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CHAPTER 4

Measurement of biofilm growth and local

hydrodynamics using optical coherence tomography

Abstract

We report on localized and simultaneous measurement of biofilm growth and local
hydrodynamics in a microfluidic channel using optical coherence tomography. We
measure independently with high spatio-temporal resolution the longitudinal flow
velocity component parallel to the imaging beam and the transverse flow velocity
component perpendicular to the imaging beam. Based on the measured velocities
we calculate the shear-rates in the flow channel. We show the relation between the
measured biofilm structure and flow velocities as biofilm growth progresses over the
course of 48 hours.

This chapter has been published as:

• N. Weiss, K. El Tayeb El Obied, J. Kalkman, R.G.H. Lammertink, and T.G. van
Leeuwen,“Measurement of biofilm growth and local hydrodynamics using optical
coherence tomography,” Biomed. Opt. Express 7, 3508-3518 (2016).
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4.1 Introduction

Bacteria have the ability to attach to a large variety of surfaces. Under favorable
conditions individual bacteria cells can group to form large colonies called biofilms.
Biofilms are characterized by the production of an extracellular matrix as well as a
modified cellular growth rate when compared to planktonic organisms [64]. These al-
tered structural and physiological states make biofilms more resistant to antibiotics,
disinfectants, and germicides [64]. The formation of biofilms is characterized by a
three-step process: attachment, maturation, and dispersal. During the attachment
phase, individual planktonic cells attach to an inert surface to from a microcolony.
With the right environmental cues the biofilm matures via cellular proliferation and
the production of an extracellular polymeric matrix [65]. During dispersal, plank-
tonic cells leave the original biofilm and can re-attach downstream at a new location
and initiate another biofilm lifecycle. In biomedical applications, and particularly in
the use of medical devices, this process causes spreading of infections if the host or-
ganism fails to eradicate the mobile planktonic cells [66]. In industrial applications,
such as e.g., the production of drinking water, it has been shown that biofilm detach-
ment is responsible for increased concentrations of planktonic cells and is therefore
a source of persistent contamination [67]. Biofilm dispersal originates mainly from
two driving mechanisms, the first is based on internal biofilm processes, such as en-
zymatic degradation, and the second is based on perturbations of the hydrodynamic
environment, such as an increase in shear forces [68]. It has been shown that the
local hydrodynamics also modifies the structure of biofilms, e.g., by creating biofilm
streamers that cause exponentially fast clogging of industrial and medical flow sys-
tems [51]. Hence, simultaneous measurement of both biofilm structure and local
hydrodynamic parameters is paramount for the understanding of transient biofilm
dynamics such as biofilm detachment and dispersal.

Biofilm morphology and local flow have been measured by combining confocal
laser scanning microscopy with particle image velocimetry [20] and by nuclear mag-
netic resonance [69]. More recently, the potential of optical coherence tomography
(OCT) to measure biofilm structure non-invasively and label-free has been demon-
strated [70]. Moreover, OCT is very well apt to measure local flow as Doppler-
OCT has been applied to measure shear-rate distributions in asymmetric flow chan-
nels [71]. For biofilms, OCT imaging has been applied to study membrane biofoul-
ing [72, 73, 74], to study biofouling mitigation using two phase flow cleaning [75],
to characterize biofilm structure in lab scale reactors [76], to study dynamic de-
formations and to estimate biofilm mechanical properties [77], to visualize biofilm
formation in-vivo [78, 79], to study structural transient effects [80, 81], and to visu-
alize biofilm growth under laminar and turbulent flow conditions [82].

In this paper, we use optical coherence tomography (OCT) to simultaneously
quantify biofilm structure and the related flow velocities and shear-rates in a mi-
crofluidic channel. We measure independently with high spatio-temporal resolu-
tion the longitudinal flow velocity component parallel to the imaging beam and the
transverse flow velocity component perpendicular to the imaging beam based on the
OCT autocorrelation function. Based on the velocity measurements, we calculate
the shear-rates inside the microfludic channel. We show the relation between the
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local biofilm structure and the local flow velocity as biofilm growth progresses over
the course of two days.

