 

sample was then left to dry in an evaporating chamber overnight for complete 

evaporation of the solvent and used for characterization using AFM [19]. 
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5.2.4 Bacterial solution preparation for AFM studies  

To prepare the bacterial solution for AFM test, bacteria was cultured in 

solution and incubated for 8 hours. Afterwards, the bacterial solution was 

centrifuged at 800 rpm at 4 ºC for 10 minutes. The supernatant was discarded 

after complete centrifugation and a 10X diluted solution of phosphate-buffered 

saline (PBS) was added. This process was repeated three times to wash the 

bacteria cells.  

5.2.5 Microchip fabrication 

Three steps were followed to fabricate the polydimethylsiloxane (PDMS, 

Sylgard 184, Dow Corning, NY, USA) microchip. The three steps included 

standard photolithography, soft lithography, and bonding coverslip and PDMS 

stamp by oxygen plasma processes. The particulars of this procedure can be 

found in Hassanpourfard et al. [9]. 

5.2.6 Nano-platelets characteristics and our experimental setup 

In order to characterize the Mg(OH)2 nano-platelets, we used atomic force 

microscopy (AFM). The detailed process for the Mg(OH)2 nano-platelets’ 

fabrication is in Ref. [25]. The AFM topography and the corresponding cross 

section of the Mg(OH)2 nano-platelets deposited on SiO2 substrate is shown in 

Figure 5.1a and 1b respectively. As seen from the topography, the platelets 

range from 100 nm to 300 nm in width while the height of them is around 6-7 

nm. The platelets can be stacked on top of each other in some cases and the step 

heights can be easily seen in the corresponding cross section graph (Fig. 5.1b). 

Furthermore, in order to quantify the effect of Mg(OH)2 nano-platelets on P. 
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fluorescens in real scenarios, we used a microfluidic device as a platform to 

mimic porous media. Figure 5.2 shows our microfluidic setup and the porous 

section of the channel. A periodic staggered grid pattern was designed by a 

sequence of micropillars in the microchip to mimic porous media.  

 

Figure 5.1: a) The AFM topography and b) The corresponding cross section of the 

Mg(OH)2 nano-platelets deposited on SiO2 substrate.  Scale bar is 0.5 μm. 
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Figure 5.2: a) Microfluidic experimental set-up. b) Porous section of the channel. 

Zoom in shows the pillars. The channel width (b) is 625 m. and the porous section of 

channel contains 400 pillars. The micropillras’ diameter (d) and height are 50 μm and 

they are set 75 μm apart (l). The fluid flow rate (Q) was set 15 μl/h (flow speed: 

1.3×10-4 m/s) in our device. The reason for selecting this flow rate (15 μl/h) was 

having creeping flow regime in the microchip (Reynolds number, Re, was O(10-3)).  
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5.3 Results and discussion 

5.3.1 Antibacterial effect of Mg(OH)2 nano-platelets on P. 

fluorescens 

A series of experiments were performed to investigate the antibacterial 

efficiency of Mg(OH)2 nano-platelets on P. fluorescens. P. fluorescens is a 

widespread bacterium commonly presents in the soil and rivers [26], which is 

capable of producing EPS and forming a robust, surface attaching biofilm [24]. 

We chose P. fluorescens as a model for biofilm forming bacteria. The results of 

agar plates from 0 hour samples demonstrate the growth of bacterial colonies 

on the agar plates indicating the presence of bacteria in all the solutions at the 

beginning of the experiment (Fig. 5.3). We repeated this procedure after 2, 4 

and 8 h of incubation of the solutions. Interestingly, we did not observe any 

bacterial colonies on the agar plates for the solution that contained 1X 

concentration of Mg(OH)2 nano-platelets even after 2 h of incubation which 

indicates the antibacterial effect of Mg(OH)2 nano-platelets on P. fluorescens 

(Fig. 5.3 and table 5.1). Table 5.1 summarizes the bacterial growth results on 

the agar plates that were visually measured.  Antibacterial behavior of Mg(OH)2 

nano-platelets on E. coli was reported in previous studies [13, 27]. In those 

studies, they used 10 g/l (0.2X) of Mg(OH)2 nano-platelets and reported that 

after 40 h [13] and 24 h [27] incubation no live bacteria were observed. In this 

study, for low concentrations of Mg(OH)2 nano-platelets (0.1X and 0.01X) 

