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Abstract: In this article we present magnetic resonance
microscopy (MRM) characterization of the advective trans-
port in a biofilm capillary reactor. The biofilm generates
non-axial flows that are up to 20% of the maximum axial
velocity. The presence of secondary velocities of this mag-
nitude alters the mass transport in the bioreactor relative to
non-biofilm fouled reactors and questions the applicability
of empirical mass transfer coefficient approaches. The data
are discussed in the context of simulations and models of
biofilm transport and conceptual aspects of transport mod-
eling in complex flows are also discussed. The variation in
the residence time distribution due to biofilm growth is
calculated from the measured propagator of the motion.
Dynamical systems methods applied to model fluid mixing
in complex flows are indicated as a template for extending
mass transport theory to quantitatively incorporate micro-
scale data on the advection field into macroscale mass
transfer models. B 2005 Wiley Periodicals, Inc.
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INTRODUCTION

The biofilm-forming bacterium Staphylococcus epidermidis

has been implicated in many medical implant infections. It

is normal flora on the skin of humans, so any device that

comes in contact with skin has the possibility of becoming

infected. Mechanical heart valves, shunts, catheters, and

orthopedic devices are some examples of implanted devices

which are commonly infected by S. epidermidis biofilms

(Costerton et al., 1999). Once infected, a patient often must

undergo surgery to remove and replace the implant since

antibiotics are less effectual at eradicating biofilms (Stewart

and Costerton, 2001). Biofilms which grow on implants

such as mechanical heart valves are continuously subjected

to high flow rates, which cause the biofilm structure to

develop high tensile strength (Hyde et al., 1998). The fluid

surrounding a biofilm controls growth in that it provides the

primary source of nutrients, facilitates the removal of cell

by-products and is the vehicle for biocide delivery. Quan-

tifying how biofilms interact with bulk fluid flow, or advec-

tion, around them is critical to modeling mass transport

in biofilm systems (Beyenal and Lewandowski, 2002), shear

stress influences on structure of biofilms (Stoodley et al.,

1999a) and detachment rates (Picioreanu et al., 2000a).

Measuring spatial distributions of velocity within biore-

actors has historically been difficult, in part due to biofilm

opacity. Particle tracking, where microscopic fluorescent

spheres are tracked with confocal laser microscopy, is time-

and labor-intensive and measures a tracer response to the

flow (de Beer et al., 1994; Stoodley et al., 1994). This con-

focal particle tracking work has allowed researchers to

study the fluid flow within interstitial voids of biofilms

(de Beer et al., 1994) and combined with microelectrodes

to calibrate limiting current density measurements and

obtain fluid velocity distribution around clusters of bio-

film (Xia et al., 1998). In systems where the velocity is of

higher spatial dimension and/or time-dependent, stream-

lines and streaklines can diverge and a tracer measurement

provides particle size-dependent Lagrangian tracking as

opposed to the spatial distribution of the molecules

composing the bulk flow field (Batchelor, 1967).

The research we present in this article applies magnetic

resonance microscopy (MRM) to study the interaction

between a biofilm and fluid dynamics in a capillary

bioreactor. Magnetic resonance microscopy accurately and

noninvasively images spatial distributions of velocity fields

in biofilm systems (van As and Lens, 2001). Low-resolution

images averaged over large slices of fluid flowing over a

biofilm-fouled surface were first published in 1992 and

showed the boundary layer impact on axial velocity in the

presence of a biofilm (Lewandowski et al., 1992). Recently,

images of fluid flowing through a circular biofilm-fouled

capillary demonstrated the ability of MRM to image the

axial flow and calculate shear force on the biofilm surface

as a function of the 2D capillary cross-section (Manz et al.,

2003). Magnetic resonance microscopy measurement of 3D

components of velocity as a function of 2D spatial distri-
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bution in a square glass capillary fouled with biofilm indi-

cate significant non-axial flows are generated by the biofilm

(Seymour et al., 2004). In this article we present further

research that correlates T2 magnetic relaxation maps dis-

playing biofilm structure with the corresponding velocity

patterns in three dimensions in a biofilm-fouled square

capillary. The bacterial species Staphylococcus epidermidis

strain 35984 is studied in these experiments. This microbial

species is chosen for its medical importance and the fact

that it forms thick opaque biofilms, hundreds of microns

thick, in a relatively short amount of time. Biofilms this

thick are hard to study with optical methods like confocal

laser microscopy because laser light cannot penetrate the

biomass far enough to elucidate the innermost structures.

Since molecular motions provide a spatial resolution limit

of about 5 Am in standard MRM methods, thick biofilms

are well suited to the technique. A square duct geometry

is chosen to provide correlation with existing experiments

and simulations, as research bioreactors tend to be of square

or rectangular cross-section for optical or microelectrode

access. The spatially resolved velocity data provide details

on the impact of biofilm-induced advection on mass

transport from the bulk fluid to the biofilm and through the

capillary bioreactor. These issues are of significant impor-

tance in biosensor and bioseparations applications based

on microfluidics or ‘‘lab on a chip’’ technology (Stone and

Kim, 2001).

THEORY

Magnetic Resonance Microscopy (MRM)

Magnetic resonance microscopy (Callaghan, 1991) involves

the use of strong three-dimensional magnetic field gradients

to investigate flow, diffusion, and magnetic relaxation in

matter on scales of the order of 10 Am spatial resolution.