4.2 Materials and Methods

4.2.1 Optical coherence tomography system

The experiments are performed with a home built fiber-based swept-source OCT
system. A schematic of the experimental set-up is shown in Fig. 4.1(a). The de-
scription of the system has been reported elsewhere [59] but is repeated here for
convenience. The system operates at a center wavelength of 1312 nm with a band-
width of 92 nm and a sweep frequency fs = 50 kHz (Axsun Technologies). The
average output power is 20.9 mW and the duty cycle is 59.4%. Data is sampled
(ATS9350, AlazarTech) with an interferometrically derived external clock signal at
equidistant wavenumber intervals. To ensure phase stability each sweep is triggered
by the signal of a fiber Bragg grating centered at 1266 nm (OE Land) [42]. The in-
terferometric signal is detected with a 150 MHz balanced photodetector (PDB450C,
Thorlabs) and a 80 MHz low-pass filter (VLF-80+, Mini-Circuits). The trigger sig-
nal is detected with a 125 MHz photodetector (1811, New Focus). The sample and
reference arms’ optics are composed of a collimating lens (PAF-X-18-C, Thorlabs)
and an achromatic doublet focusing lens (AC254-040-C, Thorlabs). The power split-
ting ratio of the sample and reference arms is 90/10. The longitudinal resolution
is wz = 8.1 ± 0.3 μm in air measured with a mirror reflector and the transverse
resolution is wt = 10.8± 0.2 μm measured with a knife edge. The imaging beam is
scanned laterally using a galvanometric mirror (GVSM002, Thorlabs).

4.2.2 Flow system

Flow is generated by two pressure vessels (Schott) and directed through a flow
system consisting of tubing, valves, a mass-flow controller, and a flow channel. A
schematic of the flow set-up is shown in Fig. 4.1(b). The flow channel was fabricated
by casting Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) over a SU-8
master mold with the channel structure. The cured PDMS is sealed from the top
with a glass plate (150 μm thickness). The flow channel has a length of 1.1 cm and a
rectangular cross-section of 200 μm by 400 μm. The first pressure vessel contains a
suspension of 0.5 vol.% 200 nm polystyrene spheres (PPs-0.2-S-PEG30000, Kisker).
These particles act as tracers that provide backscattering from the fluid in order
to measure the flow velocity with the OCT system. The second pressure vessel
contains the solution with the bacteria. For growing the biofilms, the methods
used in membrane filtration experiments were followed. In these experiments mixed
bacterial communities are used instead of monocultures. D-glucose, sodium nitrate,
and anhydrous sodium phosphate were used as nutrients and were added to tap
water in a mass ratio carbon:nitrogen:phosphorous of 100:20:10 [83, 72]. The initial
carbon concentration was 1 mg/L. All the chemicals were purchased from Sigma-
Aldrich. Both pressure vessels are driven at 1 bar and are connected to a mass flow
controller (mini CORI-FLOW M12V14I, Bronkhorst) via two independent valves.
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Figure 4.1: Schematic of the experimental swept-source OCT set-up (a) and flow system (b).
PD: photodetector, FBG: fiber Bragg grating, PC: polarization controllers, C: collimating
lens, F: focusing lens, GS: galvanometric scanner, FC: flow channel, TV: tracer vessel,
BV: bacteria vessel, V: valve, and MFC: mass flow controller. Adapted from Ref. [59].

