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ABSTRACT 

 Bacteria which enter a viable but non-culturable state cannot be concentrated by 

enrichment. This means they may not reach a detectable concentration for PCR methods - 

especially in the presence of sample compounds which may act as PCR reaction inhibitors.  An 

alternative strategy for concentration of bacteria from aqueous samples is explored in this work 

using tangential flow filtration. The effectiveness of this technology to concentrate pathogens from 

food-derived samples was previously demonstrated; however, losses of bacteria to the filtration 

system can still be high (i.e. recovery of bacteria is low).  

 The goal of this research was to maximize recovery of pathogenic microorganisms from 

hollow fiber filtration processes while also maximizing flux. In this way, high recovery filtration 

conditions could be selected while keeping filtration time low.  It was hypothesized that flux would 

have relatively lower impact on final recovery of bacteria at high shear rates (27,000 1/s) which 

are sufficient to remove attached bacteria on surfaces.  It was hypothesized that these high shear 

rates would not cause loss of bacterial viability, and the main cause of bacterial losses during 

filtration would be accumulation on the membrane surface. 

 To test these hypotheses, single fiber filter modules (both microfilters and ultrafilters with 

0.5 mm inner diameter), were constructed and used to concentrate GFP-producing Escherichia 

coli at a wide range of flux conditions.  Post-concentration, fluorescence micrographs of bisected 

hollow fibers illustrated patterns of bacterial accumulation along the length of the fiber.  A simple 

recovery model was constructed to predict recovery as a function of flux and shear rate, and 

predictions were compared against the experimental data.   
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 Both in the experiments and in the simple recovery model developed in this dissertation, 

recoveries near 90% were achievable at high shear rates when flux was ≤0.5 mL min-1 cm-2.  This 

amounted to a 3-hour filtration time for a 225 mL sample.  Compared to a filtration with only 30% 

recovery, detectable bacteria concentrations could be achieved with lower starting concentrations 

– ~5 CFU/mL starting concentration versus at least 15 CFU/mL.  Given these high recoveries 

(determined with plating methods on agar) occurred at high pressure and shear conditions, it was 

determined the filtration did not affect bacterial viability.   

 In addition to using the model to predict recovery at various shear and flux conditions, it 

would be helpful to predict module designs or concentration strategies which could improve 

bacterial recoveries from the filter.  One strategy, explored with preliminary data, was to pre-

develop a layer of bacteria on the filter surface prior to concentrating samples.   

 Understanding and reducing the losses of bacteria during tangential flow filtration could 

enable detection of dilute levels of viable but non-culturable microorganisms; in addition, 

sensitivity of detection could be improved for quickly concentration culturable microorganisms in 

food and water samples. 
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 INTRODUCTION 

 More than 65 known pathogenic species of bacteria can enter a viable but non-culturable 

state (VBNC) when under environmental stressors.1, 2  The current, standard methodologies for 

detecting pathogens in food samples involve enriching a food sample in a liquid medium for long 

periods, often greater than 24 hours, until pathogens reach a concentration that is detectable by 

plating or PCR.3, 4  VBNC microorganisms pose a challenge for these traditional methodologies 

because their concentration cannot be increased by enrichment.  An alternative strategy for 

concentrating bacteria could be via filtration - removing excess sample volume while retaining the 

microorganisms of interest in the retentate. 

 Conventional, dead-end style filtrations are not ideal for this application because they pull 

suspended retentate components (i.e. the bacteria) onto and/or into the filter where they are difficult 

to recover and detect.  In this work, tangential flow filtration (TFF) was used instead for its ability 

to reduce retentate particle losses to the filter surface using shear forces provided by the 

feed/retentate flow.   

 TFF processes have demonstrated capability to concentrate bacteria from food samples.  

Previously in spinach, egg white, and ground turkey, tangential flow filtration was effectively used 

in combination with short enrichment steps to bring bacteria to detectable levels in less than 8 

hours.5-7  This is a marked time reduction from the standard enrichment methodologies which often 

require > 24 hours.8  Although these studies successfully concentrated bacteria, a significant 

portion of the bacteria could still be left on the membrane surface – in some cases >90%.9  In some 

studies, to improve recovery of the sample bacteria from the filter, a flux reversal process (known 

as backflushing) was performed after the concentration step to push bacteria off the filter surface 
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– although this did not recover all bacteria.6, 9, 10  Understanding and reducing the losses of bacteria 

during TFF could enable detection of dilute levels of VBNC microorganisms; in addition, 

sensitivity of detection could be improved for culturable microorganisms in food and water 

samples. 

 The overarching goal of this research is to maximize recovery of pathogenic 

microorganisms from tangential flow filtration processes while also maximizing flux.  The final 

concentration of microorganisms in the eluate is a function of the reduced volume due to flux, 

the % of microorganisms recovered, and microbial growth during the filtration step.   

 To begin investigating the main causes of bacteria loss during filtration, literature results - 

including filter specifications and flow rates - were compared (Table 5.1).  A trend emerged 

wherein greater shear rates were associated with greater final bacterial recoveries, but there were 

also great differences in the studies’ filter designs, average flux rates, sample volumes, initial 

concentrations, etc.  For this reason, the exact causes of bacterial loss were confounded. 

 Literature studying bacterial attachment and removal from surfaces has reported a range of 

wall shear rates required to prevent bacterial attachment; these rates may differ depending on the 

surface material and microorganism of interest.11  Generally, rates greater than 6,000 - 8,000 s-1 

are necessary to prevent attachment of bacteria flowing along a surface.12, 13  Wall shear rates 

>16,000 s-1 were capable of removing more than 90% of Bacillus cereus on glass surfaces after 

five minutes.14  In this study, a wall shear rate of 27,000 s-1 (Re = 850, laminar flow) was used to 

prevent or reduce E. coli attachment to the surfaces of hollow fiber membranes.  It was 

hypothesized that flux would have relatively lower impact on final recovery of bacteria at these 

high shear rates. 
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 It was also hypothesized that these shear rates would not be sufficient to cause loss of 

bacterial viability, and the main cause of bacterial losses during filtration would be accumulation 

on the membrane surface.  Forces applied to the bacteria due to shear flow were roughly 27*10-3 

nN, and system pressures did not exceed 4 bar (~ 60psi).  Pressures in the range of 200-10,000 bar 

would be required damage or kill bacteria.15  

 To test these hypotheses, single fiber modules (consisting of 0.2 µm cutoff 

polyethersulfone fibers with 500 µm inner diameter) were constructed and evaluated for their 

ability to concentrate recover GFP-producing Escherichia coli.  Post-concentration, fluorescence 

micrographs of bisected hollow fibers illustrated patterns of bacterial accumulation along the 

length of the fiber.   

 A simple recovery model was constructed to predict recovery as a function of flux 

and shear rate, and predictions were compared against the experimental data.  It was assumed the 

sample was an incompressible fluid of constant density and viscosity, and the bacterial 

concentration was dilute enough to assume no interactions between particles in the bulk flow.  In 

this model, a simplifying assumption was made for a constant rate of shear down the length of the 

module.16  This assumption could be valid for membranes with very low flux rates or very short 

lengths - where volumetric flow at the inlet and outlet of the fiber are not very different.  It was 

also assumed the inner diameter of the hollow fiber modules was constant, and the deposit layer 

of bacteria did not decrease the inner diameter of the hollow fiber.    

 The next steps of this work involve using the recovery model to predict the relative impact 

of other parameters on recovery, such as module design and starting concentrations.  For example, 

it is hypothesized that developing a layer of bacteria on the filter, prior to sample filtration, may 
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prevent losses of bacteria during concentration.  Preliminary data is shown alongside some of these 

early model predictions. 

 

 

 In summary, the overarching goal of this research is to maximize recovery of pathogenic 

microorganisms from tangential flow filtration processes while also maximizing flux.  To achieve 

this goal, several underlying hypotheses were addressed: 

1. It was hypothesized that high shear rates would not be sufficient to cause loss of bacterial 

viability, and the main cause of bacterial losses during filtration would be accumulation on 

the membrane surface. 

2. It was hypothesized that flux would have relatively lower impact on final recovery of 

bacteria at high shear rates. 

3. Based on model predictions (with some preliminary results): 

a. It is hypothesized that reducing filter surface area will improve recovery. 

b. It is hypothesized that developing a layer of bacteria on the filter, prior to sample 

filtration, will reduce losses of bacteria during concentration. 
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 LITERATURE REVIEW 

 A general overview of filtration principles, existing models, and sample preparation 

strategies is provided here.  In addition to the general review provided in this chapter, summaries 

of relevant literature are provided in the introductions of chapters 4-6. 

2.1 Overview of Tangential Flow Filtration 

 Tangential flow filtration (TFF) is a form of filtration whereby the feed solution and 

retentate flow along the surface of a porous membrane.  Permeate passes through the membrane 

pores as the feed progresses along the surface.  This is different from dead-end filtration in which 

the feed is forced, in a perpendicular direction, through a porous membrane.  In dead-end filtration, 

retained components are pressed into the membrane, forming a cake on the membrane surface; 

these concentrated components may be difficult to recover post-filtration.  In TFF, the tangential 

flow provides shear forces along the membrane surface which limit accumulation on the 

membrane.  TFF is useful in applications such as protein concentration, water treatment, and 

removal of cells post-fermentation where retentate component recovery is crucial.17   

2.1.1 Microfiltration versus ultrafiltration 

 TFF processes are often categorized by the size of the membrane’s pores – either as 

ultrafiltration (UF) or microfiltration (MF).  UF membranes separate components on the sub-

micron scale and are typically sized in kilodaltons.  Whether a particle/protein is rejected is a 

function of its size, shape, interactions with the membrane material, and interactions with other 

molecules in the bulk feed/retentate solution.17  The kilodalton rating of these membranes does not 
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translate to a clear-cut rejection criterion.  For example, Cole-Parmer has defined the molecular 

weight cutoff of an UF membrane such that molecules at that size are 90% retained.18  

2.1.2 Filter materials and geometries 

TFF membranes may be constructed in various materials and geometries.  Common 

materials include polysulfone (PS), polyethersulfone (PES), and regenerated cellulose – these 

materials are hydrophilic and less susceptible to protein fouling than hydrophobic materials.18 

Membranes may be tubular, hollow fibers, flat sheets, or spiral-shaped.  Hollow fiber and flat sheet 

configurations are common for laminar feed flow applications and provide a large surface area to 

volume ratio whereas tubular membranes are more common in slurry or turbulent flow filtration.17 

In this work, two separate membrane types were tested: a 0.2 μm pore size polyethersulfone 

microfilter (cut from product D02-P20U-05-N, Spectrum Labs) and a 50 kDa MWCO polysulfone 

ultrafilter (cut from product X15S-300-04S, Spectrum Labs).  Both types of hollow fibers had a 

0.5 mm inner diameter.  They were cut to a length of 14.5 cm. 

2.1.3 Concentration polarization and fouling 

As solutions containing proteins, fats, and/or particulates are filtered, flux reduction is 

attributed to a couple phenomena – concentration polarization and fouling.  In both cases, flux 

reduction is caused by partial or complete blockage of some of the membrane’s pores.  In the case 

of concentration polarization, pore obstruction is attributable to the development of a concentrated 

layer of retentate components near/at the membrane’s surface.  A schematic of concentration 

polarization is shown in figure 2.1.17  During filtration, transmembrane pressure (TMP) drives 

permeate though the filter pores, and the resulting fluid convection brings retentate particulates to 



 
 
 

21 
 

the membrane surface.  Particulates or macromolecular aggregates that cannot pass through the 

pores collide with the membrane and form the concentration polarization layer. 