Information obtained from molecular motions over the

entire sample or within the spatial resolution provides data

on spatial scales down to 10 nm over timescales ranging

from 10 As to 1s. Magnetic resonance imaging (MRI) is an

indispensable clinical and research tool for physicians, most

importantly because it allows non-invasive visualization of

soft tissue in the body. Since the late 1980s laboratory

images have been achieved with resolutions of 10 Am3,

across samples of c 5 cm, hence the birth of a research area

termed MR Microscopy (Callaghan, 1991). The use of the

separate terms MRI and MRM is adopted in part to make

clear that different hardware, and hence accessible sample

sizes, are used in generating very high spatial resolution

MRM data in contrast to the large bore clinical magnet

systems associated with lower resolution MRI. Issues such

as magnetic susceptibility effects at material interfaces and

the scales of variation in samples require trade-offs in the

best hardware configuration to study a specific problem.

Much of the potential of MRM lies not in its high

resolution spin density maps, but rather in the non-invasive,

non-destructive spatially resolved flexibilities utilizing a

wide range of physical and chemical molecular scale

contrast mechanisms (Callaghan, 1991). These capabilities

have made MRM a premier technique in soft condensed

matter studies of materials that are inaccessible to most

imaging methods. The most obvious contrast mechanism is

spin density, or molecular density, to which chemical shift

techniques can be applied to selectively excite certain

molecular species leading to the spatial mapping of a

specific molecule. Alternatively, three-dimensional maps

may be obtained where the pixel signal intensity is directly

proportional to nuclear spin relaxation times (T1, T2, or T1U).

Relaxation times are related to the rotational and transla-

tional freedom of the molecule and most often used to dis-

tinguish more solid-like materials from more liquid-like

materials, or to provide soft matter contrast when spin

density is similar. The NMR signal may also be encoded for

translational molecular motion and quantitative spatial

maps of self-diffusion and velocity fields can be obtained.

As we show, these techniques have immense application

to biofilm research. The physical or chemical environment

of the sample can be altered significantly and any spatial

variations that these conditions cause can be examined

through observable changes in the molecular environment

during growth. Designing the appropriate sequence often

requires a great deal of expert knowledge, specialized

hardware, and patience, and interpreting the results often

involves close contact between experts researching the

particular material and the MR microscopist. However,

the potential to obtain otherwise inaccessible information

makes the pursuit worthwhile for many biological mate-

rials problems.

Transverse Magnetic Relaxation Maps

The MRM pulse sequence used to ‘‘image’’ the biofilm is an

adaptation of a basic spin-warp slice selection sequence

where the spins in the slice of interest (z = � s/2 to s/2) are

excited at an initial time with a 90j radio frequency (rf)

pulse (Fig. 1a; Callaghan, 1991). Gradients in the x and y

direction are stepped through such that for each gradient

value the spins acquire a magnetization phase shift

dependent on their location within that gradient. The signal

is dephased and refocused at effective echo times of 1te, 2te,

3te . . .8te (Edzes et al., 1998). The MR signal, S(kx, ky, te)

obtained at each echo time is the Fourier inversion of the

spin density, U(x, y, z) weighted by the average relaxation

time parameter T2(x, y, z) at each image voxel.

Sðkx; ky; teÞ

¼
Zs=2

�s=2

Z1
�1

Z1
�1

½expf�te=T2ðx; y; zÞgUðx; y; zÞ�

2
4

� exp fi2�kxxþ kyygdxdy�
�

dz ð1Þ
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where ki = (2k)�1g GiH i, and H i is the duration of the

gradient in the i-direction, Gi. Fourier transformation of

the MR signal provides the relaxation weighted spin den-

sity U(x, y) spatially averaged over the slice thickness

in z and the gradients can be applied along any coordi-

nate axis. The signal from spins in a restricted motion

environment such as the biofilm will decay faster, shorter

T2, than signal from spins in free water, longer T2, and a

map of the average decay rate in each individual image

pixel indicates where the biomass is located. This experi-

mental sequence creates contrast maps in a time-efficient

manner, however the T2 values obtained are qualitative

rather than quantitative.

Velocity Maps

The velocity maps are obtained using another adaptation of

the basic spin-warp slice selection sequence, with a pair of

gradient pulses added to encode for molecular motion

(Callaghan, 1991). The pulses are located either side of the

refocusing 180j pulse (Fig. 1b). The first gradient pulse

encodes the spins with a phase in the magnetization de-

pendent on their location at that point in time, and the

second gradient pulse reverses this phase encoding. If a spin

moves in the time period �, the spin retains a residual

phase shift directly proportional to the displacement that

has occurred in the time interval �. The MR spin echo sig-

nal normalized to eliminate relaxation effects, E(kx, ky, q) =

S(kx, ky, q)/S(kx, ky, q = 0), is the Fourier inversion of

the density of the spins weighted by the coherent motion

Eðkx; ky; qiÞ

¼
Zs=2

�s=2

Z1
�1

Z1
�1

½expf�i2�Dqiviðx; y; zÞgUðx; y; zÞ�
"

� expfi2�ðkxxþ kyygdxdy

�
dz ð2Þ

where qi = (2k)�1ggiy, and y is the duration of the

velocity encoding gradient applied in the i-direction, gi. A

map of the residual phase shift at each spatial location can

then be interpreted as an image of the average velocity over

time � in each image pixel. Additional time averaging

occurs as the velocity maps take approximately 10 minutes

to acquire, so flow changes on a time scale shorter than this

are averaged for each pixel providing the stationary velocity

(Li et al., 1994).

