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Abstract

Microorganisms that colonize surfaces, biofilms, are of significant importance due to their role in medical infections, subsurface

contaminant remediation, and industrial processing. Spatially resolved data on the distribution of biomass within a capillary

bioreactor, the heterogeneity of the biofilm itself and the impact on transport dynamics for a Staphylococcus epidermidis biofilm in

the natural growth state are presented. The data demonstrate the ability of magnetic resonance microscopy to study spatially

resolved processes in bacterial biofilms, thus providing a basis for future studies of spatially resolved metabolism and in vivo clinical

detection.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Biofilms are microorganisms that colonize surfaces.
They are of importance in medicine as infections, in

bioreactor operation for pharmaceutical and food

processing and in environmental bioremediation. Of

primary importance are the myriad biomedical appli-

cations, as biofilms are the plaque on teeth, the infec-

tion on catheters and prosthetic implants and bacterial

infections in lungs [1]. Biofilms play a significant role in

the resistance of bacteria to antibiotic treatment, prof-
fering resistance to antibiotic concentrations order of

magnitudes larger than for suspended cells [2]. This

paper presents magnetic resonance microscopy (MRM)

measurements of the structure and transport impact of

Staphylococcus epidermidis biofilms in 1mm capillary

bioreactors. The importance of the results lies in es-

tablishing magnetic resonance (MR) methods to study

the relation between structure and function in individ-
ual naturally occurring biofilms and to establish the

basis for future spectroscopic imaging of function. Such
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studies serve to increase basic understanding of complex

multi-phase biological systems and have the potential

to enhance clinical diagnostics of biofilm infection by
MR.

A key feature of biofilms is the extracellular poly-

meric substance (EPS) composed of polysaccharides and

other biopolymers that surround the bacterial cells in a

hydrogel matrix. There is limited knowledge about the

mechanics of and diffusion within these viscoelastic

biopolymeric gels and hence the effectiveness of agents

to penetrate from the bulk fluid to the innermost cells.
MR has been applied to image biofilms in their natural

growth state in porous media using relaxation time [3,4]

and diffusion weighting [5], and in thick, 5–10mm, mi-

crobial mats which occur in oceans and lakes [6]. Other

MR studies have used biofilms removed from their

natural growth state to concentrate them in order to

measure diffusion and to study spectroscopic properties

of the hydrogel matrix [7–9]. The only prior applications
to a single biofilm in a reactor are the work of Altobelli

and coworkers [10] and Manz et al. [11] which imaged

the velocity distribution over a single biofilm. The data

presented here are unique in that the structure and im-

pact on transport of an individual, 100–300 lm thick

biofilm is spatially resolved.
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2. Background and theory

2.1. MR microscopy

MRM methods using relaxation time and diffusion

weighting are well established [12]. Structural images of

individual biofilms were obtained using a spatially re-

solved multi-echo CPMG method to generate T2 maps.

This method provides bulk resolution of the biofilm due
to restricted mobility of water within the hydrogel ma-

trix and microbe cells. A significant issue in the appli-

cability of MR methods to study structure function

relationships in biofilms is the ability to spatially resolve

cell clusters within the biofilms in order to measure

metabolic activity. Protons within the cell clusters ex-

hibit mobility restricted relative to the EPS hydrogel

matrix due to intercellular water, cell membrane water,
and intracellular water.

2.2. Biofilms

Techniques currently applied to the study of trans-

port in biofilms are limited in their ability to non-inva-

sively characterize three dimensional structure and

convective and diffusive elements of the transport pro-
cess. Diffusion measuring techniques such as microin-

jection and confocal microscopy [13], fluorescence

recovery after photobleaching (FRAP) [14] and half-cell

diffusion studies, where biofilm is grown on a mem-

brane, provide data for the diffusion of different tracer

molecules through the biofilm [14–16]. Research on

transport in these systems is complicated by the spatial

heterogeneity of the biofilm which can cause inaccurate
readings in methods such as membrane half-cell studies

that monitor the total transport through the membrane

and biofilm [14]. Studies of the impact of convection on

transport in biofilms have applied confocal microscopy

and microelectrode measurements to determine an em-

pirical mass transfer coefficient [17]. However, these

techniques cannot provide the quantitative velocity

distributions available using MRM. Characterization of
the material response, or rheology, of biofilms is also

important for predictive modeling of transport due to

coupling of momentum and mass conservation and re-

cent characterization by optical measurements of bio-

film deformation and tracer motion indicate the

viscoelastic nature of biofilms [18].