confluent growth of bacteria on the agar plate was observed even after 24 h of 

incubation with Mg(OH)2 nano-platelets demonstrating that for these 

concentrations, the time of incubation is not important for observing 

antibacterial behavior (Fig. 5.3). However, when we tried different 
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concentrations of Mg(OH)2 nano-platelets (0.25X, 0.5X, 0.75X) the time of 

incubation was important to observe the antibacterial behavior of Mg(OH)2 

nano-platelets (Table 5.1).  

 

Figure 5.3: Bacterial growth on agar plates with different concentrations of Mg(OH)2 

nano-platelets.  

 

Table 5.1: Bacterial growth on agar plates according to visual observations 

 1X 0.75X 0.5X 0.25X 0.1X 0.01X Control 

0h G G G G G G G 

2h NG PG PG G G G G 

4h NG PG PG PG G G G 

6h NG NG PG PG G G G 

8h NG NG NG PG G G G 

12h NG NG NG PG G G G 

24h NG NG NG PG G G G 

G: Growth; PG: Partial Growth; NG: No Growth 
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Now the question is: what is the mechanism for such behavior? Due to 

the low solubility of Mg(OH)2 nano-platelets in water, almost in all the 

solutions there are the same amounts of Mg2+ and OH-; here, the solubility 

product constant (Ksp) is 5.61 × 10−12  [13]. Furthermore, Dong et al. [13] 

investigated the effect of OH- and Mg2+ on E. coli and they found that these 

ions have no effect on E. coli viability and bacterial growth, respectively  [13]. 

Therefore, particles have to attach to the cells to interact with them. Due to the 

high surface energy that the nano-platelets have in comparison with the bacteria 

cells (2 orders of magnitude higher) [28, 29], they interact with bacteria cells. 

Attached particles to bacteria cells were observed by AFM (Fig. 5.4b). Figure 

5.4 shows a collection of P. fluorescens in control solution (Fig. 5.4a) and 0.1X 

(Fig. 5.4b) solutions. The P. fluorescens bacteria samples are prepared by 

depositing them on cleaned SiO2 substrate and imaged with peak-force tapping 

mode AFM. Figure 5.4a represents the topography of normal bacterium surface 

that shows the cell membrane is relatively smooth, having no visible 

deformations. On the other hand, Figure 5.4b clearly shows the attachments of 

Mg(OH)2 nano-platelets on the bacterium cell surface. The corresponding 

cross-sections of the bacterial images are shown in Figure 5.4c and d. The 

cross-section of the normal bacteria shows no significant membrane 

deterioration or any attachment to the normal bacterial cell membrane (Fig. 

5.4c).  
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Figure 5.4: AFM images of bacteria; a) Bacteria incubated in control solution, b) 

Bacteria incubated in 0.1X solution. c) and d) The corresponding cross-sections of the 

bacterial images for a) and b). Scales bars are 1 μm. 

 

5.3.2 Antibacterial effect of Mg(OH)2 nano-platelets on P. 

fluorescens and its consequences on streamer formation 

The effect of incubating P. fluorescens with Mg(OH)2 nano-platelets for 

48 h on the clogging dynamics of porous media was investigated by using a 

microfluidic device (Fig. 5.2). To see the clogging dynamics due to the biomass 

in the channel, the dispersed Mg(OH)2 nano-platelets in the solution (1X) were 

allowed to precipitate (4 h), and then the supernatant of this solution was 

injected into the channel. We repeated the same procedure for the control 

bacterial solution. Figure 5.5a shows the middle height of the channel. The 

images are taken at the middle height of the channel since this location has the 
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maximum effect on the clogging of the device [7]. The results of this 

experiment indicate that the supernatant of control solution had the ability to 

clog the channel after 1 h. Interestingly, the supernatant of 1X solution did not 