 

Figure 2.1.  Figure adapted from Cheryan.(1998)17 a) Convective flow during filtration carries 
particles in the bulk feed to the membrane surface where a layer of the particles builds up.  Shear 
forces, imparted by the tangential flow, carry some of these particulates away from the layer via 
diffusion.  A concentration gradient forms as a result.  CG, Concentration of the layer; CB, 
concentration in the bulk flow; J, flux.  b) particulates of the concentration polarization layer are 
removed by backflushing and re-enter the bulk flow. TMP, transmembrane pressure.   

The thickness of this layer is limited by the back diffusion of these particles into the bulk 

flow – a process driven by the shear of the tangential flow.  At least some of the flux reduction 

may be reversible with changing process conditions (i.e. altered feed flow, backflushing, etc.), but 

what is not recoverable without extensive cleaning is known as fouling.17  In practice, a membrane 

M
em

br
an

e 

La
ye

r C
on

ce
nt

ra
tio

n,
 C

G
 

B
ou

nd
ar

y 
La

ye
r 

B
ul

k 
Fl

ow
 

Permeate 

J, flux TMP 

J 

a) b) 

Convective Flow 

Bulk Concentration, CB 

Diffusive Flow 



 
 
 

22 
 

cleaning process can be evaluated for effectiveness by comparing the flux of pure water post-

cleaning to the flux of pure water when the membrane was new.19 

The mechanism of flux decline depends largely on sample composition.   In the case of 

food-derived samples, fouling species may include proteins (those in native conformation as well 

as large aggregates), fat globules, and particulates (such as those from plant debris).  In the case of 

small proteins (protein diameter < pore), the interior of pores can be coated - restricting pore 

diameter.20  For the same applied TMP, flux through smaller pores will be reduced (see equation 

2.1).  If sample particles are ≥ pore size, the pores can be blocked. This would reduce membrane 

surface porosity, ε, and lower flux.  Additionally, a concentration polarization layer or fouled layer 

may entrap bacteria. 

 In the case of proteins, the mechanism of fouling has been observed in two phases.21, 22  

Initial, rapid fouling by proteins is attributed to large aggregates of proteins which clog the 

microfilter pores in a layer at the membrane surface.  Following this initial layer deposition, 

additional proteins in the bulk feed can attach to the aggregates in a second phase of fouling known 

as cake formation.21  Kelly and Zydney (1994) found that solutions made from a modified bovine 

serum albumin (BSA), where sulfhydryl groups were obstructed by carboxymethyl or cysteinyl 

groups, had a reduced or eliminated flux decline during MF.23  When the sulfhydryl groups were 

modified and aggregates were removed, BSA fouling was prevented entirely.  This fouling pattern 

was observed in several other proteins with free sulfhydryls, but in some cases (such as with 

myoglobin), second phase fouling occurred in the absence of free sulfhydryls.24  

 Fat globules are on the same order of magnitude as microfiltration pores (10-7 m) and may 

cause flux reduction by pore obstruction/blockage.20  In the case of hydrophobic membrane 

materials, smaller lipid droplets can obstruct pores by adhering and coating the membrane 
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surface.17  This effectively reduces pore size and overall membrane porosity, resulting in reduced 

flux at the same pressure drop. 

2.1.4 Backflushing 

 Backflushing is the process of reversing flux on a membrane such that the permeate-side 

solution enters the retentate side of the membrane (figure 2.1b).  Numerous studies have 

demonstrated the efficacy of backflushing in partially restoring flux and increasing the percent of 

recovered retentate components.  Zuponcic et al. (2019) improved recovery of E. coli from <1% 

to 37% using backflushing as part of an elution step.9  Hao et al. (2012), following protein 

filtration, backflushed 15 mL/min for a 1 min duration to partially restore flux.19  Peskoller et al. 

(2009) included backflushing as part of an elution step to improve recovery of concentrated E. 

coli.10  Another strategy is to periodically backflush a membrane, as done by Zhang et al. (2018) 

with a ceramic membrane to recover ~90% of bacteria in a concentrated sample.25  Typical 

backflushing strategies recycle the permeate stream to flow concurrently with the feed, then close 

off the permeate outlet to reverse TMP and flux for ~1-5 sec as many as 10 times a minute 

(applying 1-10 bar of pressure depending on flow conditions and membrane specifications).17  

2.2 Existing Filtration Models 

 Various approaches to modeling flux in TFF systems explain the accumulation of retentate 

components at the membrane’s surface as a result of convection and shear-driven diffusion.  TMP 

drives permeate through the membrane, and the resulting convection carries particles in the feed 

to the membrane surface; particles which are larger than the pores collide with and accumulate on 

the membrane surface.  This accumulation is known as concentration polarization.  In addition to 

particles being carried to the membrane, some particles are dragged away from the concentration 
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polarization layer by tangential flow – this is sometimes referred to as a diffusion phenomenon 

driven by shear forces – although, it is actually another form of convection.  Filtration with little 

or no impedance to flux, caused by concentration polarization or fouling, will show flux is 

proportional to TMP.  As impedance to flux increases, flux is increasingly independent from TMP; 

eventually, no amount of increasing TMP will increase flux.  In summary, for pressure-dependent 

scenarios, flux follows Hagen-Poiseuille law for flow through channels:17 

𝐽𝐽 =  
𝜀𝜀 𝑑𝑑𝑝𝑝2 𝑃𝑃𝑇𝑇
32 ∆𝑥𝑥 𝜇𝜇

                                                                            (2.1) 

Where J is flux (volume per time per area or cm/s), ε is the membrane surface porosity (unitless), 

dp is the mean pore diameter (cm), PT is TMP (kg cm-1 s-2), Δx is the pore depth (cm), and μ is 

viscosity of the permeate (kg cm-1 s-1).  In scenarios where the effects of concentration polarization 

and fouling are significant, and flux is independent of TMP, flux is described by:17  

 𝐽𝐽 = �
𝐷𝐷
𝛿𝛿�

ln �
𝐶𝐶𝐺𝐺
𝐶𝐶𝐵𝐵
�                                                                       (2.2) 

Where D is the diffusion coefficient (cm2/sec), δ is the thickness of a concentration gradient layer 

near the concentration polarization layer (cm), CG is the concentration of particles in the 

accumulated layer (kg/cm3), and CB is the concentration of particles in the bulk feed/retentate fluid 

(kg/cm3).  D/ δ may also be written as a mass transfer coefficient, k (cm/s).  This value may be 

calculated using the relationship between the Sherwood (Sh), Reynolds (Re), and Schmidt (Sc) 

numbers:17, 26  

𝑆𝑆ℎ =  
𝑘𝑘 𝑑𝑑ℎ
𝐷𝐷

 = 𝐴𝐴′(𝑅𝑅𝑅𝑅)𝛼𝛼(𝑆𝑆𝑆𝑆)𝛽𝛽(
𝑑𝑑ℎ
𝐿𝐿

)𝜔𝜔                                                     (2.3) 

Where dh is the hydraulic diameter (cm), and A’, α, β, and ω are constants whose values depend 

on the concentration profile length (Lc) and channel length (Lv) relative to the length of the 

membrane (L). 
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 For example, if flow in a hollow fiber is laminar, L < Lc, and L > Lv, then the value of A’ 

is 1.86 and α = β = ω = 0.33.26  Figure 2.2 shows an example calculation for k under these 

conditions.  In this example, the hydraulic diameter and length of a fiber in a hollow fiber module 

are known.  Therefore, average flow velocity can be calculated for a known volumetric flow rate, 

Q (cm3/s).  This flow velocity also allows for the estimation of shear at the fiber wall, γw (s-1).  

Additionally, the viscosity and density of the permeate is known, and the diffusion coefficient of 

the concentrating bacteria is calculated using the formula 𝐷𝐷=0.025 𝑟𝑟𝑏𝑏𝑏𝑏𝑆𝑆𝑏𝑏𝑅𝑅𝑟𝑟𝑏𝑏𝑏𝑏2 𝛾𝛾w which describes 

diffusion coefficients for super-micron particles under shear.20, 27  The constant B (needed to 

estimate Lv) is assumed between 0.029 and 0.05.26  Experimentally, the value of the mass transfer 

coefficient can also be determined by plotting flux vs log CB and calculating the slope of the 

resulting line.   

 Equations 2.1 and 2.2 describe the relationship of TMP to flux.  Another model, the 

classical model, can be used in conjunction to describe flux over time for different microfiltration 

fouling mechanisms.  

𝑑𝑑2𝑏𝑏
𝑑𝑑𝑉𝑉2

= 𝑘𝑘 �
𝑑𝑑𝑏𝑏
𝑑𝑑𝑉𝑉�

𝑛𝑛

                                                                   (2.4)         

Where the value of n describes particle-membrane interactions n = 0 for cake filtration, 1 for 

intermediate blocking, 2 for complete pore blockage, and 3/2 for pore constriction (also called the 

standard law).28-30  k is a blocking constant whose units change with each n.  This model does not 

explain the typical full course of a microfiltration process which often starts as a clean membrane 

and may move through pore constriction, blockage, then finally to cake filtration regimes (Figure 

2.3).20   
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In situations where flux is not proportional to TMP, but is not fully independent of TMP 

either, another strategy to model the flux vs TMP relationship is to adapt the heat transfer concept 

of defining resistances in series.17  A baseline level of resistance, when no pore blockage is present, 

is established experimentally (typically measuring water flux only) and defined as membrane 

resistance, RM (units of pressure over flux, kg cm-2 s-1).  Additional resistances to flux from fouling 

or concentration polarization, RF or RG respectively, are added to this baseline membrane 

resistance.  

𝐽𝐽 =  
𝑃𝑃𝑇𝑇

𝑅𝑅𝑀𝑀 + 𝑅𝑅𝐹𝐹 + 𝑅𝑅𝐺𝐺
                                                                     (2.5) 

In a system where the concentration polarization layer is growing or developing, RG is not constant.  

It is a function of the permeability and thickness of the layer on the membrane surface, and it may 

be more than 5x higher than the resistance due to fouling.17, 32 
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Figure 2.2. Example calculation for mass transfer coefficient, k.  Module specifications are 
representative of a commercially available filter module.  The length of a hollow fiber, L, is 

compared to the concentration profile length, Lc, and the channel length, Lv.  To calculate Lc, 
the shear at the wall of the fiber, γw, and diffusion coefficient D are estimated.20, 27, 31  Under 

these conditions, the coefficients α, β, and ω = 0.33 and A’ = 1.86.26  These coefficients are used 
to determine the mass transfer coefficient, k. 
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Figure 2.3. Figure adapted from Belfort et al. (1994)20  Mechanisms of membrane fouling and 
their effects on the flux vs transmembrane pressure relationship.  The value, n, is the coefficient 
used in fouling model shown in equation 2.4.   
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2.3 Food Pathogen Concentration and Detection 

2.3.1 Food sample preparation overview 

 Current enrichment and detection methods for bacterial pathogens in food samples may 

require >24 hours to enrich pathogens to detectable levels.  As an example, the FDA 

Bacteriological Analytical Manual (BAM) dictates a 25g food sample should be enriched in 225 

mL Rappaport Vassiliadis broth for 24±2 hours before executing a Salmonella detection step 

(Figure 2.4a).4  Ideally, the time from sample collection to detection would be less than an eight-

hour shift to prevent the release of un-tested food products.  By combining a shortened enrichment 

step with microfiltration (in a prototype continuous cell concentration device, C3D), several 

previous studies in our lab achieved faster times to detection (Figure 2.4b).  <1 CFU/g in egg 

white, 1 CFU/g on spinach, and ≤20 CFU/mL in ground turkey were detected in about seven 

hours.5-7 
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Figure 2.4. Time requirements for sample preparation and detection.  a) The USDA and FDA 
approved protocol for pathogen detection in a sample requires a lengthy enrichment step.4  b) 
When a shortened enrichment is combined with concentration via hollow fiber microfiltration, 

sample preparation and detection can be achieved in <8 hours. 