Application of MR methods to study biofilms is be-

coming more prevalent. Many applications have focused
on the presence of biofilms in porous media due to the

importance of these applications in bioremediation and

biofiltration [3–5,19]. Studies of the diffusive behavior of

biofilms include studies of the diffusion of the water

within the biofilm [7] and the polymer molecules

themselves [8]. 13C spectroscopy has been applied to

determine the integral chemical composition of the
extracellular polymeric substance and behavior of the
gel as a function of environmental conditions such as

electrolyte concentration [9,20]. A primary limitation of

most MR studies to date, other than those of biofilms

grown in porous media [3,5], is the fact that the biofilms

are transferred from their natural growth state on a

surface and concentrated for study in the NMR system

[7–9,20]. MR studies of single biofilms growing on bi-

oreactors, a state most relevant to biomedical applica-
tions, have been limited and either did not image biofilm

structure or used a negative contrast agent such as up-

take of copper sulfate [10,11]. Bryers and Drummond

[14] point out the hydrated gel nature of biofilms and the

MR work of Mayer et al. [9,20] verifies the gel structure

through identification of proteins, polysaccharides, and

nucleic acids in the EPS and comparison of physical

response with model gel systems. The polymer gel nature
of the EPS is a significant component of reduced nu-

trient and antimicrobial mass transport in biofilms [14].

2.3. Transport phenomena

Flow in systems of small spatial dimension is typically

of negligible inertia, the low Reynolds number,

Re ¼ hvzil=m regime. Re provides a measure of convec-
tive to inertial forces, where hvzi is the average velocity, l
a typical length scale, and m the fluid kinematic viscosity.

In 1976, G.K. Batchelor coined the term microhydro-

dynamics in reference to flow fields with length scales

between 10 nm and 100 lm in which multiple physical

processes impact transport, the domain of physico-

chemical hydrodynamics [21]. This is the regime of in-

terest in biofilm transport due to the biofilm thickness,
of the order of magnitude of 100 lm, which impacts

boundary layer transport of nutrients, antimicrobial

agents, and cells from a free stream to the biofilm im-

pacted surface and the influence of chemical gradients

within the EPS matrix. A key feature of low Re hydro-

dynamics is the limitation of mixing to diffusion across

the laminar streamlines of the flow, i.e., hydrodynamic

dispersion. Low Re flows in straight smooth walled bi-
oreactors do not exhibit secondary flows, i.e., velocity

components in the non-axial direction are identically

zero, vx; vy ¼ 0. Spatial or temporal perturbations that

induce secondary flows radically alter the mixing and

hence transport of nutrients or biocides in such systems

and generate potentially chaotic fluid flow paths due to

the higher degrees of freedom that introduce non-

linearity into the problem [22].
Quantitative measurement of these secondary flows is

required to model transport when such perturbations

are present. Characterization of systems with chaotic

fluid particle motions is often accomplished using

probability theory concepts to quantify the statistics of

the fluid dynamics through quantities such as the

probability distribution of velocity [23].
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3. Experimental