During OCT flow measurements, the tracer vessel valve is open and the bacteria
vessel valve is closed. During a vessel switch event both valves remain open for a
period of two minutes to ensure pressure stabilization in the flow lines. For the
rest of the experiment, the tracer vessel valve remains closed and the bacteria vessel
valve remains open. During the entire experiment the flow rate is set to 2.5 g/h.
The Reynolds number in the reference flow measurements is Re = 3. One cycle of
the valve operation scheme is shown in Fig. 4.2(a). To reduce the effect of increased
gas solubility inside the pressure vessels, the liquid phase was isolated from the gas
phase with a plastic flexible container. The experiment is run for a total of 48 hours
with OCT measurements taken every 24 hours.

4.2.3 Data Acquisition

Biofilm morphology and flow velocities are measured over a 200 μm by 200 μm area
of the flow channel over the course of two days. A schematic of the scan geometry
is shown in Fig. 4.2(b). The beam is scanned in discrete steps of 5 μm in the x-
and y-direction. At every point the imaging beam is held stationary for 600 ms to
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Figure 4.2: (a) One cycle of the valve operation scheme. At a vessel switch event both
valves remain open for a period of two minutes. Flow measurements are performed only
when the tracer vessel valve is open. Biofilm morphology measurement is performed before
opening the tracer vessel valve. (b) Top view of the flow channel showing the scanning
geometry of the imaging beam. Each dot represents the position of the imaging beam in the
(x, y)-plane during the scan. The step resolution in the x- and y-direction is 5 μm. The
main flow direction is in the positive x-direction.

acquire the interferometric signal. Due to the lack of contrast between the biofilm
and the tracer particles, the morphology of the biofilm is measured in the absence of
tracers (cf. Fig. 4.2(a)). The flow channel is aligned such that (x, y)-plane is parallel
to the focal plane of the OCT system and gravity is in the positive z-direction.

4.2.4 Data analysis

The depth resolved flow velocity is measured at every position (x, y) by fitting a
model of the normalized autocorrelation function of the OCT magnitude for every
depth independently using the model derived in Refs. [59, 36, 58]:

g(z, τ) = e−2D(z)q2|τ |e
−2

[

vt(z)τ
wt

]2

e−[
vz(z)τ

wz
]
2

, (4.1)

where the first exponential term describes the longitudinal diffusive dynamics, the
two Gaussian terms respectively describe the transverse and longitudinal flow dy-
namics , with z representing depth and |τ | the time lag of the autocorrelation func-
tion. The additional factor of 2 in the exponents accounts for the use of the magni-
tude of the OCT signal in the analysis [10]. The variable D(z) is the depth resolved
diffusion coefficient. The measured diffusion coefficient of the tracer particles under
no-flow conditions is D(z) = 2.3 ± 0.2 μm2/s. The absolute value of the scatter-
ing vector is q = 4πn sin (α/2)/λ, with n the refractive index of the medium, λ
the wavelength in vacuum, and α the scattering angle. The measured refractive
index of the medium at 1312 nm is n = 1.33. Further, in the first Gaussian term,
vt(z) = (vx(z)

2 + vy(z)
2)1/2 is the depth resolved transverse flow velocity and wt is

the beam waist ((1/e) radius of the field). In the second Gaussian term, vz(z) is the
depth resolved longitudinal flow velocity and wz is the waist ((1/e) radius) of the
coherent detection gate. The normalization was taken with respect to g(z, 0). For

43



4

Chapter 4. Measurement of biofilm growth and local hydrodynamics using optical

coherence tomography

0.0 0.5 1.0 1.5
0.0

0.5

1.0

500 1000 1500 2000

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

(c)(b)

no
rm

. a
ut

oc
ov

ar
ia

nc
e

(a
rb

. u
ni

ts
)

time (ms)
(a)

no
rm

. O
C

T 
m

ag
ni

tu
de

(a
rb

. u
ni

ts
)

depth ( m)

no
rm

. O
C

T 
m

ag
ni

tu
de

(a
rb

. u
ni

ts
)

time (ms)

Figure 4.3: Schematic of the processing steps to fit the transverse flow velocity: (a) Nor-
malized magnitude of the OCT signal; the amplitude variations over time for a particular
depth are shown in (b) and (c) autocovariance of the data and fit (line).

our OCT set-up, the spread of q over the bandwidth is small, therefore we set q = qc
at the center wavelength and α = 180◦. Furthermore, under the experimental con-
ditions described here, we assume in Eq. 4.1 that the spread of Doppler frequencies
over the coherent detection gate can be neglected [59].