 Ku et al. (2016)5 showed how sample pretreatment affected sample composition and flux 

during microfiltration. One hour of egg white sample incubation with a protease enzyme (Promod 

298 L) reduced egg white protein sizes to less than 15 kDa.  Protein sizes before and after 

incubation were visualized using SDS-PAGE with BPW as a control. This enzyme incubation did 

not affect the growth of the concentrating pathogen of interest, Salmonella, compared to a BPW 

control.  During subsequent microfiltration, this protease pretreatment prevented flux loss period 

without protease pretreatment, concentration polarization and fouling caused flux to decrease 

about 20x after 10 minutes. This is just one example of how resistance to flux can result from 

sample preparation differences. 
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 An example of a food filtration which does not require enzyme pretreatment was also 

studied in work by Ku et al. (2019)6  Spinach-derived samples, containing Salmonella, did not 

exhibit flux reduction or an increase in TMP during microfiltration over more than 40 minutes. 

According to flux models, this would suggest resistance to flux (i.e. substantial membrane layer 

development) is not increasing over time. 

2.3.2 Continuous cell concentration and recovery devices 

 Several cell concentrating TFF devices were previously developed in our lab (figure 2.5). 

The construction and operation of the prototypes, known as continuous cell concentration devices 

(C3D), was described in detail in Zuponcic et al. (2019)9, Vibbert et al. (2015)33, and Li et al. 

(2013).34  Early prototypes, termed one-channel or two-channel, could concentrate one or two 

samples at a time, respectively.  The four-channel C3D, holding four hollow fiber modules, can 

concentrate four samples simultaneously.   

 The one- and two-channel devices could not fit inside a biosafety cabinet, but they were 

capable but monitoring pressures and flow rates during concentration.  The four-channel device 

was constructed to concentrate more samples simultaneously while operating inside a biosafety 

cabinet; however, it did not contain pressure sensors or flowmeters.  Both prototypes used the same 

45 fiber commercial filter modules (D02-P20U-05-N, Spectrum Labs; upper left image in figure 

2.5) and they operated at similar flow rates during concentration.  A detailed comparison of the 

prototypes is given in Zuponcic et al. (2019) and provided in the Publication section of this 

dissertation. 
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Figure 2.5.  Figure adapted from Vibbert et al. (2015)33 and Zuponcic et al. (2019).9  (top) C3D 
prototype with one or two sample capacity.  (bottom) C3D prototype with four sample capacity. 
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 A new cell concentration system was constructed in this work to obtain higher shear rates 

for the same volumetric feed flow (figure 4.4).  This new device was controlled only with the 

native feed pump controls to allow for adjustable flow rates.  Pressure and flow rate data was 

collected from this device using pressure sensors and a balance.  See section 3.1 of this dissertation 

for details. 

2.3.3 Detection methods 

 Culturing samples and counting colonies on plates is one of the simplest approaches to 

bacterial pathogen detection.  To facilitate colony counting, plating methods usually employ media 

that are selective to pathogens and limit/prevent growth of environmental microorganisms - 

examples include xylose lysine deoxycholate (XLD) agar or Chromagar.  In a typical plating 

method, where 100 uL of sample are plated, the limit of detection is between 10-102 CFU/mL.  In 

theory, a concentration of only 10 CFU/mL, the lowest end of this range, should result in a single 

colony on a plate.  In practice, at this low level, there is a possibility of not obtaining any colonies 

from the sample in only 100 ul.  Therefore, this method may necessitate multiple plates per sample 

or targeting higher sample concentrations through enrichment or concentration.  Additionally, this 

method is not suitable for detecting viable but non-culturable microorganisms because 

proliferation is key to the formation of visible colonies.  In this work, plating onto XLD agar will 

be used to enumerate viable Salmonella which will appear as black colonies. This media will also 

dampen or prevent the growth of environmental microorganisms.  

Several PCR-based methods also exist for the detection of pathogens.  In theory, a single 

DNA sequence in the PCR reaction could be amplified and detected, but there are a few 

complications: only a few microliters of sample are used in the reaction, so the pathogen of interest 
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must be present in the small sample,  and compounds in the food sample may act as reaction 

inhibitors.35  In ground beef, regular PCR and quantitative PCR (qPCR) have a limit of detection 

around 103 CFU/g.36, 37  Advantages to PCR methods include the ability to detect viable but non-

culturable microorganisms (VBNC) and a shorter time to result than plating methods.  In our lab’s 

prior work, Ku et al. (2016, 2017, 2019) used PCR methods as a rapid detection technique for low 

levels of microorganisms, in less than eight hours, after a combination of short enrichment and 

microfiltration (Table 2.1).5-7  These methods are more rapid than others in literature, using similar 

starting concentrations, achieving detection in less time than one shift in a manufacturing plant.36, 

38 

Table 2.1. Comparison of Methods Enabling Rapid Detection 

Sample Starting 
Concentration 

Concentration/ 
Enrichment 

Method 
Method 

Time 
Final Detected 
Concentration Reference  

 
Egg 

White <1 CFU/g 
Short 

enrichment, 
microfiltration, 
centrifugation 

<7 hours 102-103 CFU/mL Ku et al. 
(2016)5  

Egg 
White 5.9 CFU/g 

Enrichment and 
Immunomagnetic 

Separation 
20 hours Various; generally 

103 CFU/mL 
Rijpens et al. 

(1999)38  

Ground 
Turkey ≤20 CFU/mL 

Short 
enrichment, 

microfiltration, 
centrifugation 

<8 hours 
104 CFU/mL after 

microfiltration; 
106 CFU/mL after 

centrifugation 
Ku et al. 
(2017)7  

Spinach 1 CFU/g 
Short 

enrichment, 
microfiltration, 
centrifugation 

<7 hours 102 CFU/mL Ku et al. 
(2019)6  

Ground 
Beef 1 CFU/g 

Enrichment, 
Filtration, 

Centrifugation 
12 hours 103 CFU/g Cui et al. 

(2003)36  
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 MATERIALS AND METHODS 

 Materials and methods in this chapter are duplicated, as relevant, in the chapters below. 

3.1 Construction and Operation of a Single Fiber Filtration System 

3.1.1 Single fiber membrane module construction 

 Two separate membrane types were tested: a 0.2 μm pore size PES microfilter (cut from 

product D02-P20U-05-N, Spectrum Labs) and a 50 kDa MWCO PS ultrafilter (cut from product 

X15S-300-04S, Spectrum Labs).  The end view of a hollow fiber microfilter is shown in figure 

3.1. 

 Single hollow fiber filter membranes were threaded into a housing constructed from PEEK 

tubing and fittings.  To prepare the housing, three lengths of PEEK tubing (EW-02006-01, Idex; 

1/16” ID, 1/8” OD), were cut to the dimensions indicated in figure 4.1. Flangeless ferrules and 

nuts (EW-02015-04, Idex) were used to attach the tubing to two T-shaped fittings (EW-02008-14, 

Idex).  The T-shaped fittings provided outlets for permeate flow.  The final length of the assembled 

housing was 14.5 centimeters.   

 After assembly, a single hollow fiber was threaded down the length of the housing and 

glued in place using 5-minute quick set epoxy (product 1395391, Loctite).    The epoxy was 

applied, using a toothpick, around the fiber and within the opening of the housing to form a seal.  

The epoxy was left to cure overnight after which excess fiber was cut away with a razor blade. 

 Prior to concentrating bacteria, each module was evaluated for water flux at various 

transmembrane pressures (TMP).  Clean, undamaged fibers demonstrated a linear TMP versus flux 

relationship (figure 4.2).  Modules which deviated from this behavior were discarded. 
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 Figure 3.1.  Micrograph of hollow fiber end view.  20x magnification on Nikon Eclipse 
TE2000-U. Scale bar represents 50 μm. 

3.1.2 Filtration system setup 

 Assembly of the filtration system required a conical vessel with a luer lock connection (a 

luer lock syringe barrel can be used), a peristaltic pump (Masterflex L/S drive with Easy-Load II 

pump head, Cole-Parmer), peristaltic pump tubing (Masterflex Norprene tubing size 16, Cole-

Parmer), pressure sensors with monitor (PREPS-N-000 sensors with PMAT4A monitor, 

PendoTECH), and a preassembled hollow fiber filter module.  Prior to setup, the peristaltic pump 

was evaluated for flow output accuracy compared to pump setpoint (figure 4.3) (n=3 

measurements per flow rate; flow rate measured as time to deliver 200 mL water).   

 Barbed fittings were used to connect the tubing to the pressure sensors, sample holder, and 

other components as seen in figure 4.4.  Connection of tubing to the sample holder required a 
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female luer to hose barb adapter (1/8” ID, NC1278295, Cole-Parmer).  Additional female and male 

barbed luer adapters (1/8” ID, NC9009091, Cole-Parmer) were used to interface tubing with the 

pressure sensors.  To attach tubing to the filtration module, a ¼-28 female screw to female luer 

adapter (P-658, Idex) was attached at either end of the module.  From these, the male luer to barb 

adapters fastened the tubing. A hose barb in the lid of the sample holder allowed attachment of 

retentate tubing for recirculation.   

 Pressure sensors were connected to the pressure monitor for data acquisition.   PMAT 

system software (PendoTECH) automatically recorded data from the monitor every two seconds.  

A balance with 0.01g readability (Mettler Toledo) measured permeate weight throughout the 

experiment.  Permeate flow rates were calculated by weight differences over one-minute intervals.  

3.1.3 Filtration system operation 

 Prior to concentrating any sample, 70% ethanol was pumped through all tubing, fittings, 

and the filter module - keeping a contact time of five minutes. Following ethanol, the system was 

flushed with sterile deionized water. 

 Following this cleaning step, samples were poured into the sample holder vessel, and the 

peristaltic pump was started at its lowest flow rate setting (8 mL/min).  Pump speed was ramped 

up to higher flow rates for concentration (20 mL/min) within <2 minutes.  Higher module pressures 

were achieved in some experiments by applying a clamp to the retentate tubing above the sample 

holder.  In these experiments, higher module pressures delivered higher membrane flux.  When 

less than 20 mL of the sample remained, the retentate tubing (attached to the sample holder lid) 

was placed in a beaker for collection. Final sample volume was determined by weight.  Final 

sample volumes were 5-20 mL.  Filtration times ranged from ~15 minutes to more than 10 hours 
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depending on the membrane type and pressures applied.  During filtration, pressure remained 

relatively steady (within ~5 psi); however, occasional pressure spikes did occur (figure 4.5).  These 

pressure spikes were more prevalent in the single fiber ultrafilters (50 kD MWCO) than in the 

microfilters (0.2 μm pore). 

 After each concentration, the hollow fiber modules were detached for microscopy analysis. 

The remaining tubing, sensors, and fittings were cleaned with 70% ethanol and sterile DI water, 

as before. Additionally, sample holders and tubing were autoclaved between experiments.  