3.1. Biofilm growth and bacterial strains

The microbial strain S. epidermidis was chosen for

this research due to the prevalence of this strain in

medical implant infections. These studies examined

S. epidermidis biofilms after 48 h of growth in order to

have optimal quantities of biofilm present to test the
capabilities of the MRM techniques. The S. epidermidis

biofilms were grown in 1mm square glass capillaries

connected to nutrient feed and waste carboys with sili-

cone tubing. Square capillaries are used in order to fa-

cilitate analysis of biofilms with laser confocal

microscopy and MRM. A flow break was used upstream

of the biofilm to insure a steady feed rate and the glass

capillary was placed in a metal flow cell holder to pre-
vent breakage. After the reactor system was set up, it

was inoculated from downstream with a culture of sus-

pended S. epidermidis bacteria for 4 h. Gravity driven

flow was then started at a flow rate of 0.028ml/s, for an

average velocity of 28mm/s and Re ¼ 45, which fed

1/10th strength Tryptic Soy Broth (TSB) to the biofilm

for 48 h. The bacteria and growth media were incubated

at 37 �C during all stages of the growth period since S.

epidermidis grows most prolifically at human body

temperature. After the 48 h growth period, the biofilm

was placed inside the NMR magnet.

3.2. MRM experiments

MRM experiments were performed on a Bruker

Avance DRX spectrometer networked to a 250MHz
standard bore superconducting magnet. A Bruker Mi-

cro5 microimaging probe and gradient amplifiers

adapted the spectrometer to allow microimaging using

gradients coils capable of 2 T/m. The location of the

biofilm is mapped in three dimensions and the fluid

dynamics both of the bulk fluid and within the structure

are measured using the 1H signal from water. A stan-

dard medical contrast agent which is chelated to avoid
uptake by the cells (Magnevist, Berlex Laboratories)

was added at a concentration of 0.6ml/L of water to

allow faster repetition times.

T2 maps were obtained in the absence of flow using a

slice selection 2-D multi-spin echo imaging sequence

with a recovery time, TR¼ 500ms, and 8 echo times

(TE¼ 10; 20; . . . ; 80ms); Slice thickness was 0.3mm,

FOV of 2.5� 20mm, and image resolution 19.5�
156 lm. Total imaging time to generate the data to

calculate the T2 maps was 8.5min. The velocity maps

were obtained using the Bruker DWI_SE sequence,

which is a flow spin-warp imaging sequence flow sensi-

tized by a bipolar gradient pair (Imaging parameters:

TR¼ 2000ms, TE¼ 20ms, slice thickness¼ 0.3mm,

FOV¼ 2.5� 20mm, and resolution¼ 39� 156 lm) with
two displacement encoding gradients (g ¼ 0, 100mT/m,
d ¼ 1ms, and D ¼ 4ms). The velocity maps were ac-

quired in 17min. The propagators were obtained using a

pulsed gradient spin echo (PGSE) method, with a gra-

dient pulse separation time of D ¼ 15ms, a gradient

pulse duration time d ¼ 2ms and 128 gradient value

steps from )1000 to 1000mT/m in order to fully sample

q-space [24]. Volumetric flow rates of 0.01ml/s corre-

sponding to an average velocity of 10mm/s, and Re ¼ 16
in the clean bioreactor, were studied.
4. Results and discussion

The T2 maps shown in Fig. 1 clearly display the

structure of the biofilm with dark colors corresponding

to high mobility, high T2 free water proton signal and
light colors representing low mobility, low T2 restricted

water proton signal. Since S. epidermidis are non-motile

bacteria, the biofilm concentration is greatest on the

capillary reactor wall which was at the bottom during

innoculation, Fig. 1A, due to settling of the microbes on

that surface. Fig. 1B shows a slice through the capillary

center. The biofilm is composed of clusters of biomass in

which channels and hollow central regions are visible,
demonstrating the ability of MRM to characterize the

spatial heterogeneity of the biofilm within the reactor. In

addition the heterogeneous nature of the biofilm itself is

clearly evident in Fig. 1 from the regions of water with

restricted mobility, lighter colors of lower T2, dispersed
within the orange intensity biomass. These regions of

light color are lower mobility regions that correspond to

either cell clusters within the EPS matrix or regions of
gel matrix with higher polymer concentration. Studies in

which MR sensitive molecular tags attach to cells have

the potential to identify cell clusters directly. The ability

to spatially resolve the biofilm at the resolution dem-

onstrated here provides the opportunity to extend bulk

NMR spectroscopy [9,20] and spectrally resolved diffu-

sion [8] measurements to natural state biofilms. This

advance would provide a means for spatially resolved
metabolic function studies to be coupled to molecular

dynamics, as well as provide a basis for in vivo clinical

detection of biofilms.