Propagator [Conditional Displacement
Probability P(Z, �)]

In the pulsed gradient spin echo sequence (Fig. 1c), only a

pair of pulsed magnetic field gradients are applied so as to

encode in the phase of the magnetization the location of all

MR active spins at an initial time and then unwind that

phase at a set time � later, generating phase shifts

dependent on molecular dynamics over time �, from the

entire sample. No spatially localized image data is ob-

tained. The measured echo signal, E(q, �) is the Fourier

Figure 1. (a) Pulse sequence or timing diagram indicating the application

of radio frequency excitation pulses and magnetic field gradients to

generate a T2 relaxation weighted image. To make a T2 map the echo image

is reproduced 8 times at different values of te. A map representing the decay

rate of the signal in each image voxel distinguishes spins experiencing

restricted motion in the biofilms, short T2, from spins experiencing free

diffusion in the bulk fluid, long T2. (b) Velocity map pulse sequence. To

make a velocity map the echo image is repeated with different values of the

q gradient pulse. A velocity map is obtained by determining the phase shift

at each image voxel due to the motion sensitizing effective bi-polar q-

gradient and hence calculating the average displacement that occurred for

those spins over the encoding time �. (c) Pulsed gradient spin echo pulse

sequence for generation of the propagator, or conditional displacement

probability P̄s(Z, �)). The above sequence samples all of q space with

positive and negative q values to obtain all the data points needed for the

Fourier transform to construct artifact-free propagators.
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inversion of the propagator averaged over the initial spin

density U(z),

EðqÞ ¼
ð1

�1

P̄ðZ;DÞ expfi2�qZgdZ ð3Þ

where q = (2k)�1 ggy is the Fourier reciprocal wave-

length to displacement Z = zV � z and P̄(Z, �) the averaged

propagator (Callaghan, 1991). This allows a statistical

measurement of the fine details of the dynamics over the

entire sample to be obtained. The function can also be dis-

cussed in terms of the probability distribution of velocities

for times � short relative to the time scale over which

variations in velocity occur P̄(Z, �) u P̄(vz) = P̄(Z, �)

(Callaghan et al., 1999; Garroway, 1974).

Transport in Capillary Bioreactors

Biofilms adhere to surfaces, hence in nearly all systems of

interest, whether a medical device or geological media,

transport of mass from bulk fluid to the biofilm–fluid

interface is impacted by the velocity field (Eberl et al., 2000;

Stoodley et al., 1997). Since the bulk fluid velocity controls

the shear stress imparted to the biofilm and fluctuations in

shear stress have been measured (Stoodley et al., 1999b)

there is potential for the velocity to impact mass transport

within the biofilm by generating compression induced

variations in the extracellular polymeric substance (EPS)

hydrogel structure. The coupling of the velocity field to

mass transport is a fundamental aspect of mass conservation

(Bird et al., 2002). The concentration of a species, c(r, t),
satisfies the advection diffusion equation

@c

@t|{z}
rate of change of mass

þ r � ðvcÞ|fflfflfflffl{zfflfflfflffl}
flux by advection

¼ r � D � rc|fflfflfflfflfflffl{zfflfflfflfflfflffl}
flux by diffusion

þ R|{z}
rate of mass consumption or production

ð4Þ

The spatial and temporal evolution of the concentration

field is dependent on the velocity field vector v(r, t), the

diffusion tensor D(r, t) and any reactions occurring in the

system R(r, t). Non-dimensionalization of Eq. (4) generates

the Peclet number, Pe = vz,maxl/D, which multiplies the left-

hand side indicating the ratio of advective to diffusive mass

transport (Bird et al., 2002). In capillary systems for Re <

2000 flow is considered laminar and only the axial

component of the velocity vector is present and it is

rectilinear, v = (0,0, vz(x, y)). In turbulent flow with Re >

2000 or flows that exhibit hydrodynamic instabilities v =

(vx(x, y, z), vy(x, y, z), vz(x, y, z)).

The modeling of mass transport from bulk fluid to

interface in capillary flow typically applies an empirical

mass transfer coefficient approach. In a non-reactive steady-

state laminar flow in a square conduit with constant

molecular diffusion D the mass balance in the fluid takes

the form

0 ¼� vzðx; yÞ
@cðx; y; zÞ

@z

þ D
@2cðx; y; zÞ

@x2
þ @2cðx; y; zÞ

@y2

� �
ð5Þ

indicating the direct mechanism for transport to the

capillary surface is molecular diffusion and not advection

(Lewandowski and Beyenal, 2003). Non-dimensionaliza-

tion leads to, Pe l/L = PeL l2/L2, multiplying the advective

term with the diffusive term of order 1 and the axial Peclet

number, PeL = vz, max L/D, is naturally introduced. Mass

transfer coefficient scaling relations for biofilm systems

have been developed from both experiment (Beyenal and

Lewandowski, 2002; Stoodley et al., 1997) and simulation

(Eberl et al., 2000; Horn and Hempel, 1997; Picioreanu

et al., 2000b). Correlations of the form Sh f Re1/2 Sc1/2

(Horn and Hempel, 1997) and Shf Re1/3 Sc1/3 (Eberl et al.,

2000) have been applied. Classically, the 1/2 power scaling

is found analytically for boundary flow with fluid–fluid

interfaces and no velocity gradient present at the interface,

while 1/3 power scaling is found for fluid–solid interfaces

with a velocity gradient at the interface (Bird et al., 2002). A

limitation of mass transfer coefficient approaches is the

inability to incorporate finer detail of the advection field

into the correlation in a quantitative fashion. Of significant

issue is the fact that in many low Re systems secondary

flows with coherent structure, e.g., vortices, occur due to

boundary-induced inertial effects and the mass transport is

altered by the presence of bulk advection in the x- and y-

directions (Picioreanu et al., 2000b), an issue studied

extensively in the analysis of fluid mixing (Ottino, 1989).