3.2 Bacterial Cell Culture and Detection 

3.2.1 E. coli culture and detection 

 Green fluorescent protein (GFP)-producing E. coli O157:H7 (strain B6-914, does not 

produce Shiga toxins 1 and 2; Centers for Disease Control and Prevention) was concentrated in 

this study to enable fluorescence microscopy of bacteria on filter surfaces.  Prior to sample 

preparation, E. coli were cultured in LB broth with 0.05 mg/mL ampicillin (LBA broth) for 24 

hours at 37oC (150 RPM on a shaker incubator).  Culturing in ampicillin media was crucial for 

retention of the GFP plasmid in the strain during replication. 

 Initial and final sample E. coli concentrations were determined by counting colonies on 

LBA agar plates incubated at 37oC for 24 hours.  Samples were plated in triplicate before and after 

concentration.  

3.2.2 E. coli sample preparation 

 E. coli cultured for 24 hours was diluted in PBS to make a 5 log CFU/mL solution. 235 μL 

of this dilution was added to 235 mL PBS to make a sample containing 2 log CFU/mL E. coli.  
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Prior to concentration, a 10 mL aliquot was set aside to obtain an estimate of growth during the 

time period of the experiment. Therefore, sample size for each experiment was 225 milliliters – 

this is the FDA Bacteriological Analytical Manual (BAM) recommended volume for a 25 gram 

food sample preparation.4   

 Selection of PBS as the medium for these experiments provided an isotonic solution for 

the E. coli without providing a carbon source for growth.  Without a carbon source, recoveries 

calculated from the filtration system did not need to be adjusted to account for growth (some 

filtrations required more than 12 hours).  Additionally, a lack of carbon source would not provide 

nutrients for self-repair if bacteria were damaged during the filtration – a situation more closely 

mimicking concentration of viable but non-culturable (VBNC) microorganisms. 

3.2.3 Cell recovery calculation 

 Bacterial recovery was defined as the percent of sample bacteria that were eluted from the 

filtration system (equation 3.1).   E. coli growth did not occur in PBS over the course of these 

filtrations.  This was confirmed by plating an aliquot of the sample (n=3 plates) prior to and 

following the filtration, then comparing plate counts.  A paired t-test determined there was no 

significant growth in the PBS over the course of these filtrations.  

   

% 𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 =
(𝐹𝐹𝑏𝑏𝐹𝐹𝑏𝑏𝐹𝐹 𝑉𝑉𝑅𝑅𝐹𝐹𝑉𝑉𝑉𝑉𝑅𝑅)(𝐹𝐹𝑏𝑏𝐹𝐹𝑏𝑏𝐹𝐹 𝐶𝐶𝑅𝑅𝐹𝐹𝑆𝑆𝑅𝑅𝐹𝐹𝑏𝑏𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑅𝑅𝐹𝐹)

(𝐼𝐼𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝐹𝐹 𝑉𝑉𝑅𝑅𝐹𝐹𝑉𝑉𝑉𝑉𝑅𝑅 ∗ 𝐼𝐼𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝐹𝐹 𝐶𝐶𝑅𝑅𝐹𝐹𝑆𝑆𝑅𝑅𝐹𝐹𝑏𝑏𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑅𝑅𝐹𝐹) + 𝐺𝐺𝑟𝑟𝑅𝑅𝐺𝐺𝑏𝑏ℎ
                (3.1) 

3.2.4 Viewing bacteria on filter surfaces using fluorescence microscopy  

 Following a filtration experiment, the direction of flow was marked on the housing of the 

module. The module was detached from the filtration system, and 2 mm of housing was cut from 
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each side to remove the epoxy holding the fiber in place.  The housing fittings were unscrewed, 

one section at a time, to expose the hollow fiber. The fiber was cut into three, 4-5 cm sections and 

placed on glass slides - labeling indicated flow direction.  Fiber sections were coated in quickset 

epoxy (same adhesive used for assembly) and allowed to rest 20 minutes. A sharp hobby knife 

was used to cut the coated fiber pieces lengthwise to expose the lumen surface. 

 Images of the filter surface were taken on an inverted fluorescence microscope (Eclipse 

TE2000-U, Nikon) using a FITC filter set (excitation wavelength at 480 nm, emission at 540 nm) 

to excite and detect GFP.  Images were taken at 20x magnification (Plan Fluor 20x ELWD 

objective, Nikon) using a 2 sec camera exposure time (Orca-Flash4.0LT+, model C11440, 

Hamamatsu).   

3.3 Preliminary Methods for Next Steps 

3.3.1 Short module construction and sample concentration 

 Shorter, 8.5 cm long single fiber modules were constructed as described previously in 

section 3.1.1.   Fibers for these modules were taken from a commercially available PES microfilter 

with 0.2 μm pore size (D02-P20U-05-N, Spectrum Labs).  The module housing consisted of one 

t-shaped fitting (EW-02008-14, Idex) to function as a permeate outlet.  This t-shaped fitting was 

connected to two pieces of PEEK tubing (EW-02006-01, Idex; 1/16” ID, 1/8” OD), with flangeless 

nuts and ferrules (EW-02015-04, Idex) to make a total length of 8.5 cm. 

 As before for longer modules, a single hollow fiber was threaded down the length of the 

housing and glued in place using 5-minute quick set epoxy (product 1395391, Loctite).  The epoxy 

was applied, using a toothpick, around the fiber and within the opening of the housing to form a 
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seal.  The epoxy was left to cure overnight after which excess fiber was cut away with a razor 

blade. 

3.3.2 Salmonella concentration with layer pre-deposition 

 Preliminary data on the effects of layer deposition was collected using high concentration 

Salmonella enterica (6 log CFU/mL; 250 mL initial volume per sample) in buffered peptone water 

(BPW).  The goal of this initial experiment was to evaluate whether recovery improved with 

greater and greater labor development. 

 Solutions were concentrated in a commercially available 45 fiber module (0.2 μm pore 

size; D02-P20U-05-N, Spectrum Labs) at 325 mL/min. This equated to 7.2 mL/min per fiber (γw 

= 9800 s-1, ψ = 23 h-1). The first sample was eluted when concentrated to ~10 mL.  It was eluted 

without the addition of any surfactants or backflushing to retain a bacterial layer on the filter 

surface.  A second and third sample were immediately concentrated using the same procedure - 

without cleaning steps in between samples.  It was hypothesized that the layer of bacteria on the 

membrane surface, when concentrating samples 2 and 3, would reduce bacterial losses and 

improve recovery for those samples. 

 Initial and final concentrations of Salmonella were determined by counting colonies on 

xylose lysine deoxycholate (XLD) agar plates incubated at 37oC for 24 hours.   
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 IMPACT OF FLUX AND SHEAR RATE ON BACTERIAL LOSSES 
DURING FILTRATION 

4.1 Introduction 

 More than 65 known pathogenic species of bacteria can enter a viable but non-culturable 

state (VBNC) when under environmental stressors.1, 2  In the VBNC state, these bacteria will not 

multiply in enrichment media or on agar plates, but they may still pose as an infection risk if 

consumed.  With millions of Americans contracting foodborne illnesses annually, there is a need 

for methods which can concentrate these VBNC bacteria to levels which enable detection.  In 

practice, ~103 CFU/mL concentrations are required for PCR-based detection given the typical 

presence of reaction inhibitors in food samples.35-37  

 One strategy for concentrating bacteria, without the use of enrichment media, is through 

tangential flow filtration (TFF) which uses crossflow along the surface of a filter membrane to 

reduce losses of materials/particulates in the retentate to the filter surface.  Previous work using 

TFF to concentrate bacteria has had mixed results.  In numerous studies, it was necessary to 

backflush or agitate the flow on the membrane surface post-filtration to recover bacteria.6, 9, 10  

Without this step, <16% of bacteria were recovered from water samples by Peskoller et al.  and 

<1% were recovered from buffer-based samples by Zuponcic et al. (2019). 9, 10  

 A review of bacteria TFF concentrations in literature revealed a trend wherein higher 

recoveries were achieved in filtrations with higher shear rates (Table 5.1); however, membrane 

surface areas and flux rates also varied widely.  It remained unclear, to what extent, each of these 

parameters (shear rate, flux rate, and surface area) affected bacterial accumulation on the 

membrane surface.  In this work, a novel approach to concentrating bacteria in TFF systems was 
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explored by evaluating bacterial recovery and accumulation patterns on single hollow fibers 

(surface area is constant) at high shear rate and varying flux.    

Literature studying bacterial attachment and removal from surfaces has reported a range of 

wall shear rates required to prevent bacterial attachment; these rates may differ depending on the 

surface material and microorganism of interest.11  Generally, rates greater than 6,000 - 8,000 s-1 

are necessary to prevent attachment of bacteria flowing along a surface.12, 13  Shear rates >12,000 

s-1 were capable of removing adhered Pseudomonas fluorescens from stainless steel.12  Wall shear 

rates >16,000 s-1 were capable of removing more than 90% of Bacillus cereus on glass surfaces 

after five minutes.14  In this study, a wall shear rate of 27,000 s-1 (Re = 850, laminar flow) was used 

to prevent or reduce E. coli attachment to the surfaces of hollow fiber membranes (see equations 

5.1 and 5.2).  It was hypothesized that high shear rates would not be sufficient to cause loss of 

bacterial viability, and the main cause of bacterial losses during filtration would be accumulation 

on the membrane surface.  The objective of these experiments was to determine to what extent 

flux impacted bacterial recoveries and accumulation of bacteria on the membrane surface at these 

high shear rates.  The results presented below address the first and second major hypotheses of the 

dissertation per the summary in Chapter 1. 
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Table 4.1.  Literature comparison of hollow fiber filter module configurations, shear rates, fluxes, and recoveries 

Reference 
Hollow Fiber 
Filter Brand; 

Material 
Pore 
Size 
(μm) 

# 
Fibers 

Inner 
Diam. 
(mm) 

Surface 
Area 
(cm2) 

Flow 
Rate  
(mL/ 
min) 

Shear 
Rate 
(1/s) Sample  

% Recovery from 
Microfiltration 

Sample 
Volume 

(mL) 

Flux 
(mL/ 
min 
cm2) 

                        

Li et al. 
(2013)34 

Minntech; 
Polysulfone; 

assembled in-lab 
0.2 12 0.28 17 50 32000 

Aqueous 
Chicken 
Homoge-

nate 

>70% at 3 log CFU/mL; 
>70% at 2 log CFU/mL; 
63.9% at 1 log CFU/mLa 

250 0.3 

Ku et al. 
(2017)7 

Spectrumlabs; 
Polyethersulfone 0.2 45 0.5 140 34.4b  1000 Turkey 

Burger 
7.9% recovery at 3.5 log 

CFU/mLc ~200 0.02 

Zuponcic et 
al. (2019)9 

Spectrumlabs; 
Polyethersulfone  0.2 45 0.5 140 35.1 1000 

Buffered 
Peptone 
Water 

 1% without backflush 
elution; 

37% with backflush 
elution  

250 0.12 

Peskoller et 
al. (2009)10 

Spectrumlabs; 
Polyethersulfone 0.5 190 0.5 365 1400 10000 Water 

<16% with direct elution;   
>90% with forward and 

backflush elution 
10,000 1.82 

a Approximately 30% from PBS; Li et al. (2013) Table 4 - exact final volumes not given 
b Operation parameters from Vibbert et al. (2015) 
c Calculated from Figure 6 in Ku et al. (2017) 
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4.2 Materials and Methods 

4.2.1 Single fiber membrane module construction 

Two separate membrane types were tested: a 0.2 μm pore size PES microfilter (cut from 

product D02-P20U-05-N, Spectrum Labs) and a 50 kDa MWCO PS ultrafilter (cut from product 

X15S-300-04S, Spectrum Labs). 