Many of the features present in the images in Fig. 1

are obtainable by other techniques such as confocal

microscopy, which can provide higher spatial resolution

(�1 lm) than MR but does not provide depth resolved

information, chemical spectra or molecular dynamics.
Fig. 2 shows MR velocity maps of the axial velocity, vz,
as a function of the (x; z) coordinates and (x; y) coordi-
nates for low Re flow of water in a clean 1mm biore-

actor. The spatial velocity distribution is maximal at the

tube center with regions of slow flow in the corners of

the square duct in exact agreement with solution of the

momentum conservation equations for the system



Fig. 2. (A) Experimental velocity maps for water flowing in a clean

square capillary at Re ¼ 16, note the axial velocity is only a function of

the cross section spatial coordinates not the axial coordinate,

vz ¼ vzðx; yÞ.

Fig. 1. Biofilm Structure: The T2 maps on the left show three slices

through a mature S. epidermidis biofilm, grown in a 1mm square

bioreactor for 48 h. Slice thickness is 300lm. Pixel resolution is

19.5lm across the width and 156lm along the length. (A) Bottom

slice, (B) middle slice, and (C) top slice relative to gravity during

growth.

Fig. 3. Velocity maps around mature biofilm structure: The images

show the velocities of water flowing upward in the middle slice through

a mature S. epidermidis biofilm. Slice thickness is 200lm. Pixel reso-

lution is 39 lm across the width and 156lm along the length. (A) z-
Direction component of the velocity, red indicates where flow is the

fastest and purple indicates where there is no flow. (B) x-Direction (left

and right) component of the velocity, red indicates where flow is the

fastest to the left and purple indicates where flow is the fastest to the

right. (C) y-Direction (in and out) component of the velocity. Note the

significant secondary flows in the x and y directions not present in a

clean bioreactor.
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generated in MATLAB. The axial velocity is the only

component present and is a function only of the cross

section coordinates, vz ¼ vz(x; y). Velocity maps of the x
and y velocity components (not shown) exhibit no

secondary flows for the clean capillary as is expected.
The only mechanism for mixing in such a flow is

molecular diffusion across streamlines causing Taylor

dispersion [25].

Velocity images taken for a slice in the center of the

bioreactor with biofilm present, Fig. 3, show several

important aspects of variation in transport due to the

perturbation effect of the biofilm. Most dominant is the

initiation of secondary flows. The mechanism for initi-
ation of the secondary flows is the irregular spatial dis-

tribution of the viscoelastic biofilm as a boundary

condition on the flowing fluid. A large biofilm nodule as

is seen in the T2 map of Fig. 1B in the bioreactor center

is similar in nature to the nodule in Fig. 3A on the left

wall which shows no velocity within the biofilm but a

strong perturbation on the flow field. An interesting

feature for future study of the secondary flow is the
resemblance to Taylor vortices and Rayleigh–Benard

convection type hydrodynamic instabilities, which tend

to scale with flow channel size, despite the differ-

ent mechanisms for initiation of secondary flow in the
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bioreactor. The presence of the biofilm and the induced
secondary flows cause axial velocity variations as a

function of axial position as well. The importance of

secondary flows is the significant variation in mixing

mechanism they represent, since all three components of

the velocity vector, v, are now present and each depends

on all three spatial dimensions, v ¼ ðvxðx; y; zÞ; vyðx; y; zÞ;
vzðx; y; zÞÞ. The conservation of momentum equations

result in three coupled partial differential equations, the
solution to which is potentially unstable in a hydrody-

namics context and requires numerical methods. An

important feature of the velocity data is that inside the

biofilm biomass, the velocity is zero within the phase

resolution of the MRM velocity data. This indicates the

low permeability of the EPS hydrogel material.