The quantitative dependence of mass transport on fluid

mixing is an open research question and the concepts of

dynamical systems theory have been applied to characterize

complex advection in mixing devices (Liechtenberg and

Lieberman, 1992; Ottino, 1989, 1990). Qualitatively two

effects can occur. The secondary flows can increase ho-

mogenization, so the concentration field is uniform and all

points in the bulk fluid are near to the average bulk con-

centration. This situation leads to enhanced mass transport

to the biofilm interface relative to a rectilinear flow since the

region of diffusion limited transport and depleted concen-

tration, i.e., hydrodynamic and concentration boundary

layer, at the biofilm-fluid interface are decreased. Alterna-

tively secondary flows can generate regions of fluid where

regular motions inhibit exchange with the rest of the bulk

fluid, creating a heterogeneous concentration distribution

with regions of high and low concentration dependent on the

structure of the advection field. The impact on mass trans-

port is then conditional upon the interaction between the

biofilm structure and the velocity distribution as to whether

regions of high or low concentration are in contact with

the interface. Lattice-Boltzmann simulations have clearly
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elucidated these variations in local Sherwood number in

heterogeneous biofilms (Picioreanu et al., 2000b).

In nonlinear mixing flows, dynamical systems simu-

lations lead to a picture of the flow given by the Poin-

care section, the time repetition surface of fluid particle

trajectories (Ottino, 1989). A mixing strength parameter

based on the ratio of secondary to axial advection rate is

used to characterize the flow, h f (vx, maxL)/(vz, maxl) and

the amount of chaotic motion increases with h (Ottino

1989). It is convenient to introduce a non-axial Peclet

number, Pel = vx(y), max l/D, and an effective mixing strength

can be expressed as h f (Pel/PeL)(L/l)2. Mass transfer

coefficient methods fail to characterize transport in these

complex flows as they are unable to account for the struc-

ture of the velocity field and new methods for modeling,

perhaps based on statistical mechanics methods are needed

(Bouchaud and Georges, 1990).

One means of gaining quantitative information is using

the residence time distribution (RTD) to determine the

impact of advection field structures like vortices on the

molecular transit time (Mezic et al., 1999; Ottino, 1989).

The RTD quantifies the number of fluid particles which

spend different durations in a reactor and is dependent upon

the distribution of axial velocities, the time and spatial

dependence of the mixing, and the reactor length (Fogler,

1986). Magnetic resonance microscopy measurements of

the propagator of the motion for short observation times

provide the velocity probability distribution and a simple

relation between it and the RTD, N(t) exists

NðL; tÞdt ¼ P̄ðvzÞdvz ð6Þ

This relation for connecting MRM data to the residence

time distribution method does not appear to have been

presented in the literature previously. Strictly speaking, the

relationship in Eq. (6) only holds if there is no mixing or

dispersion, i.e., if the velocity distribution remains constant

for all observation times. However, the relationship

provides insight since the RTD is an analysis method well

understood in industrial situations and the propagator over

time � can accurately describe the RTD for times on the

order of � and within the timescale of mixing and

dispersion events. It is important to note that an RTD

depends on the length of the conduit analyzed, whereas the

measured propagator depends on the observation time � of

spin displacement evolution so the MRM measured

residence time distributions provide scale-dependent anal-

ysis of the variation of the RTD with L varying up to the

active region of the MRM coil.

MATERIALS AND METHODS

Biofilm Sample Preparation

The biofilms cultured for these experiments were grown in

1 mm square glass capillaries with gravity driven nutrient

flow. The nutrient feed is 1/10th strength tryptic soy broth

(DIFCO, Beckton Dickinson) at a volumetric flow rate of

0.028 mL s�1, corresponding to an average velocity in a

clean capillary of 28 mm s�1 with Re = 90. Note Re is cal-

culated with l = 1 mm, since for a 1 mm square duct the

hydraulic radius is 1 mm. After a no-flow inoculation pe-

riod of 4 h to allow the suspended bacteria to settle and

attach to the glass the biofilm is allowed to grow for

48 hours under these flow conditions. The biofilm sample

is incubated at 37jC during all stages of the growth pro-

cess to simulate human body temperature. After the 48-h

growth period, the biofilm sample was then loaded into the

magnet for study. The time-dependent growth data shown

in Figure 2 are obtained using the same temperature and

flow rate but with the bioreactor in the magnet 4 h after

inoculation so that growth could be monitored.

Magnetic Resonance Microscopy Experiments

A Bruker Avance DRX spectrometer networked to a

250 MHz superconducting magnet was used to conduct

the MRM experiments. Micro-imaging was accomplished

using a Bruker Micro5 probe and gradient amplifiers to

produce magnetic field gradients up to 2 T m�1. A radio

frequency (rf) coil with an internal diameter of 5 mm was

used for all the NMR experiments presented. To acquire

images and process diffusion and velocity data the Bruker

imaging software package (Paravision) was employed.