4.2.5 Data processing

Processing of the data is performed as follows: raw interferometric data consisting of
1088 data points is Fourier transformed to calculate the complex-valued OCT signal
aOCT (z, t), where t represents time. In order to conserve the sign of the longitudinal
flow velocity, the calculation of the flow velocities is performed in a two-step process.
First, the longitudinal flow velocity vz(z) is measured by calculating the phase dif-
ference ∆ϕ(z) of aOCT (z, t) of time-adjacent acquisitions as vz(z) = ∆ϕ(z)λfs/4πn,
with ∆ϕ(z) = arg [aOCT (z, t+ dt)a∗OCT (z, t)], where

∗ denotes complex conjugation
and dt = f−1

s [44]. Second, to measure the transverse flow velocity vt(z), we calcu-
late the autocovariance of the magnitude of the OCT signal over 1000 time-adjacent
acquisitions for every depth inside the flow channel. This process is repeated 10
times and averaged. The transverse velocity is determined in the time domain by
fitting Eq. (4.1) to the normalized autocovariance of the data. In this fit, vt is the
only fit parameter. vz and D enter the fit as constant parameters. The diffusion
coefficient D is set equal to the measured no-flow value [84]. In all plots through-
out the manuscript, all values of vt and vz are mean values over 3 measurements
and the error bars are the corresponding standard deviations. The averaging over 3
measurements is performed by splitting the 600 ms acquisition time in three groups
of 200 ms. Figure 4.3 shows a schematic of the fitting procedure. The shear-rate is
calculated from the spatial dependence of the flow by using a fourth order central
difference formula in MATLAB to approximate the derivative of the flow velocity.
To calculate the cross-sectional flow rate, the velocity values are integrated using
trapezoidal numerical integration.
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Figure 4.4: Measured flow velocities at the center of the flow channel: (a) transverse flow
velocity, (b) longitudinal flow velocity, and (c) total flow velocity. The parabolae show the
confidence interval of the reference flow velocity calculated based on the set-point of the
mass-flow controller and the measured channel depth and width.

4.3 Results

First, we present measurements of the flow velocities at the center of the channel
before the bacteria solution is seeded into the system. This serves as a reference case
to demonstrate the changes in flow velocity profiles as the biofilm growth progresses
inside the channel. Figures 4.4(a-b) show the depth resolved transverse and longi-
tudinal flow velocity components, respectively and Fig. 4.4(c) shows the magnitude

of the total flow velocity calculated as vtotal = (v2t + v2z)
1
2 . The negative sign of the

longitudinal flow velocity component indicates the direction at which the tracer par-
ticles are moving in the z-direction. It should be noted that the measured transverse
flow velocity lacks directionality (cf. Eq. 4.1). The parabolas in Fig. 4.4(c) show the
confidence interval of the reference flow velocity calculated based on the set-point of
the mass-flow controller and the measured channel dimensions. The measured total
flow velocity is in good agreement with the reference velocity. Due to variations of
the channel geometry caused by manufacturing tolerances and imperfections, the
longitudinal axis of the channel is not guaranteed to be perpendicular to the prop-
agation direction of the imaging beam. This results in the local longitudinal flow
velocity at a particular point in the channel to be non-zero.