A strength of MR methods for the characterization of

complex flows is the ability to both spatially resolve
velocity and statistically characterize the dynamics by

measurement of the propagator using PGSE. The

propagator of the axial displacements, Z ¼ zðDÞ � zð0Þ,
for short displacement observation times D, is the

probability distribution of the velocity P ðvzÞ ¼ PðZ;DÞ
since for short times vz ¼ Z=D [24]. Fig. 4 shows mea-

sured velocity probability distributions, i.e., short D
propagators, for the clean bioreactor (solid gray line)
and the biofilm impacted bioreactor (solid black line).
Fig. 4. Experimentally measured propagators for flow in the clean

square capillary (solid gray line) and for flow in a biofilm fouled square

capillary (solid black line), for an observation time D of 15ms. The

theoretical propagator (dashed black line) calculated from the MAT-

LAB generated velocity distribution for the clean capillary is also

shown. Agreement between the two is excellent when one accounts for

the fact the experimental propagator (solid gray line) is the theoretical

propagator (dashed black line) convolved with a Gaussian point

spread function proportional to the dispersion at each velocity over the

observation time D of 15ms. In the propagator for flow around the

biofilm structure (solid black line) note the appearance of a high ve-

locity tail showing the higher probability of large displacements. The

slow flow peak near zero displacement results from the protons trap-

ped within the EPS gel matrix where the primary transport mechanism

is diffusive.
Also shown in Fig. 4 is a histogram of velocity from the
MATLAB solution, or theoretical propagator (dotted

black line) for flow in a clean square capillary. The

measured and theoretical probability distribution of

velocity for the clean reactor demonstrate excellent

agreement, indicating a near box function, as expected

for circular pipe flow [24,25] with a peak at low veloci-

ties corresponding to the slow flows in the corners of the

square bioreactor. The clean reactor experimental
propagator is broadened due to molecular diffusion

during the observation time D which is not present in the

theoretical propagator, i.e., the velocity distribution is

convolved with a Gaussian point spread function pro-

portional to the dispersion at each velocity over the

observation time of 15ms. Comparison of the clean

(solid gray line) and biofilm impacted (solid black line)

propagators indicates the significant change in dynamics
caused by biofilm growth. The biofilm propagator (solid

black line) exhibits a large peak centered at zero dis-

placement due to the water restricted within the EPS gel

matrix. Also evident is an increase in probability for

negative displacements larger than the broadening due

to diffusion. This is reasonable given the viscoelastic

nature of the biofilm which can generate oscillations at

the biofilm fluid interface [18] which must induce nega-
tive displacements. The most important feature is the

large displacement tail of the distribution that indicates

significant probability of large displacements that is

absent in the clean bioreactor. The higher probability of

large displacements is typical of complex flows which

exhibit chaotic fluid motion and are key to the statistical

characterization of mixing by quantifying less probable

large events.
5. Conclusions

This paper demonstrates that high resolution MRM

can be applied to study individual biofilms in their

natural state and can directly measure the heterogeneity

within the biomass. As such, it extends current appli-
cations of MR from bulk characterization of biofilms in

condensed non-native states and negative contrast im-

aging to include internal structure characterization. It is

also demonstrated that biofilms induce a transition in

bioreactor scale dynamics which alter the mechanisms of

transport for nutrients and biocides. The complex dy-

namics are characterized by spin populations exhibiting

highly restricted motion within the EPS gel matrix and
large displacements due to fast flow paths generated by

the heterogeneous distribution of biofilm within the re-

actor. The data presented provides the basis for pursuit

of spatially and spectrally resolved molecular dynamics

to probe the spatial distribution of biofilm metabolism

thereby elucidating structure–function relationships in

these important systems.
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