Additional data analysis to obtain velocity maps was per-

formed using MatLab (MathWorks, Inc., Newton, MA). The

medical contrast agent, Magnevist (Berlex Laboratories)

was added to the feed at a concentration of 0.6 mL per liter

nutrient feed to decrease the experiment times due to the

decrease of the longitudinal relaxation time T1. Magnevist

will also decrease the transverse relaxation time, T2,

however the contrast between the bulk water and the bio-

film material was not impacted, and the benefit to the SNR

by the reduced T1 time significantly enhanced the results.

Low concentrations of Magnevist have been shown to have

no affect on the growth of the biofilms (Lewandowski et al.,

1992). Additionally, bacterial growth rate curves indicated

no impact on the growth of planktonic bateria due to the

presence of Magnevist.

The MRM measurements are of the 1H protons on the

H2O molecules in the bulk fluid and within the biomass. T2

maps are generated using a slice-selection 2D multi-spin

echo imaging sequence (Fig. 1a) with the following

parameter values: repetition time 500 ms, te = 10 ms, 8 echo

images. Total acquisition time for each map was 5 minutes

during which time the flow was stopped to enhance image

resolution and avoid in-flow out-flow artifacts. Velocity

data is acquired for flow at Re = 32, using a spin echo se-

quence with bi-polar velocity sensitizing gradients (Fig. 1b)

with parameters of: repetition time 2000 ms, te = 20 ms,

g = 0, and 100 mT/m, y = 1 ms, � = 7 ms. The total ac-

quisition time for the velocity maps, i.e., two images each
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with different g value, is 17 minutes. The T2 and velocity

maps are averaged over a slice thickness of 0.3 mm with

a field of view (FOV) of 2.5 mm � 20 mm over 64 �
128 pixels, for a spatial resolution of 39 � 156 Am/pixel.

RESULTS AND DISCUSSION

Time Evolution of Biofilm Structure

The ability of MRM to non-invasively monitor biofilms

during growth provides the potential for extended studies of

nutrient and biocide effects on biofilm structure and

transport. Figure 2 demonstrates the capability to monitor

biofilm structure in a capillary bioreactor over a 30-h

period. The restricted water molecules within the biofilm

are displayed in the light orange to white color range

associated with low T2 values (20 ms to 40 ms), and the free

water is displayed as black (60 ms to 65 ms) (Hoskins et al.,

1999; Manz et al., 2003; Seymour et al., 2004). Note density

variations within the biomass are evident from regions of

higher intensity. The biofilm was placed vertically in the

magnet 4 h after inoculation and the flow was stopped every

8–10 h for 20 min so that the biofilm growth could be

observed via MRI. The first detectable contrast was

observed at 24 h. At 24 h the biofilm has formed an

approximately 100 Am thick layer of fairly uniform height.

The biofilm contains hollowed regions near the capillary

wall, several of which are clearly visible slightly left of

center at the bottom of the image. At 32 h after inoculation

the biofilm thickness is increasing in a somewhat hetero-

geneous fashion with clusters of greater thickness. By 36 h

after inoculation the biofilm exhibits significant tower-like

structures and heterogeneity. Calculation of roughness and

surface enlargement from such images (Manz et al., 2003)

can be made to quantify variation over time. Regions of high

molecular mobility, dark, and low molecular mobility,

bright, are heterogeneously dispersed throughout the bio-

film for times out to 55 h. The data clearly indicate the

structural heterogeneity and further study is ongoing to

determine if regions of low mobility due to cell clusters can

be differentiated from dense EPS regions. An interesting

point from the perspective of transport within the biofilm is

the fact that what is directly measured is molecular mobility

from which biomass presence is inferred. It may be possible

to analyze the data from a perspective such as volume

averaging and attempt to correlate average material trans-

port properties (Wood et al., 2002) to the measured spatial

distribution of molecular mobility.

Advective Transport

Spatially resolved images of the impact of a biofilm on the

advection field for three slices across the capillary are

presented in Figure 3. The biofilm is primarily located on

the wall shown in the slice of Figure 3a. This wall is the

capillary bottom relative to gravity during inoculation and

since S. epidermidis is a non-motile bacterium the cells

sediment until contact with a surface where they attach and

from there form a biofilm. Figure 3a shows the image of the

biofilm structure with areas of biofilm fouling in orange

Figure 2. Time lapse T2 maps of biofilms structure as a function of growth. The T2 maps are collected at different stages in the growth of a biofilm at the

time shown after initial inoculation. Orange tones indicate water restricted within a biofilm and black is the bulk unrestricted water. Images are acquired in

the absence of flow, however, the flow direction for growth periods between images is left to right. The heterogeneity increases with growth. The T2 maps

represent a qualitative effective T2 value and therefore the scale is represented as such. The average value in the biofilm was 40 ms and in the bulk water

was 60 ms.
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tones. Note no biomass was detected in the slice of Fig-

ure 3b and 3c so T2 maps are not displayed. The second

image from the top in Figure 3a is the z-component of

velocity, vz. The z-direction, as indicated by the axes in the

bottom left corner, is the primary flow direction with the

largest magnitude of velocity as seen on the color bar below

the image. A color of red in the vz image indicates that the

vector component parallel to the z-axis is pointing in the

positive z-direction, to the right, with a magnitude of 2 cm/s.