Single hollow fiber filter membranes were threaded into a housing constructed from PEEK 

tubing and fittings.  To prepare the housing, three lengths of PEEK tubing (EW-02006-01, Idex; 

1/16” ID, 1/8” OD), were cut to the dimensions indicated in figure 4.1. Flangeless ferrules and 

nuts (EW-02015-04, Idex) were used to attach the tubing to two T-shaped fittings (EW-02008-14, 

Idex).  The T-shaped fittings provided outlets for permeate flow.  The final length of the assembled 

housing was 14.5 centimeters.   

After assembly, a single hollow fiber was threaded down the length of the housing and 

glued in place using 5-minute quick set epoxy (product 1395391, Loctite).    The epoxy was 

applied, using a toothpick, around the fiber and within the opening of the housing to form a seal.  

The epoxy was left to cure overnight after which excess fiber was cut away with a razor blade. 

Prior to concentrating bacteria, each module was evaluated for water flux at various 

transmembrane pressures (TMP).  Clean, undamaged fibers demonstrated a linear TMP versus flux 

relationship (figure 4.2).  Modules which deviated from this behavior were discarded. 
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Figure 4.1.  Assembly of a single hollow fiber filter module.  Three lengths of peak tubing were 
attached to two T-shaped fittings using flangeless ferrules and nuts.  T-shaped fittings provided 

permeate outlet ports 
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Figure 4.2. Water flux at various transmembrane pressures.  Different transmembrane pressures 
were achieved by adjusting a clamp on the retentate tubing, between the holder and retentate 

pressure sensor.   

4.2.2 Filtration system setup 

Assembly of the filtration system required a conical vessel with a luer lock connection (a 

luer lock syringe barrel can be used), a peristaltic pump (Masterflex L/S drive with Easy-Load II 

pump head, Cole-Parmer), peristaltic pump tubing (Masterflex Norprene tubing size 16, Cole-

Parmer), pressure sensors with monitor (PREPS-N-000 sensors with PMAT4A monitor, 

PendoTECH), and a preassembled hollow fiber filter module.  Prior to setup, the peristaltic pump 

was evaluated for flow output accuracy compared to pump setpoint (figure 4.3) (n=3 

measurements per flow rate; flow rate measured as time to deliver 200 mL water).   
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Figure 4.3.  Measured pump flow versus pump set point.   

Barbed fittings were used to connect the tubing to the pressure sensors, sample holder, and 

other components as seen in figure 4.4.  Connection of tubing to the sample holder required a 

female luer to hose barb adapter (1/8” ID, NC1278295, Cole-Parmer).  Additional female and male 

barbed luer adapters (1/8” ID, NC9009091, Cole-Parmer) were used to interface tubing with the 

pressure sensors.  To attach tubing to the filtration module, a ¼-28 female screw to female luer 

adapter (P-658, Idex) was attached at either end of the module.  From these, the male luer to barb 

adapters fastened the tubing. A hose barb in the lid of the sample holder allowed attachment of 

retentate tubing for recirculation.   

Pressure sensors were connected to the pressure monitor for data acquisition.   PMAT 

system software (PendoTECH) automatically recorded data from the monitor every two seconds.  

A balance with 0.01g readability (Mettler Toledo) measured permeate weight throughout the 

experiment.  Permeate flow rates were calculated by weight differences over one-minute intervals.  
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4.2.3 Filtration system operation 

Prior to concentrating any sample, 70% ethanol was pumped through all tubing, fittings, 

and the filter module - keeping a contact time of five minutes. Following ethanol, the system was 

flushed with sterile deionized water. 

Following this cleaning step, samples were poured into the sample holder vessel, and the 

peristaltic pump was started at its lowest flow rate setting (8 mL/min).  Pump speed was ramped 

up to higher flow rates for concentration (20 mL/min) within <2 minutes.  Higher module pressures 

were achieved in some experiments by applying a clamp to the retentate tubing above the sample 

holder.  In these experiments, higher module pressures delivered higher membrane flux.  When 

less than 20 mL of the sample remained, the retentate tubing (attached to the sample holder lid) 

was placed in a beaker for collection. Final sample volume was determined by weight.  Final 

sample volumes were 5-20 mL.  Filtration times ranged from ~15 minutes to more than 10 hours 

depending on the membrane type and pressures applied.  During filtration, pressure remained 

relatively steady (within ~5 psi); however, occasional pressure spikes did occur (figure 4.5).  These 

pressure spikes were more prevalent in the single fiber ultrafilters (50 kD MWCO) than in the 

microfilters (0.2 μm pore). 

After each concentration, the hollow fiber modules were detached for microscopy analysis. 

The remaining tubing, sensors, and fittings were cleaned with 70% ethanol and sterile DI water, 

as before. Additionally, sample holders and tubing were autoclaved between experiments.  
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Figure 4.4  Filtration system arrangement and location of pressure sensors. 
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Figure 4.5.  Pressure over time during concentration of a 2 log CFU/mL E. coli sample in PBS 
using a 50 kD single fiber ultrafilter.  Occasional pressure spikes occurred over the course of the 

filtration.  

4.2.4 Bacterial cell culture and detection 

 Green fluorescent protein (GFP)-producing E. coli O157:H7 (strain B6-914, does not 

produce Shiga toxins 1 and 2; Centers for Disease Control and Prevention) was concentrated in 

this study to enable fluorescence microscopy of bacteria on filter surfaces.  Prior to sample 

preparation, E. coli were cultured in LB broth with 0.05 mg/mL ampicillin (LBA broth) for 24 

hours at 37oC (150 RPM on a shaker incubator).  Culturing in ampicillin media was crucial for 

retention of the GFP plasmid in the strain during replication. 

 Initial and final sample E. coli concentrations were determined by counting colonies on 

LBA agar plates incubated at 37oC for 24 hours.  Samples were plated in triplicate before and after 

concentration.  

4.2.5 Sample preparation 

 E. coli cultured for 24 hours was diluted in PBS to make a 5 log CFU/mL solution. 235 μL 

of this dilution was added to 235 mL PBS to make a sample containing 2 log CFU/mL E. coli.  
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Prior to concentration, a 10 mL aliquot was set aside to obtain an estimate of growth during the 

time period of the experiment. Therefore, sample size for each experiment was 225 milliliters – 

this is the FDA Bacteriological Analytical Manual (BAM) recommended volume for a 25 gram 

food sample preparation.4   

 Selection of PBS as the medium for these experiments provided an isotonic solution for 

the E. coli without providing a carbon source for growth.  Without a carbon source, recoveries 

calculated from the filtration system did not need to be adjusted to account for growth (some 

filtrations required more than 12 hours).  Additionally, a lack of carbon source would not provide 

nutrients for self-repair if bacteria were damaged during the filtration – a situation more closely 

mimicking concentration of viable but non-culturable (VBNC) microorganisms. 

4.2.6 Cell recovery calculation 

 Bacterial recovery was defined as the percent of sample bacteria that were eluted from the 

filtration system (equation 4.1).   E. coli growth did not occur in PBS over the course of these 

filtrations.  This was confirmed by plating an aliquot of the sample prior to and following the 

filtration, then comparing plate counts.  Plating was performed in triplicate.  A paired t-test 

determined there was no significant growth in the PBS over the course of these filtrations.  

   

% 𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 =
(𝐹𝐹𝑏𝑏𝐹𝐹𝑏𝑏𝐹𝐹 𝑉𝑉𝑅𝑅𝐹𝐹𝑉𝑉𝑉𝑉𝑅𝑅)(𝐹𝐹𝑏𝑏𝐹𝐹𝑏𝑏𝐹𝐹 𝐶𝐶𝑅𝑅𝐹𝐹𝑆𝑆𝑅𝑅𝐹𝐹𝑏𝑏𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑅𝑅𝐹𝐹)

(𝐼𝐼𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝐹𝐹 𝑉𝑉𝑅𝑅𝐹𝐹𝑉𝑉𝑉𝑉𝑅𝑅 ∗ 𝐼𝐼𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝐹𝐹 𝐶𝐶𝑅𝑅𝐹𝐹𝑆𝑆𝑅𝑅𝐹𝐹𝑏𝑏𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑅𝑅𝐹𝐹) + 𝐺𝐺𝑟𝑟𝑅𝑅𝐺𝐺𝑏𝑏ℎ
                (4.1) 

4.2.7 Fluorescence microscopy of filter surfaces 

 Following a filtration experiment, the direction of flow was marked on the housing of the 

module. The module was detached from the filtration system, and 2 mm of housing was cut from 
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each side to remove the epoxy.  The housing was unscrewed, one section at a time, to expose the 

hollow fiber. The fiber was cut into three, 4-5 cm sections and placed on glass slides. Slides were 

labeled for flow direction and filter location.  Fiber sections were coated in quickset epoxy (same 

adhesive used for assembly) and allowed to rest 20 minutes. A sharp hobby knife was used to cut 

the coated fiber pieces lengthwise to expose the lumen surface. 

 Images of the filter surface were taken on an inverted fluorescence microscope (Eclipse 

TE2000-U, Nikon) using a FITC filter set to excite and detect GFP.  Images were taken at 20x 

magnification (Plan Fluor 20x ELWD objective, Nikon) using a 2 sec camera exposure time (Orca-

Flash4.0LT+, model C11440, Hamamatsu).   

4.3 Results and Discussion 

 Filtrations were conducted at 20 mL/min inlet flow rates.  At this flow, the inlet shear rate 

of the fluid on the surface of the membranes was 27,000 s-1 (or 27 N/m2 of shear stress).  Shear 

stresses at this order of magnitude are sufficient to remove many species of bacteria from surfaces 

and prevent cell adhesion.14, 39  At shears of this magnitude, it was hypothesized that flux would 

have low impact on bacterial losses.  To test the impact of higher fluxes on bacterial recovery, 

pressure on the retentate side of the membrane was increased by constricting the outlet retentate 

tubing using a clamp. A set of experiments without the tubing clamp was executed for comparison.  

Permeate flow rates, alongside pressures on the retentate and permeate sides of the membrane, are 

shown in figure 4.6.   

 In 0.2 μm filters, small pressure differences of only a few psi increased permeate flow from 

~6 mL/min (figure 4.6a) to nearly 18 mL/min (figure 4.6b).  In contrast, for the 50 kD ultrafilter, 

pressure changes of >10 psi increased permeate flow by only 1 mL/min (figure 4.6cd).  The 
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difference in the flux change between the microfiltration and ultrafiltration membranes is 

attributable the differences in membrane pore size and overall porosity.17  For all experiments, 

permeate pressure remained atmospheric.   

 Shear rates at the module inlets were the same for all experiments because feed flow rate 

(20 mL/min) and fiber inner diameter (0.5 mm) remained constant.  Flux differences between the 

modules resulted in differing retentate outlet flow rates. Outlet shear rates were lowest for the 

highest flux conditions – i.e., microfilters under high pressure.  Flux in ultrafilters under low 

pressure conditions was so low, outlet shear rates effectively matched inlet shear rates (figure 

4.6c).  