Second, we present measurements of the channel morphology and flow velocities
as biofilm growth progresses. Figure 4.5 shows a representative cross-section of
the flow channel in the (y, z)−plane. The first column shows the reference case
where the channel is filled only with the suspension of tracer particles. The second
and third column show the channel morphology and flow velocities after 24 and 48
hours of seeding the bacteria solution, respectively. The transverse (second row) and
longitudinal (third row) flow velocities show a smooth parabolic flow profile. The
growth of the biofilm at the walls of the flow channel is seen in the OCT images
as a clear increase in the biofilm thickness as the experiment progresses. Biofilm
growth occurs predominantly on the side and bottom PDMS walls of the channel
and less on the top glass wall. Correspondingly, the transverse and longitudinal
flow velocity profiles change in magnitude, where a clear increase of the maximum
flow velocity is observed. The flow shape when compared to the reference case is no

45



4

Chapter 4. Measurement of biofilm growth and local hydrodynamics using optical

coherence tomography

y

z

Figure 4.5: Channel morphology and longitudinal and transverse flow velocities in the (y, z)-
plane. The first row shows the channel morphology, the second row shows the transverse
flow velocity and the third row shows the longitudinal flow velocity. The first column shows
the reference data, and the second and third column show the data after 24 and 48 hours
after starting the experiment, respectively. The scale of the flow velocity is the same for all
three cases. The points where the velocity estimation algorithm did not converge are shown
in white.

longer parabolic and a shift of the maximum flow velocity away from the center of
the channel is observed for the transverse flow velocity. Additionally, a clear change
in the direction of the longitudinal flow velocity is seen after 48 hours of growth.

To quantify biofilm growth, we calculate the ratio of biofilm volume to channel
surface area (μm3

biofilm/μm
2
substratum) based on the type of data shown in the first row
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Figure 4.6: Flow rates through the cross-section of the flow channel calculated by numer-
ically integrating the measured velocity data. The dashed line shows the set-point of the
mass-flow controller.

of Fig. 4.5. We do this for the two days of measurements. For the biofilm volume
calculations we filtered the biofilm morphology data using a binary mask. In the
location where we observe the biofilm we set the index to 1 and all other locations
are set the index to 0. We do this for 20 cross-sections. Then we calculate the total
number of elements with a value of 1 and multiply the sum with the voxel size. The
channel surface area was calculated by multiplying the perimeter by the distance
scanned in the x-direction. For determining the biofilm locations we select a thresh-
old based on the gray-scale intensity picture. This results in a biofilm to surface
area of 0.4 μm3

biofilm/μm
2
substratum after 24 hours and 1.4 μm3

biofilm/μm
2
substratum after

48 hours.
Based on the velocity and the channel morphology both quantified with our

OCT based method shown in Fig. 4.5 the total flow rate through the channel cross-
section is calculated. Figure 4.6 shows the results of the numerical integration of
the flow velocity data for the reference measurement, for the measurement after
24 hours of growth and for the measurement after 48 hours of growth. Each data
point represents a different cross-section of the channel separated by 5 μm. The
data shown in Fig. 4.5 corresponds to the fifth cross-section. The calculated flow
rate is in good agreement with the flow rate set-point of the mass-flow controller of
2.5± 0.05 g/h.

Third, we present results on the calculated shear-rates based on the velocity
data shown in Fig. 4.5. Figures 4.7 and 4.8 show the shear-rate in the (y, z)−plane
for the transverse and the longitudinal flow velocities, respectively. As before, in
both figures the first column shows the reference data, and the second and third
column show the data after 24 and 48 hours, respectively. The first row shows the
shear-rate in the y-direction (dv/dy) and the second row shows the shear-rate in the
z-direction (dv/dz). As the experiment progresses, for both velocity components,
the shear-rate increases. This is attributed to the combined effect of the increase in
the flow velocity and biofilm growth reducing the cross-section of the flow channel.
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Figure 4.7: Calculated shear-rate in the (y, z)−plane for the transverse flow velocity compo-
nent corresponding to the velocity data shown in Fig. 4.5. The first row shows the shear-rate
in the y-direction and the second row shows the shear-rate in the z-direction. The first col-
umn shows the reference data, and the second and third column show the data after 24 and
48 hours after starting the experiment, respectively.