have this ability; we did not observe any biomass accumulation in the channel 

for this solution (Fig. 5.5a).  This considerably different behavior originates 

from the amount of biomass that enter the channel due to the effect of Mg(OH)2 

nano-platelets. Moreover, to investigate the clogging dynamics by control 

solution we took the images before the clogging occurred (10 min after 

injecting the solution into the microchip) and we found that the clogging is 

occurring because of the streamer formation in the channel (Fig. 5.5b). As a 

result, the antibacterial effect of Mg(OH)2 nano-platelets inhibits streamer 

formation and clogging of the channel. 
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Figure 5.5: a) The effect of Mg(OH)2 nano-platelets in streamer formation in the 

microchannel. The first row shows supernatant of control bacterial solution injected 

into the channel. Second row demonstrates the inside of the channel after injecting 

supernatant of 1X solution. b) Streamer formation after 10 min of injecting supernatant 

of control bacterial solution into the microchannel. Scale bars are 50 μm. 
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6 Concluding remarks 

6.1 Conclusions 

This thesis provides comprehensive studies of bacterial streamers in 

pseudo porous devices in order to predict and control their behavior. We used a 

microfluidic device as a pseudo porous platform for our studies. Observing 

bacterial streamer formation in actual porous media can often be challenging 

due to their opacity. In such situations, microfluidics based porous media 

platforms can prove extremely advantageous, as they allow real-time and in-situ 

monitoring. In chapter 2, fabrication of the microfluidic platform, necessary 

steps for cell culture, and experimentation are described. Biofilm-mediated 

streamers and their temporal evolution were also investigated in chapter 2. The 

results demonstrate that the formation of streamers depends on injected flow 

rate. As for the flow velocity scale of 7.1×10-6 m/s, no streamer was observed 

after a prolonged period of time (>20 hrs). Interestingly, for higher velocity 

scale (7.1×10-5 m/s), the streamers were formed and the time-scale of their 

formation was in the order of several hours. Further investigations 

demonstrated that the biofilm-mediated streamers originate near locations with 

high shear stress. 

In chapter 3, we discovered a new kind of bacterial streamer formation 

(floc-mediated streamer) with a different physical mechanism of formation 

from biofilm-mediated streamers. We found that these streamers appear due to 

flow-induced deformation of the pre-formed bacterial flocs. For the first time, 

our methodology of using nanoscale fluorescent tracers allows for a direct 
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quantification of the evolution of the streamer morphology. We discovered that 

fluid flow first advects the flocs, some of which then get attached to the 

micropillars; subsequently, due to the hydrodynamic shear forces, even when 

fluid flow in a system is in the creeping flow regime, streamers can form by 

large deformation of flocs. The formation timescale of this floc-mediated 

streamer is less than a second, which is in sharp contrast to the much larger 

timescale witnessed for biofilm-mediated streamers. Firstly, recoverable elastic 

behavior of streamers at its initial stage of formation was observed by the 

changes in axial stretch ratio (λ(t)). Next, we found that the streamers are not 

purely elastic structures since we observed perceptible viscous behavior at time 

scales larger than its formation time scale, but still far from clogging regime. At 

this time scale, streamers demonstrated shear thickening behavior. Moreover, 

due to the fact that most of the streamers originate from regions corresponding 

to maximum shear stress, the role of shear deformation in their formation is 

strongly suggested. These observations give us valuable clues about the 

fundamental mechanism of floc-mediated streamer formation. This was the first 

direct experimental observation, where the formation of a streamer and its 

behavior in the intermediate time-scale with respect to clogging have been 

demonstrated by seeding particles for very precise quantification of the biomass 

structures. We demonstrated that floc-mediated streamers lead to rapid clogging 

of the device. Thereafter, we investigated the clogging phase of floc mediated 

streamers in chapter 4. 

In chapter 4, we investigated the clogging dynamics of mature bacterial 

streamer in our device. We revealed a highly nonlinear stick-slip type advance 

of the mature streamer structure that causes the clogging front to move in spurts 

rather than following a continuous advance. The onset time of stick-slip 
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behavior depends on the injected flow rate. We demonstrated that the stick-slip 

behavior was neither the result of intermittency caused by pump nor 

deformation of PDMS micropillars. The observation of stick-slip behavior with 

a different strain of bacteria (P. aeruginosa), demonstrated that this behavior 

may be a more general mechanical phenomenon and independent of the bio-

physical issues associated with bacterial strains. Moreover, we found that even 

after the onset of substantial clogging in the device, the biomass retains a highly 

complex dynamic state depicted by noticeable instabilities and failures. These 

result in extended distinct water channels in the device whose length scale was 

several times larger than the pore-length scale. In the time scale of our 

experiment, water channel formation was dependent on the injected flow rates. 