The third and fourth images in Figure 3a are of the sec-

ondary flow x- and y-components of velocity, vx and vy. For

vx, red in the image is for a vector with a magnitude of

0.3 cm/s in the positive x-direction, upwards, while purple

in the vx image is for a vector in the negative x-direction

with �0.3 cm/s. Analogously, vy red is for vectors pointing

out of the page with a magnitude of 0.3 cm/s and purple

indicates the vector pointing into the page �0.3 cm/s. In a

clean capillary, vz is the only component of velocity present

and it is uniform along the length of the capillary in contrast

to the biofilm impacted system (Seymour et al., 2004). A

comparison of the T2 map and vz shows that in areas where

biomass is present, vz drops down to values close to zero as

Figure 3. Impact of biofilm growth on the 3D velocity field. For each slice represented by the gray shaded area in the schematic, the corresponding T 2

relaxation map (if biofilm is present), and three velocity maps are shown. In the T2 map, biofilm is indicated by orange tones, only (a) shows a T2 map since

there was no biofilm present in the other two slices. In the z-component velocity maps (vz), the main axial component to the right is indicated by red. A

positive (red) x-component represents flow up the page and a negative (blue) x-component represents flow down the page. A positive (red) y-component

represents flow into the page, a negative (blue) y-component represents flow out of the page. These figures show the flow is affected across the entire

capillary by the biofilm.
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indicated by blue and purple colors. The secondary

components of velocity, vx and vy, appear as random noise

in areas heavily fouled with biomass while in areas where

biofilm is not present, indicated by black in the T2 map, the

secondary components of velocity begin to develop a

distinct periodicity.

The velocity components in the middle of the capillary in

Figure 3b have the same velocity color bar orientations as

Figure 3a. Although there is no biomass in this slice, the

flow is none the less, disturbed due to the biofilm on the wall

of the capillary in the slice shown in Figure 3a. The z-

component of velocity is zero at the walls due to the no-slip

boundary and maximum near the center at any point across

the width of the capillary. However, along the length of the

capillary the velocity profile is nonuniform and non-

symmetric, unlike rectilinear flow in a clean capillary.

Significant secondary x- and y-components of velocity are

present in this slice through the capillary. As discussed

above, secondary flows are of particular interest since they

alter non-axial transport within a capillary bioreactor from

diffusive dominated to advection dominated, changing the

fluid mixing within the capillary. The secondary velocity

components are periodic on a scale of the capillary cross

sectional length. Experiments are currently underway to

scale the bioreactor cell and examine the significance of this

periodicity with regard to capillary shape and diameter. It is

obvious from the measured velocity field the Navier-Stokes

equation is now dependent on three spatial dimensions as

opposed to one in a clean capillary and complex solutions

arise due to the nonlinearity of the problem (Greenburg,

Figure 4. Quantitative data on the correlation of biofilm and velocity for a slice perpendicular to maps in Figure 3. Lines A, in bulk fluid, and B,

intersecting biofilm fluid interface, indicate positions along the x-coordinate, that the graphs of biofilm presence and vi(x, z) shown on the right are plotted

for. In areas where biomass is present the biofilm signal indicator, black line, increases from zero to a maximum of 1 at the T2 map point of highest

intensity. The components of velocity are normalized by the maximum axial velocity. Non-axial components of velocity are significant at both heights A

and B with maximum non-axial velocity c 20% of the axial maximum. In line A the 180j out of phase coupling of vx, blue line, and vy, red line can be

clearly seen. Line B indicates the strong correlation between the biomass and axial velocity near the interface.
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1988) suggesting the applicability of dynamical systems

theory (Ottino, 1989). The velocity maps for the slice

opposite the biofilm, Figure 3c, show that even at the wall

farthest away from the biofilm vz is impacted. The data

indicate that imposition of negligible secondary velocity,

vx = vy = 0 at the top of the bulk fluid, capillary center in our

data, as has been done in simulations is an incorrect

boundary condition (Picioreanu et al., 2000b). The profile is

nonuniform down the length of the capillary, which is

explained by accounting for the dynamics of the entire

capillary in the context of mass conservation. Comparing

the axial velocity images for bottom and top slice it is clear

that where vz is of smaller magnitude, yellow, in Figure 3a it

is maximal, red, in the same region of Figure 3c and vice

versa. Since the volumetric flow rate is fixed the velocity

in the slices above the biomass must increase to ensure

mass conservation.

Figure 4 shows data for a slice orientation perpendicular

to those of Figure 3 of the same section of the capillary. The

cross-sectional depth profile of the biofilm can be seen in

the T2 map for this slice, showing the heterogeneity of the

biofilm structure.To quantify some of the visual observa-

tions from Figure 3 quantitative velocity data, vi(x, z), is

plotted as a function of the axial direction for various

positions x. The lines A and B drawn through the images

indicate the x position of the data presented in the graphs

to the right and are chosen in the bulk fluid and at the

biofilm–fluid interface. To construct a biofilm indicator

function the T2 data are masked, setting values associated

with free water equal to zero and normalized by the

maximum T2 value. This allows the biofilm signal to be

displayed as a value above zero where biomass is present,

with 1 the maximum within the image, and zero in areas

with no biomass. All three components of velocity are

normalized by the maximum z-direction velocity so that

the x- and y-components are displayed as a percentage of

the axial velocity and are indicative of the mixing inten-

sity (Ottino, 1989).