Due to the aspect ratio of the channel, the shear-rate in the y-direction is larger
than the shear-rate in the z-direction.

4.4 Discussion

Our results show that using an OCT and a microfluidic platform biofilm growth
and the underlying transverse and longitudinal flow velocities can be accurately
measured.

Here, we have calculated the longitudinal flow velocity vz using the Doppler shift
carried by the phase of the complex-valued OCT signal. In principle, a determi-
nation of vz by fitting the autocorrelation function of the complex OCT signal is
possible [59], however in this way the sign of the longitudinal velocity is lost. Fur-
ther, due to the relation between the transverse velocity vt and the autocorrelation
function in Eq. 4.1, we are only able to measure the absolute value of vt. By in-
troducing a velocity bias by scanning the imaging beam with, e.g., a galvanometric
mirror, the sign of the transverse velocity can be measured [57]. In principle, the
same method can be applied to resolve the transverse flow velocity in its elementary
component vx and vy. However, this would result in prolonged measuring times for
each location of the flow channel.

In the experiments presented here we have used a Coriolis mass-flow controller
to drive the flow through the microfluidic channel at a constant rate. Since bacteria
attachment is naturally not restricted to the flow channel of interest, but takes place
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Figure 4.8: Calculated shear-rate in the (y, z)−plane for the longitudinal flow velocity com-
ponent corresponding to the velocity data shown in Fig. 4.5. The first row shows the shear-
rate in the y-direction and the second row shows the shear-rate in the z-direction. The first
column shows the reference data, and the second and third column show the data after 24
and 48 hours after starting the experiment, respectively.

in all tubing and valves of the system, we observed that the performance of the
stability of the mass flow controller decreases for the later stages of the experiment.
We attribute this to the bacteria attachment to the tubing and valve of the mass
flow controller. However, for the flow velocity measurements in the first 48 hours
the input flow was stable.

Our results show that as bacteria attaches to the walls of the channel, biofilm
thicknesses down to 10 μm can be clearly detected based on the OCT magnitude
images. However, due to the lack of scattering of the original bacteria suspension,
tracer particles were used to measure the underlying flow velocities. In order to
reduce unwanted interactions of the tracers with the biofilm and the flow system,
the tracers were coated with polyethylene glycol (PEG). For this work we assumed
minimized biofilm-particle interactions due to the PEG coating [85, 86]. The dura-
tion of the presence of tracers inside the flow channel is minimized by the duration
of the OCT based flow measurement. Optimization of the scan mechanism of the
imaging beam can further reduce the duration of the presented flow measurement
as well as limit the interaction of the tracers with the biofilm.

We have shown that determination of the flow velocities with high spatio-temporal
resolution allows for an accurate determination of the shear-rates inside the flow
channel. This approach allows for the direct observation of the dynamic defor-
mations of the biofilm surface due to shear-stress [77]. This is important for the
study of biofouling processes, e.g., for the production of drinking water [72]. For
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the current study, we have chosen a relatively simple geometry of the flow channel.
To study more complex phenomena, such as e.g., the formation of biofilm stream-
ers [51], curved channel structures or channels with features along the flow direction
can be used. Furthermore, the presented approach can be further combined with
numerical modeling to study physical and biochemical processes. In order to do
this, biofilm OCT images can be used to extract structural templates to serve as
boundary conditions to solve Navier-Stokes and mass-transport equations [87].

4.5 Conclusion

We have presented simultaneous and localized measurements of the longitudinal and
transverse flow velocities and quantified biofilm growth in a microfluidic channel
using optical coherence tomography. We have shown that there is a clear relation
between the measured flow velocity data and the biofilm morphology. We anticipate
that the presented methodology will improve the quantification and understanding
of the influence of flow parameters such as channel geometry and local flow driving
biofilm growth dynamics.
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