Furthermore, water channel formation in the channel injected with a different 

bacterial strain (P. aeruginosa) suggested a mechanical origin of these 

phenomena. 

In chapter 5, we showed the antibacterial effect of Mg(OH)2 nano-

platelets on P. fluorescens and its consequences on streamer formation. We 

found that the antibacterial properties of Mg(OH)2 nano-platelets can inhibit 

bacterial growth and consequently bacterial streamer formation. We also found 

that the time of incubation and the concentration of nano-platelets play an 

important role in antibacterial effect of Mg(OH)2 nano-platelets and 

consequently their effects on streamer formation. Applying antibacterial effect 

of Mg(OH)2 nano-platelets can be a promising preventive measure with regard 

to bacterial streamers. 
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6.2 Future work 

Depending on the different applications, various designs of microfluidic 

devices can be considered to investigate the bacterial streamers formation and 

their clogging dynamics. Furthermore, the model presented in this thesis was an 

approximation of our real conditions. The simulation of the real scenario, where 

the solution contains bacterial flocs, should be taken into account in future. 

In order to control and prevent streamer formation, using different types 

of nanoparticles with antibacterial effect is recommended. Furthermore, the 

fabrication method can be modified in order to coat the pillar with different 

nanoparticles to inhibit biofilm mediated streamers. In such circumstances, the 

PDMS can be mixed with the nanoparticles and then get cured and bonded to 

the coverslip. By this method, biofilm formation around the pillars, which is 

required in the case of biofilm-mediated streamers, can be prevented or 

delayed. 

As we mentioned earlier, the formation of floc-mediated streamers begins 

with the flocs attachments to the micro-pillars. Therefore, applying different 

methods that can prevent flocs attachments can be useful to control floc-

mediated streamers formation. One of these methods can be adding different 

types of surfactants into solution that contains bacterial flocs to change flocs 

surface properties, and consequently their attachments to the micro-pillars. The 

preliminary results demonstrated that adding Tween 80 can decrease the rate of 

flocs attachments to the wall of micro-pillars. Apart from type of surfactant, 

studies on the impact of different concentrations of selected surfactant and the 

effect of critical micelle concentration (CMC) on streamer formation are 

recommended for future studies. These studies can be extended to investigate 
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the effect of different environmental conditions, e.g. pH, for bacterial flocs 

growth and their attachments to the wall and subsequently streamers formation. 

These studies can be divided into 2 categories; the first one is growing flocs in 

pH=7, and then changing the pH to see the effect on surface properties, flocs 

attachment, and consequently streamers formation. The second study can be 

investigating the effect of media with varying pH on flocs formation, flocs’ 

sizes, and streamer formation in the microfluidic devices. The primary studies 

demonstrated that the bacteria can only grow in the pH range of 5 to 9. 

Furthermore, the zeta potential test from the surfaces of flocs in different pH 

showed different zeta potential values, which demonstrated that the pH changes 

the surface properties of flocs. 

Segregating the effect of biological phenomena from physical ones is 

challenging in studying bacterial streamers. Therefore, in future studies, having 

a closely mimicking abiotic system is desirable to study bacterial streamers. In 

such a study, a diluted suspension of PS nanoparticles and the aqueous solution 

of a high molecular weight polymer like polyacrylamide (PAM) can be selected 

to create an abiotic streamer. The results of this study can be helpful to better 

understand the bacterial floc-mediated streamers. 

During this study, the breakage of streamers was observed in different 

phases, from the formation phase to clogging. We briefly studied the instability 

in the clogging phase and we recommend the study of instability in the initial 

phase of streamers formation, where the streamer aspect ratio is high (thin 

streamer). This study can give more insight about the instability of streamers at 

the initial phase of formation. 
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