Data for the bulk fluid, line A, indicate vz varies as a

function of z but maintains a value near 0.75 of maximum

velocity. The periodicity of vx and vy is clearly evident in the

graph of line A and a 180j out of phase coupling of the

components is seen with one positive when the other is

negative. The secondary flow components are 0.1 to 0.2 of

the maximum axial velocity and spatially oscillatory. The

significant non-axial velocities indicate non-axial mass

transport has gone from diffusion dominated, Pel = 0, in the

clean capillary, to advection dominated, Pel f 2 � 103, due

to the impact of the biofilm. For comparison, the axial

Peclet number is PeL f 2 � 105. Line B intersects areas

covered by biomass and areas of only bulk fluid as indicated

in the graph of the biofilm signal. Comparing the T2 map

and the graph, line B is seen to intersect a large biofilm

clump from an axial position of 3 mm to 7 mm at a depth

approximately 120 Am below the biofilm–fluid interface

and is near the biofilm surface along the entire observed

length. This graph quantifies the visual observation from

Figure 3 that in areas where there is biomass, indicated by a

value above zero on the black line, vz, indicated by the red

line, drops down to values less than 0.1 of maximum.

Indeed, the axial velocity is negative at sufficient depth

within the biomass as in the region from 3 mm to 7 mm, as is

evidenced by the axial velocity image with regions of small

negative velocity within the biofilm. Negative velocities

have been demonstrated in simulations (Picioreanu et al.,

2000b) and intimated in lower resolution MRI experiments

(Lewandowski et al., 1994) and may provide the mechanism

by which upstream biofilm colonization can occur. The

secondary velocity components vx, green line and vy, blue

line, are small within the biofilm, and while not quite as

regular as in line A, exhibit an out-of-phase spatial

oscillation and obtain amplitudes up to 0.1 of maximum

axial velocity. The spatial variations in the velocity field are

significant over mm scales along the biofilm. The rapid

changes in the secondary flow velocities indicate they

generate shear stresses, which may be important in regions

where the axial velocity is more constant.

The correlation between biofilm and axial velocity is

presented in Figure 5. The graph plots the normalized axial

velocity as a function of the normalized T2 signal intensity.

Smaller normalized T2 values indicate shorter relaxation

times that are from biofilm-bound water, which covers a

range from approximately 0.3 to 0.5 on the abscissa, while

more mobile bulk water has longer T2 relaxation times that

are indicated by normalized values of 0.5 to 0.65. The

ordinate is the normalized axial velocity computed by

dividing vz at each point by the maximum value for the slice.

Figure 5. Correlation between axial velocity and biomass given by

normalized T2 value vs. normalized axial velocity. In areas where biomass

is present, indicated by low T2 values, vz drops predominately to zero or

negative values. In areas in the bulk fluid, indicated by longer T2 relaxation

times, a full range of values for vz exist. This range of vz values goes from

zero at the walls, due to the no-slip boundary, and out to the maximum

value (vz/vz,max) = 1 at the center of the capillary. Negative velocity values

in the bulk fluid are due to vortices. This data is for the slice of data shown

in Figure 4 and T2 values are normalized by the maximum T2 value for this

slice as is vz.
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The graph is for all the data points in the slice of the

capillary in Figure 4 and so provides a statistical character-

ization of the trends in the quantitative velocity profiles.

From the graph the obvious trend is that in areas where

biofilm is present, vz is near to zero with a trend toward

negative values. In contrast, the bulk fluid has some

negative vz data points, due to vortices, and covers the full

range of velocities from zero, at the walls of the capillary, to

the maximum, vz/vz, max = 1, at the center. The indication of

negative velocities has been suggested to be due to vortex

flow within valleys (Picioreanu et al., 2000b) and are

indicated by the negative velocities associated with the bulk

fluid but would not seem to account for the negative

velocity trend within the biofilm biomass.

The structure of the advection field indicated by the

data is that of a strongly perturbed helical flow. This is

evidenced by velocity maps measured for consecutive slices

perpendicular to the flow shown in Figure 6. The axial

velocities again indicate higher maxima when the cross-

section occupied by the flow are smaller, as in slice 1 and 2

relative to slices 3, 4, and 5, in agreement with mass con-

servation for fixed volumetric flow rate of an incompress-

ible fluid. Of greatest interest here are the secondary

flow components. Note the onset of a vortex from slices 1

and 2 to a fully developed clockwise vortex flow in slice 3.

In slice 4 and 5 the coherent vortex structure is rotated and

decaying with axial position. It is important to remember

that the velocity measured is for a displacement time �
of 7 ms, but time averaging over the image acquisition

time of 10 minutes occurs due to encoding of information in

each acquired signal so the spatial distribution velocity

components measured are stationary (Li et al., 1994). This is

clear visualization of the complex spatial distribution of

flow structures, which generates a corresponding variation

in mass transport as demonstrated in simulations (Picior-

eanu et al., 2000b). Recent simulations of the structure of

secondary flows, Dean vortices, in curved microchannels

suggest that ‘‘switching’’ between flow patterns with a

varying number of vortices during axial transit generates a

chaotic flow and impacts mixing (Schonfeld and Hardt,

2004). Figure 6 indicates a ‘‘switching’’ type event with

strong negative vx, blue, and positive vy, red, components in

slice 1 and 2, transitioning to the coherent vortex in slice 3

and an inverted configuration in slices 4 and 5 relative to the

Figure 6. These images display the three components of velocity in five consecutive slices through the transverse cross-section of the capillary. The

direction of bulk flow is from slice 1 to 5 with each slice 300 Am thick and contiguous, positive axial velocity, red, out of the page. A negative (blue) x-

component represents flow to the left while a positive (red) x-component represents flow to the right. A negative (blue) y-component represents flow down

the page while a positive (red) y-component represents flow up the page. The helical nature of the flow is clear with non-axial flow changing directions

through the sequence of slices and going through a coherent clockwise vortex flow in slice 3.
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flow upstream of slice 3, with positive vx, red, and negative

vy, blue.