 Without a clamp on the retentate tubing, microfilter concentrations completed in 30-40 

minutes. Recoveries under these conditions ranged from 14% to 32% (n = 3; figure 4.7).  During 

unclamped microfiltration experiments, permeate flow rate declined linearly with total filtrate 

volume.  This pattern of flux loss is well described by the classical pore blockage model, where 

sample particles are larger than the filter pores.28-30  

 Examining the pressure data for the microfilters (figure 4.6ab), it was observed that the 

modules’ retentate outlet pressures (thin black line) were nearly 0 versus >4 psig at lower and 

higher-pressure conditions, respectively.  This suggests an outlet portion of the lower pressure 

membrane may not be contributing to overall filter flux – leading to greater permeate flow rate 

declines compared to the clamped microfilter. 

 At higher flux and pressure conditions, microfilter concentrations completed in 14-16 

minutes (n = 4). Recoveries at higher flux conditions decreased to a range of 2-5%.  These results 

provided evidence that flux does, in fact, still affect recovery even at high shear conditions - 

addressing the second hypothesis of the dissertation.  Although bacteria losses were higher 
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compared to unclamped (lower pressure/flux) conditions, flux did not measurably decline for most 

of these filtrations.  Given the high permeate flow rates for the high-pressure filtrations, it is 

possible larger bacterial deposition occurred near the start of the filtration and did not make a 

measurable impact on flux for the remainder of the filtration.    

 Concentrations using the 50 kD ultrafilters had much lower average flux than those in the 

microfilters.  When applying pressures of 18 psi transmembrane pressure, the concentrations 

completed in 3 - 3.2 hours. Recoveries under these conditions ranged from 67% to 93% (figure 

4.7).  The ability to recover high levels of E. coli in a viable state (capable of producing colonies 

on agar), at both high pressure and high shear conditions, was evidence that the pressures and shear 

forces of the filtration were not sufficient to kill bacteria.  These results confirmed the first 

hypothesis of the dissertation (see summary in Chapter 1).  

 Given the trend from the microfiltration modules, it was expected that reduced pressure 

and flux would also result in greater recoveries for the ultrafilters.  However, recoveries dropped 

to 56% for the unclamped ultrafilters.  It was hypothesized that cell loss in these filtrations might 

have been caused by starvation in the PBS.   

 Plate counts from PBS aliquots at the start of the experiments were compared to plate 

counts from the same aliquots at the end of the experiments.  Concentration times in the unclamped 

ultrafilters ranged widely, from 13 hours to nearly 27 hours.  All other concentrations completed 

in under 3.5 hours.  A paired t-test confirmed (p-value = 0.03) that cell death in PBS during the 

long, low pressure (unclamped) ultrafilter experiments was statistically significant (n=6).  On 

average, 80% of the E. coli survived in the PBS after these longer experiments. 

 We used fluorescence microscopy to examine the inner surfaces of the hollow fiber 

membranes after E. coli concentration (figure 4.8).  Using FITC excitation and detection 
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wavelengths, GFP-producing E. coli were visible as small dots at a 20x magnification.  We 

hypothesized most of the bacteria would collect near the inlet of the fiber where pressure, and thus 

flux, should be highest.  However, greater numbers (green dots in figure) were visible near the 

center of the fiber versus the areas closest to the retentate inlet and outlet.  Lower CFU 

accumulation near the entrance region could be explained by increased shear forces at the fiber 

wall due to non-uniform flow conditions.  The entrance length of developing flow in these modules 

(Reynolds number = 850) was about 2 cm (normalized distance from entrance = 0.14 in figure 

4.9).  At higher-pressure and flux conditions in the microfilters (figure 4.8b), greater numbers of 

CFUs collected at the fiber inlet and outlet regions – creating a more even distribution of bacteria 

down the length of the module. 

 Additionally, the pattern of accumulation in the middle region of the fiber was not 

continuous.  Regions of the membrane containing dozens of CFU (within a half millimeter 

distance) could be immediately adjacent to several other sections containing only a few CFU 

(figure 4.9).  This was true for microfilters at both high- and low-pressure conditions.  A potential 

explanation for this pattern might be regions of locally higher flux in the hollow fiber due to 

nonhomogeneous pore sizes and/or membrane structure (Darcy's law).40   

 For the high pressure 50 kD membrane concentrations, when recoveries were highest, only 

a couple CFUs were visible along the entire length of the membrane (figure 4.8d).  Likewise, for 

the lower pressure ultrafiltration runs, almost no CFUs were observed on the filter surface (figure 

4.8c and figure 4.9).  Of all tested conditions, the ultrafilters had the lowest average fluxes; by 

extension, lower fluxes resulted in higher retentate outlet flow rates – maintaining higher wall 

shear stresses down the length of the filters. 



 
 
 

57 
 

4.4 Conclusion 

 The ability to recover >90% of E. coli in a viable state (capable of producing colonies) was 

evidence that the pressures and shear forces of the filtration were not sufficient to destroy bacteria.  

Filtrations producing the highest recoveries (67% - 93%) displayed only a few CFU on the 

membrane surface post-filtration.  Conversely, filters producing the lowest recoveries (<5%) had 

the greatest CFU counts on the membrane surfaces.  This suggests the primary driver of recovery 

from the filtration system was flux leading to bacterial losses on the membrane surface and not 

cell death.  This evidence confirms the first dissertation hypothesis given in Chapter 1.   

 Filtrations producing the greatest recoveries in this study had low fluxes and maintained 

higher shear forces from entrance to exit.  Although inlet shear forces were equal for all filtrations 

(same inner diameter same inlet flow rate), higher flux filtrations (such as the high pressure 

microfilter) still exhibited bacterial accumulation at the entrances.  Counter to the second 

hypothesis of the dissertation, this suggests membrane flux is a key factor in controlling bacterial 

losses - even at shear forces typically sufficient to remove bacteria from surfaces.   
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Figure 4.6.  Pressures and permeate flow rates over time for microfilters (upper panels) and 
ultrafilters (lower panels) at high and low pressures. 



 
 
 

59 
 

 

Figure 4.7.  Cell recovery from the filtration system after concentrating 2 log CFU/mL E. coli 
samples in PBS.  Bacteria were concentrated using 20 mL/min inlet retentate flow.  High 

pressure concentrations were achieved by clamping the retentate tubing to a target inlet pressure 
(Pfeed).  Low pressure concentrations did not use a clamp.  Error bars represent standard 

deviation.  TMP: Transmembrane pressure. 
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Figure 4.8.  Micrographs of hollow fiber membrane lumen interiors.  The left column shows the 
inlet region of the membrane, the middle column shows the center, and the right column shows 

the outlet regions of the fibers.  E. coli appear as green dots on the filter surface. 
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Figure 4.9. Micrograph CFU counts down the length of bisected hollow fibers.  Black filled 
points – low pressure and flux conditions.  Open points – high pressure and flux conditions 
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 MODELING BACTERIAL RECOVERY AS A FUNCTION OF FLUX 
AND SHEAR STRESS/STRAIN 

5.1 Introduction 

 Detection of pathogenic microorganisms is reliant upon a threshold pathogen concentration 

in a sample.  Microfiltration processes are capable of concentrating bacteria in aqueous food 

samples to achieve this threshold level, but the extent of concentration has previously been limited 

by the number of bacteria recovered post-filtration and the final eluted volume.  Limitations are 

partially due to buildup of bacteria and retentate components at the membrane surface during 

concentration.  The goal of this research is to maximize recovery of pathogenic microorganisms 

from tangential flow filtration processes while also maximizing flux.  It would be helpful to be 

able to predict, with a mathematical model, how flux and final volume affect recovery at various 

shear rates (imparted by flow).  In this way, high recovery filtration conditions could be selected 

while minimizing filtration time (i.e. maximizing flux) – addressing the overarching goal of this 

research.  As inquired by the second hypothesis of the dissertation, the impact of flux on final 

recovery can be predicted and compared to experimental data. 

 The purpose of the model developed below is to predict % recovery of bacteria after 

concentration in aqueous conditions using a single hollow fiber microfilter.  The loss of bacteria 

to the filter is considered the primary mechanism of bacteria loss during filtration where recovery 

= (total bacteria in concentrated sample) / (total bacteria in sample prior to filtration).  The model 

proposes the rate of bacteria accumulation on the membrane is driven by two convective flows: 

the convection of fluid through the membrane (due to flux) and the convection of fluid down the 

length of the fiber.  The second convective flow removes bacteria from the membrane surface by 
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shear induced diffusion; this is a function of volumetric flow rate through the lumen, Q (mL/s).  

Volumetric feed flow (Q, mL/s) is related to the shear driven diffusion coefficient thusly:   

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑄𝑄
𝐴𝐴𝑐𝑐

                                                                          (5.1) 

𝛾𝛾𝑤𝑤 = 8 �𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑ℎ� �                                                                  (5.2)  

𝐷𝐷𝑠𝑠 =  0.025 𝑟𝑟𝑏𝑏2 ∗ 𝛾𝛾𝑤𝑤                                                                (5.3)   

 Where Q is proportionate to average fluid velocity vave (cm/s) (equation 5.1), Ac is the fiber 

cross-sectional area (cm2), γw is the shear rate (1/s) at the fiber wall, dh is the hydraulic (inner) 

diameter of the fiber (cm), rb is the radius of a diffusing bacterium (cm), and Ds is the shear driven 

diffusion coefficient (cm2/s).  Equation 5.2 describes the shear rate on the wall of a pipe (or in this 

case, a hollow fiber) under laminar flow conditions31.  Equation 5.3 describes a diffusion 

coefficient for large particles (> 1 μm) undergoing shear flow.20, 27  In this model, back-transport 

of bacteria away from the membrane is considered primarily as a shear induced mechanism.  It is 

assumed that Brownian diffusion (described by the Stokes-Einstein equation), which is more 

relevant for stagnant fluid and small molecules, is negligible.20     

 As mentioned in Chapter 4, shear rates greater than 6,000 - 8,000 s-1 are generally enough 

to prevent attachment of bacteria flowing along a surface, but this could vary by microorganism 

or surface material.12, 13  In literature, wall shear rates >16,000 s-1 were capable of removing more 

than 90% of Bacillus cereus on glass surfaces after five minutes.14 

5.2 Model Development 

 It was assumed the concentrating bacteria were suspended in an incompressible fluid of 

constant density and viscosity.  The bacterial concentration was dilute enough to assume no 

interactions between particles in the bulk flow.  It was also assumed the inner diameter of the 
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hollow fiber modules was constant, and the deposit layer of bacteria did not decrease the inner 

diameter of the hollow fiber.  This assumption should be valid considering <0.1% of the membrane 

area would be occupied by bacteria.  For the purposes of modeling bacterial concentration in non-

nutritive media (such as E. coli in PBS or bacteria in a VBNC state), it was assumed no growth 

occurred over the course of the filtration.  

As fluid permeates the membrane down the length of the fiber, the average fluid velocity 

and shear rate in the fiber decreases from the inlet to the exit.  In this model, a simplifying 

assumption was made for a constant rate of shear down the length of the module.16  This 

assumption could be valid for membranes with very low flux rates or very short lengths - where 

volumetric flow at the inlet and outlet of the fiber are not very different. For high flux 

concentrations or long module lengths, this assumption may not be valid.   

Although fibers of any inner diameter and length could be accommodated by the model, 

for the purposes of comparison to experimental data, a single fiber with dimensions shown in 

figure 5.1 was chosen when generating model results.  For fibers of these dimensions, the shear 

rates considered in the model occur under laminar flow conditions (Re ≤ 850).  Hold up volume 

in the filtration system was assumed to be small such that final sample volume = initial volume – 

permeate volume.  Fluid density and viscosity were assumed the same as room temperature water.   