Residence Time Distribution

The quantification of industrial systems with complex flow

such as packed- and fluidized-bed reactors is often

accomplished using the residence time distribution since it

indicates when flow pathologies such as channeling occur

(Fogler, 1986). Figure 7 shows the propagator of the motion

measured for a clean and a biofilm-impacted capillary

(Seymour et al., 2004) and the residence time distributions

calculated for each. The clean capillary gives an exper-

imental propagator equal to the theoretical velocity

distribution convolved with a Gaussian diffusion curve

(Seymour et al., 2004). For the flow around the biofilm

structure note the appearance of a high velocity tail

indicating higher probability of large displacements relative

to the clean capillary. The slow flow peak near zero

displacement results from the protons trapped within the

EPS gel matrix where the primary transport mechanism is

diffusive. The residence time distribution integrated over

time
Rt
0
NðL; tÞdt gives the fraction of fluid which has been in

a reactor of length L for less than time t. In Figure 7 L is the

average length traveled by the fluid in the time � = 15 ms,

i.e., L = vz, avg �. The long tail in the biofilm propagator

manifests itself as a feature at short residence times, whereas

the large zero displacement peak in the biofilm propagator

manifests itself as a long tail on the RTD. The presence of

flow structures which generate significant trapping of fluid

particles, as is found in cellular vortex flows like Rayleigh-

Benard convection (Bouchaud and Georges, 1990), mani-

fest themselves as peaks in the RTD (Mezic et al., 1999) and

are not indicated by the data.

CONCLUSIONS

Magnetic resonance microscopy methods have been

demonstrated to provide data on the advective transport in

capillary bioreactors, which provides the extension of

conceptual models of mass transport. Non-axial advection

components up to 20% of the maximum axial velocity are

measured, corresponding to a non-axial Peclet number of

2000. The presence of significant secondary flows such as

these require modification of mass transfer coefficient

approaches to model the transport of mass from the bulk

fluid to the biofilm. The spatial variation of the secondary

flows in the axial direction is oscillatory and the orthogonal

components tend to be out of phase. The data show general

agreement with simulations in the presence of negative axial

velocities in regions of the heterogeneous biofilm structure

and spatial variation of mass transfer based on the secondary

flow (Picioreanu et al., 2000b). The overall flow is helical in

nature and flow structures such as coherent vortices develop

and decay along the axis of flow. The biofilm impact on

reactor behavior is quantified to some extent by the RTD

and indicates a portion of fluid spends less time in the

capillary relative to a clean system; a persistent tail of the

RTD is generated by the fluid within the EPS. The data

indicate that concepts from dynamical systems theory that

have been broadly applied to study mixing in complex flows

generated in mixing devices (Ottino, 1989) may provide a

means for greater quantification of the interaction between

the bulk fluid motion and mass transport in biofilm reactor

systems. The ability to incorporate microscale advection

data into macroscale mass transfer models has the potential

to impact the design of microfluidic-based bioreactor

systems (Stone and Kim, 2001) where the spatial variabil-

ity of the flow field controls bioactivity (Takayama

et al., 1999).

NOMENCLATURE

c mass concentration (kg m�3)

D diffusion coefficient (m2 s�1)

D diffusion tensor (m2 s�1)

E MR spin echo function, normalized voltage response

Figure 7. (a) Propagators in both a clean square capillary (blue) and for

flow around biofilm structure (red) for an observation time, � = 15 ms

(Seymour et al., 2004). (b) Residence time distribution functions

calculated from the propagator data shown in a.
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gi magnetic field gradient for motion sensitivity (T m�1)

Gi magnetic field gradient in direction i (T m�1)

J mass flux (kg m�2s�1)

ki i = x, y, z MR Fourier reciprocal wavelength to space ki = (m�1)

kc mass transfer coefficient (m s�1)

l characteristic non-axial capillary length scale (m)

L axial length of capillary (m)

N residence time distribution function (s�1)

p pressure (Pa)

P̄ averaged propagator, or conditional probability distribution

function (m�1)

Pe Peclet number Pe = vz, max l/D = Re Sc

PeL Peclet number based on axial length and velocity

PeL = vz, max L/D = Pe L/l

Pel Peclet number based on non-axial length and velocity

Pel = vx(y), max l/D

q MR Fourier reciprocal wavelength to displacement q (m�1)

Re Reynolds number Re = vz, max l/r
s MR slice thickness (m)

S MR signal (V)

Sc Schmidt number Sc = r/D

Sh Sherwood number Sh = kc l/D

T2 transverse, spin-spin relaxation time (s)

te MR pulse sequence echo time (s)

vi i = x, y, z component of velocity (m/s)

v velocity vector (m/s)

x Cartesian spatial coordinate

y Cartesian spatial coordinate

z Cartesian spatial coordinate, aligned with capillary axis

Z displacement, Z = z-zV, aligned with capillary axis (m)

j vector differential operator (m�1)

Greek Letters

y duration of velocity encoding gradient pulses (s)

� observation time for encoding displacement (s)

g gyromagnetic ratio, for protons g =2.675e8 (rad s�1 T�1)

r kinematic viscosity (m2 s�1)

H i duration of spatial encoding gradient in direction i (T m�1)

U spin density, density of MR active nuclei (kg m�3)

Subscripts

avg average

bulk bulk fluid

max maximum

x Cartesian spatial coordinate

y Cartesian spatial coordinate

z Cartesian spatial coordinate, aligned with capillary axis
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