Bacteria in the bulk flow collide with the fiber wall as it permeates the membrane. 

Therefore, the rate bacteria are brought to the membrane (dN/dt,on) is proportionate to the 

concentration of bacteria in the bulk flow as well as the flux:16 
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Figure 5.1.  Diagram defining module specs and fluid properties used in the model.  Module 
length, fiber diameter, and fluid properties were held constant. 

   

𝑑𝑑𝑑𝑑
𝑑𝑑𝑏𝑏�

𝑜𝑜𝑛𝑛
= 𝐽𝐽 𝐴𝐴𝑠𝑠 𝐶𝐶𝑏𝑏                                                          (5.4)   

Where J is flux (mL sec-1 cm2), As is membrane surface area (cm2), and Cb is concentration of 

bacteria in the solution (CFU/mL).  Flux is assumed constant over the course of the filtration. 

 The rate which bacteria are removed from the membrane (dN/dt,off) could be described by 

a convective mass transfer coefficient, kc (cm/s) derived from diffusion coefficient, Ds, and the 

Sherwood number (Sh = f(Reynolds number, Schmidt number))26 as shown in figure 2.2.  Where  

𝑆𝑆ℎ = 𝑘𝑘𝑐𝑐   (𝑑𝑑ℎ 𝐷𝐷𝑠𝑠) ⁄                                                          (5.5) 

                                          𝑑𝑑𝑑𝑑 𝑑𝑑𝑏𝑏�
𝑜𝑜𝑜𝑜𝑜𝑜

=  𝑘𝑘𝑐𝑐  (𝐶𝐶𝑏𝑏 −  𝐶𝐶𝑙𝑙)(𝐴𝐴𝑠𝑠)                                                 (5.6) 

Cl (CFU/cm3) is the concentration of bacteria in the layer on the membrane surface.  This removal 

rate (equation 5.6)41 would account for the shear rate and bacteria size, but it may not be a realistic 

representation of bacterial removal from surfaces where bacteria may have adhesion forces.  Also, 
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in the case where Cl < Cb, this equation predicts bacteria will deposit onto the membrane, not be 

removed from it. 

 An alternative way to describe removal rate, used in this model, is based on experimental 

results from Powell and Slater14 studying Bacillus cereus removal from glass surfaces subjected 

to flow.  The rate of removal over time (dN/dtoff, CFU/time) under various shear stresses (τ, N/m2) 

is described in figure 5.2.  They found that the removal constant approached a maximum value of 

~28 h-1 at shear rates >16-17 N/m2.14   

 Powell and Slater proposed a first order kinetic expression for a change in bacterial cell 

population on the surface (equation 5.7) which accounted for the growth rate of bacteria g  (time-

1) on the surface of the glass.14 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑏𝑏�

𝑜𝑜𝑜𝑜𝑜𝑜
= [𝑔𝑔 − 𝛹𝛹(𝜏𝜏)]𝑑𝑑                                                   (5.7)  

 Where ψ is a removal rate constant (time-1) dependent on shear stress (τ), and N is the total 

number of bacteria on the surface.  In this model, growth rate is assumed to be zero.  This simplifies 

the equation describing the rate of bacterial removal from the surface.   

𝑑𝑑𝑑𝑑
𝑑𝑑𝑏𝑏�

𝑜𝑜𝑜𝑜𝑜𝑜
= [−𝛹𝛹(𝜏𝜏)]𝑑𝑑                                                            (5.8) 

Where ψ is selected from the relationship shown in figure 5.2.  The final equation describing the 

rate of change of bacteria on the filter surface is: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑏𝑏

= 𝐽𝐽𝐴𝐴𝑠𝑠𝐶𝐶𝑏𝑏 − [𝛹𝛹(𝜏𝜏)]𝑑𝑑                                                    (5.9) 
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Figure 5.2.  Powell and Slater removal constants as a function of shear stress for Bacillus cereus 
removal from glass surfaces. Bacteria were in contact with glass for less than five minutes prior 

to measuring removal under shear.  Figure adapted from Powell and Slater (1982).14 

 Initial conditions in the model (at t = 0 min) include no CFU starting on the membrane 

(N=0), initial cell concentration of 100 CFU/mL, and initial sample volume of 225 mL.  Module 

surface area was calculated from the inner radius and fiber length.  Flux was held constant 

throughout the filtration as was the removal rate constant ψ.   

 The rate of bacterial accumulation was calculated at t = 0 given these initial conditions.  

Recovery was calculated as CFU remaining in the bulk solution divided by the initial CFU in the 

sample.  Variables in the model (N, Cb, remaining sample volume, remaining CFU, rate of 

accumulation, and % recovery) were calculated at 0.2 min time intervals in excel using a stepwise 

approach to solve equation 5.9.  Recovery was calculated for each time point and plotted against 

remaining sample volume in excel. 

5.3 Model Results 

 First, the model was used to predict the impact of flux on bacterial recoveries at high shear 

conditions of 27,000 1/s (figure 5.3).  For the fiber specified in figure 5.1, this amounts to a 

volumetric flow rate of 20 mL/min.  For an aqueous solution with shear rates at 27,000 s-1, shear 
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stress is 27 N/m2  (for Newtonian fluid: τ = μ · γ) and the removal rate constant is about 28 h-1 

(figure 5.2).   

 

Figure 5.3.  Model output of recovery versus sample volume assuming high shear rates/stresses 
down the entire module length (γw = 27,000 s-1; τ = 27 N/m2; ψ = 28 h-1).  Each line describes 
recovery versus sample volume at a different flux rate.  The bottom chart focuses on recovery 

during the last 20 mL of concentration.  

 For all flux rates, recovery was predicted to drop drastically in the final 1-20 mL of 

concentration. Mechanistically, this makes sense because bulk concentration is highest when 

sample volume is lowest and dN/dt_on is proportionate to bulk concentration.  For low flux rates 

Flux  
mL/ (min cm

2 
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(0.1 - 0.5 mL min-1 cm-2), recoveries greater than 80% were predicted, even at sample volumes of 

<10 mL. High flux rates, greater than 2.8 mL min-1 cm-2, had predicted recoveries of <60% at the 

same final volumes.  This data suggests, even at high shear rates inducing high rates of removal, 

flux still has a substantial impact on the final percent of bacterial recovery – addressing the second 

hypothesis of the dissertation (as summarized at the end of Chapter 1). 

 Next, the same comparison was done for the hollow fiber at a substantially lower shear 

rate.  Figure 5.4 shows the impact of flux on bacterial recoveries at low shear conditions of 1,000 

1/s.  For the fiber specified in figure 5.1, this amounts to a volumetric flow rate of 0.7 mL/min.  

For an aqueous solution with shear rates at 1,000 s-1, shear stress is 1 N/m2, and the removal rate 

constant is about 6 h-1 (figure 5.2).   

 As before for all flux rates, recovery was predicted to drop drastically near the of 

concentration.  This recovery drop was most steep for low flux conditions where dN/dTon is lowest.  

Although the removal constant ψ was roughly 4.5x lower at these low shear vs the high shear 

conditions in figure 5.3, recovery remained >80% for the lowest flux conditions (assume 10 mL 

final sample volume).  This demonstrates the relatively large impact of flux versus shear rate.  

However, at high flux low shear conditions (>2.8 mL min-1 cm-2 in figure 5.4) recovery is ≤25% at 

a 10 mL final sample volume.  This amounts to a 50-58% decrease in recovery compared to the 

high shear, high flux conditions.  To summarize at low flux conditions, shear rate has relatively 

less impact on recovery compared to high flux conditions.  Conversely, at high flux conditions 

shear rate has a greater impact on final recovery.  This is shown more clearly in figure 5.5 where % 

recovery is plotted against flux for different shear rates (recovery evaluated at final volume of 10 

mL).   
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Figure 5.4.  Model output of recovery versus sample volume assuming low shear rates/stresses 
down the entire module length (γw = 1,000 s-1; τ = 1 N/m2; ψ = 6 h-1).  Each line describes 

recovery versus sample volume at a different flux rate.  The bottom chart focuses on recovery 
during the last 20 mL of concentration. 

 Additional observations can be made from figure 5.5.  First, recovery versus flux doesn't 

change for shear rates greater than 16,000 because removal rate constants from experimental data 

plateau above this level (figure 5.2).  Comparing to single fiber experimental data from chapter 4, 

high pressure UF experiments (triangles) sustained high shear rates along the entire fiber length, 

Flux  
mL/ (min cm

2 
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at a flux of 0.5 mL min-1 cm-2.  These experimental data points overlapped with the predicted 

model at the high shear conditions.   

 In microfilters, low pressure conditions (circles in figure 5.5) yielded a flux rate of 2.79 

mL min-1 cm-2.  Although greater flux in these fibers led to lower retentate outlet flow rates (Qout), 

shear at the outlet was still high - at 18,500 s-1.  Despite sustaining high shear rates along the length 

of the module, recoveries with low pressure microfilters circles were lower than predicted by the 

model – at 22% versus the predicted 54%.   

 

Figure 5.5.  Model output (solid and dashed lines) describing bacterial recovery as function of 
flux for different shear rates.  Recovery values assumed a final sample volume of 10 mL.  

Experimental data points are overlaid on the model output.  Note:  Low pressure ultrafilter (UF) 
experimental results are not plotted due to cell death after >13 hours in PBS. 

 The same was true for high pressure microfilter conditions (squares in figure 5.5) where 

flux = 6.36 mL min-1 cm-2.  In the case of these filtrations, however, exit shear rate was reduced to 

7,500 s-1.  Still, experimental recoveries are lower than predicted by the model for these shear rates 

– at 4% versus the predicted 28-39%.   
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 There are several reasons why the model may differ from experimental observations.  

Removal rates used in the model, from Powell and Slater14, described a different microorganism 

and surface – B. cereus on glass compared to removal of E. coli on polysulfone (PS) or 

polyethersulfone (PES); these microorganisms may have slightly different attachment forces to a 

surface given their differing wall compositions (B. cereus is gram positive and E. coli is gram 

negative42).  Finally, the filters’ surfaces likely have different roughness or topography versus glass 

which may make it more difficult to remove bacteria compared to smooth glass.  All these factors 

could contribute to a decrease in the removal rate constant ψ – leading to discrepancies between 

the model output and experimental results.  As a next step, E. coli removal from PES and PS 

surfaces could be measured directly to develop more accurate removal rate constants for this 

model.  Additionally, the potential for bacteria to get stuck in/around pores or on regions of surface 

roughness could be explored with scanning electron microscopy. 
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 RECOVERY MODEL NEXT STEPS AND MODULE DESIGN 

6.1 Introduction 

 Chapter 5 compared the recovery model to existing results in single fiber modules. In this 

chapter, the model is modified to inform experimental next steps (alongside preliminary data) in 

module design and starting conditions.   In addition to using the model to predict recovery at 

various shear and flux conditions, it would be helpful to predict aspects of module design that 

could improve bacterial recoveries from the filter.  Per hypothesis 3a of the dissertation, it is 

postulated that shortening fibers, for example, could improve recovery in microfilters because 

there would be less total area available for microorganism attachment, and high shear conditions 

would be sustained down the length of the module. 

 Another parameter which could be modified is the starting condition specifying number of 

bacteria on the membrane at time, t = 0 minutes.  Per hypothesis 3b of the dissertation, it is 

postulated that pre-depositing bacteria on the membrane will decrease the rate of accumulation 

from the start of filtration because removal rate is proportionate to the number of bacteria on the 

wall (equation 5.8).  

 In the results presented below, modifications on the recovery model for different module 

sizes and initial cell depositions are presented alongside preliminary results. The model is useful 

for deciding what designs or conditions should be experimentally evaluated as next steps.  
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6.2 Materials and Methods 

6.2.1 Modeling surface area effects 

 The previous chapter modeled recovery from filters that were 14.5 cm long and made up 

of a single fiber. This allowed comparison to experimental results from modules of the same 

specifications in Chapter 4.   

 This model does not describe flux or shear differences from the entrance to the exit of the 

fiber.  In other words, flux and shear in the model are considered as averages over the entire module 

length.  In this way, longer fibers versus multiple fibers are both be treated as an increase in module 

surface area within the model. Still, the model can predict how changes in module surface area 

may affect sample recovery.  All fibers in the model maintain the same 0.5mm inner diameter, as 

previously.  For the surface area model, it was necessary to reduce the time step size for the 

recovery calculation to 0.002 min.  As before, calculations and plots were made in excel. 

6.2.2 Modeling effects of a pre-developed layer on sample concentration 

 Preliminary data on the effects of layer deposition was collected using high concentration 

Salmonella enterica (6 log CFU/mL; 250 mL initial volume per sample) in buffered peptone water 

(BPW).  The goal of this initial experiment was to evaluate whether recovery improved with 

greater and greater labor development. 

 Solutions were concentrated in a commercially available 45 fiber module (0.2 μm pore 

size; D02-P20U-05-N, Spectrum Labs) at 325 mL/min. This equated to 7.2 mL/min per fiber (γw 

= 9800 s-1, ψ = 23 h-1). The first sample was eluted when concentrated to ~10 mL.  It was eluted 

without the addition of any surfactants or backflushing to retain a bacterial layer on the filter 

surface.  A second and third sample were immediately concentrated using the same procedure - 



 
 
 

75 
 

without cleaning steps in between samples.  It was hypothesized that the layer of bacteria on the 

membrane surface, when concentrating samples 2 and 3, would reduce bacterial losses and 

improve recovery for those samples. 

 Initial and final concentrations of Salmonella were determined by counting colonies on 

xylose lysine deoxycholate (XLD) agar plates incubated at 37oC for 24 hours.   

6.2.3 Short module construction and sample concentration 

 Shorter, 8.5 cm long single fiber modules were constructed as described previously in 

section 3.1.1.   Fibers for these modules were taken from a commercially available PES microfilter 

with 0.2 μm pore size (D02-P20U-05-N, Spectrum Labs).  The module housing consisted of one 

t-shaped fitting (EW-02008-14, Idex) to function as a permeate outlet.  This t-shaped fitting was 

connected to two pieces of PEEK tubing (EW-02006-01, Idex; 1/16” ID, 1/8” OD), with flangeless 

nuts and ferrules (EW-02015-04, Idex) to make a total length of 8.5 cm. 

 As before for longer modules, a single hollow fiber was threaded down the length of the 

housing and glued in place using 5-minute quick set epoxy (product 1395391, Loctite).  The epoxy 

was applied, using a toothpick, around the fiber and within the opening of the housing to form a 

seal.  The epoxy was left to cure overnight after which excess fiber was cut away with a razor 

blade. 

6.2.4 Salmonella concentration with layer pre-deposition 

 Preliminary data was collected using high concentration Salmonella enterica (6 log 

CFU/mL; 250 mL initial volume) in buffered peptone water (BPW).  Solutions were concentrated 

in a commercially available 45 fiber module (0.2 μm pore size; D02-P20U-05-N, Spectrum Labs) 

at 325 mL/min. This equated to 7.2 mL/min per fiber (γw = 9800 s-1, ψ = 23 h-1). Three samples 



 
 
 

76 
 

were concentrated successively, without cleaning steps in between samples, to build up a bacterial 

layer on the membrane.  All samples were eluted without backflushing.  

Initial and final concentration of Salmonella in solutions was determined counting colonies 

on xylose lysine deoxycholate (XLD) agar plates incubated at 37oC for 24 hours.   

6.3 Results and Discussion 

 The model was used to predict how changes in model dimensions, treated as changes in 

surface area, affected bacterial recovery.  For greater surface areas, the permeate flow rate will 

increase and filtrations will finish more quickly (Qp proportionate to As). There will also be more 

surface area available to accumulate microorganisms.  The black lines in figure 6.1 show the model 

predictions for single fibers; further surface area reductions (shorter lengths) were predicted to 

increase recovery.  Preliminary data concentrating E. coli in PBS using 8.5 cm long modules did 

not show significant improvements above the 14.5 cm long modules.  In the shorter modules, 

recoveries were 25% ± 4% (n = 3), and this was not significantly different from the longer modules 

which produced an average of 22% ± 9% (n=3) recovery.  This may reflect a limitation of the 

model in using removal constants for a different microorganisms and surface material.  As a next 

step, to further explore the hypothesis 3a of the dissertation, microfilter modules of even shorter 

lengths (4 cm) will be evaluated along with varying lengths of ultrafilter membranes. 

 The grey lines in figure 6.1 show predicted recoveries for modules with 45 fibers – this 

was the number of fibers contained in commercially available microfilters.  Recoveries in modules 

of this size, even at the high shear conditions shown, were predicted to be <20% for fluxes typical 

of microfilters (>2 mL min-1 cm-2).  As a rough comparison, recoveries of E. coli in Zuponcic et 

al. (2019)9, without backflushing during elution, were less than 1% when using a module near this 
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size.  According to the model, these low recoveries would have resulted from both the high surface 

area microfilter (45 fibers, 20 cm long) and low shear conditions (γw = 1000 s-1). 

  

Figure 6.1.  Model output predicting recovery versus flux for various module designs.  Black 
lines show single fiber module designs.  Grey lines show 45 fiber module designs.  Model results 

were generated assuming high shear conditions.  Note:  45 fiber designs are more typical of 
commercially available hollow fiber modules. 

 In large scale water purification systems, where filter surface areas would much higher 

than the 1 fiber strategy suggested here, it might seem practical to sample the retentate 

periodically for bacteria detection purposes.  However, according to this model, significant 

losses of bacteria to the filter membrane may make detection of pathogens improbable – 

especially for concentrations ≤1 CFU/mL.  Using a single fiber 14.5 cm fiber, on the other hand, 

could theoretically concentrate a 225 mL sample at 1 CFU/mL to detectable levels for PCR in 

about 8 hours (assume final concentration is 2 log CFU/mL, and flux is 0.2 mL min-1 cm-2).   
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 Another strategy to reduce bacterial losses to the membrane could be pre-depositing a 

bacterial layer on the filter surface (hypothesis 3b of the dissertation).  In practice, a bacteria 

solution would be concentrated onto the filter surface before running the sample of interest.  In the 

model, removal rate of bacteria from a surface is proportionate to the quantity of CFU already on 

the surface.  Enough CFU on the filter at time = 0 would even produce a negative rate of 

accumulation (-dN/dt) where bacteria on the wall enter the bulk flow and generate theoretical 

recoveries >100% (i.e. the total number of bacteria in the bulk flow is greater than the total at time 

= 0) (figure 6.2).   

 Preliminary results, concentrating Salmonella enterica in commercially available hollow 

fiber modules, showed a trend of increased recovery as a Salmonella was pre-deposited on the 

membrane (n=1). In this brief experiment, recovery improved from 6% to 13% after a deposition 

of roughly 109 CFU over 140 cm2 membrane area (~15% membrane coverage). In practice, a 

different microorganism than the species doped in the sample should be used to build the layer – 

in this way, one could determine the recovery of just the organism of interest.  As a next step, this 

experiment can be conducted with E. coli in PBS on single fibers and compared to the model 

(figure 6.2).  According to the model, pre-developing a layer with only 20,000 CFU on a single, 

14.5 cm long MF could be sufficient to improve recoveries to near 100%. 
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Figure 6.2.  Model output predicting recovery as sample volume reduces during concentration 
for modules with varying levels on initial CFU on the surface.  Output is for high shear, single 

fiber microfilter conditions where flux = 2.8 mL min-1 cm-2. 

6.4  Conclusions 

 Based on the proposed model, it was hypothesized that decreasing overall filter surface 

area would improve recovery (hypothesis 3a).  Preliminary experimental data, in single fiber 

CFU on the membrane at 
time, t = 0 min 
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microfilters of shorter length (8.5 cm), has not shown significant recovery improvements, but this 

may reflect a limitation of the model in using removal constants derived from a different 

microorganism and surface material.  It remains to be seen whether any recovery differences will 

be seen in ultrafilters of varying lengths.  If filter surface area or length are found to impact 

recovery, that would inform future optimal module designs.  For example, a shorter module would 

be capable of sustaining higher shear rates on average from the inlet to the outlet - this could lead 

to improved average rates of removal and improved recovery.   

 It is also predicted by the model that pre-depositing bacteria on the filter surface would 

improve recovery (hypothesis 3b).  Early preliminary data, concentrating Salmonella in 

commercially available modules, indicated this might be possible; these experiments should be 

replicated on single fibers with E. coli in PBS to compare to the data presented.  If pre-depositing 

bacteria is effective in reducing sample losses to the membrane, it may be possible to retain all 

sample bacteria during the concentration step. 
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 CONCLUSIONS 

 The overarching goal of this research was to maximize recoveries of bacteria from hollow 

fiber filtrations while also maximizing flux.  Both in the experiments and in the model, recoveries 

near 90% were achievable at shear rates of γw = 27,000 1/s when flux is ≤0.5 mL min-1 cm-2.  This 

amounted to a 3-hour filtration time for a 225 mL sample.  These recoveries were achieved without 

a sample enrichment step or any additional bacterial growth during concentration – much like the 

conditions expected for VBNC microorganisms.  The ability to recover high levels of E. coli in a 

viable state (capable of producing colonies on agar) was evidence that the pressures and shear 

forces of the filtration were not sufficient to kill bacteria – confirming the first hypothesis of the 

dissertation. 

 In the second hypothesis, it was expected that flux would have little impact on bacterial 

recovery at high shear rates (27,000 1/s).  However, it was found that recoveries of <5% were still 

possible at high shear rates when flux was at 6 mL min-1 cm-2.  Conversely, the highest recoveries 

(67-93%) were achieved in filtrations which maintained low flux rates (0.5 mL min-1 cm-2) - 

assuming the filtrations did not take so long that the bacteria were starved.  According to the 

proposed recovery model, running higher shear rates will increase the rate of removal of bacteria 

from the fiber wall.  Therefore, for a given flux, higher shear rates would still translate to higher 

recoveries.   

 In addition to using the model to predict recovery at various shear and flux conditions, it 

was used to predict module designs which could improve bacterial recoveries from the filter.  It 

was predicted that lowering fiber surface area could improve recovery. Initial results, with 8.5 cm 
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long single microfilter fibers, did not show recovery improvements versus 14.5 cm fibers.  Next 

steps are to compare recoveries to shortened ultrafilter fibers as a comparison.   

 Additionally, altering the model initial conditions could be a way to identify new strategies 

for improving bacterial recovery.  It is hypothesized that developing a layer of bacteria on the 

filter, prior to sample filtration, will reduce losses of bacteria during concentration.  Next steps for 

this concentration strategy are to try layer pre-development on single fibers, with E. coli in PBS, 

to compare to the data already gathered (figure 4.7).  If pre-depositing bacteria is effective in 

reducing sample losses to the membrane, it may be possible to retain all sample bacteria during 

the concentration step.  
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