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ABSTRACT
This investigation assessed the effects of interfacially-driven shear flow on the ability of
the bacterium Escherichia coli (E. coli) to produce green fluorescent protein (GFP). Shear
forces at interfaces have been shown to effect the behavior of organisms,[2] however the
characteristics of these effects are relatively unstudied. Furthermore, mixing and shearing
of liquid medium is important for the growth of certain bacterial species,[24] is present in
many physiological systems,[1]

[2]

and is necessary for fluidic bioreactors.[2] In this

investigation, liquid bacterial cultures were grown for 2 hours under three different shear
rates, with samples collected every 30 minutes. The optical density at 600 nm of these
samples was measured to gauge growth rate, and numerical analysis of SDS-PAGE gels
was conducted to produce an estimate of protein productivity for a given sample. In the
allotted 2 hour time frame, different shear rates we found to be of too small magnitude to
significantly affect growth rate when compared to quiescent controls. Cellular protein
production was shown to be independent of growth rate, with samples which achieved
overall lower growth rates, expressing similar levels of cellular GFP productivity.
Therefore, E. coli may be grown at altered shear rates in order to achieve desired growing,
mixing, or experimental conditions, without negatively impacting the protein productivity
of the bacterium.

vii

1. INTRODUCTION
1.1 Interfacial Shear and Microbiology
Bio-fluid mechanics forms the basis for relating fluid mechanics to living organisms
through anatomy and physiology, medicine, and biophysics and biochemistry.[1] The
effects of fluid mechanics can be observed in biological processes such as the nucleation
of protein fibrils, protein aggregation and fibrillization, biomolecule kinetics, cellular
signal transduction, developmental transcription factor gradients, cell motility, and tissue
dynamics. Overall, fluid flow and transport phenomena at interfaces has been shown to
significantly contribute to the behavior of biological systems.[2] In order to define the
scope of this investigation, a single major facet within the field of fluid mechanics was
focused: interfacial shear.
Interfacial shear forces are one of the most common types of forces at fluid interfaces,
which act parallel to the surface a flow is moving over. These forces may be the result of
viscosity and the motion of fluid particles passing over a solid surface, or surface tension
and associated gradients) and the dynamics of molecules adsorbed at an interface.
Biologically relevant surfaces which may act as interfaces that respond to fluid shear
include phospholipid bilayers, bacterial cell walls, and biofilm matrices.[2]

1.2 Model Systems
The effects of interfacial shear on biological systems remains relatively unexplored. In
order to perform a generalized assessment of shear effects, a model organism can be used
to assess the effects of interfacial shear on a specific organism. The organism-specific
effects may then, to some extent, be extrapolated to more general biological systems.
Several general studies have been conducted on fluid mechanics and biological
suspensions.[3] [4] Of these studies, several notable publications have investigated the biofluid mechanics and biophysics of plankton and plankton films,[5] [6] [7] [8] with some studies
focusing on turbulence effects,[9] [10] or on ecology and marine systems.[11] [12] [13] These
studies provide evidence that fluid mechanics and interfacial shear have an effect on
microorganisms, and that microorganisms have an effect on fluid properties.
The model organism chosen for this investigation was Escherichia coli (E. coli). E.
coli has been shown to display behavioral changes in shear flows,[14] [15] [16] especially with
1

respect to the formation of biofilms.[17] [18] [19] Additionally, E. coli has been shown to
interact with liquid-solid[20] [21] and liquid-air interfaces.[22] [23] E. coli is also known to
grow more rapidly in shaken or perturbed liquid cultures, potentially due to aeration and
associated increased gas exchange with the medium.[24] That fluid flow has an effect on
microorganisms is well established, however, the changes to the protein expression of
these microbes is not well understood. This investigation subjected liquid E. coli cultures
at similar stages of growth to differing rates of interfacially-driven, steady shear flow. In
order to gauge the effects of different shear rates, a meaningful output, observable from a
sample of E. coli cells needed to be selected.

1.3 Protein Expression
When studying the effects of a stimulus on an organism, an observable outcome due to
this stimulus must be identified. In many cases this observable output is behavioral or
phenotypic changes in the organism. The effects of interfacial shear on E. coli have not
been studied sufficiently to identify a gene of interest whose expression or transcription
changes in response to alterations in shear. This prevents the use of a direct genomics, or
transcriptomics approach for quantifying shear effects.

However, using standard

biological analysis techniques such as sodium dodecyl sulfate-poly acrylamide gel
electrophoresis (SDS–PAGE), the wide range protein expression of a sample of cells can
be determined. This investigation utilized the model florescent protein, green fluorescent
protein (GFP), to measure the ability of E. coli to produce a given protein when grown in
different shear rate conditions. The easily detectable fluorescence, stable structure, and
availability in plasmids,[25] make GFP a suitable marker for use in experiments which aim
to measure levels of protein expression. In addition, according to the central dogma of
biology, genetic changes in DNA expression directly affect the mRNA transcripts being
produced, and mRNA transcripts dictate protein expression patterns that, in turn, change
an organism’s phenotype and behavior. Therefore, in this investigation, changes in protein
expression patterns of E. coli indicate changes in some parameter regarding transcription
regulation or genetic expression.

2

2. MATERIALS AND METHODS
2.1 The Knife Edge Viscometer
The experimental apparatus used to produce shear on an air-liquid interface was a knife
edge viscometer (KEV). This apparatus was comprised of a hollow cylinder (the knife
edge) aligned concentrically above an open sample dish. After this dish has been filled
with medium to produce a flat interface with as little curvature as possible, the knife edge
was lowered to make contact with the air-liquid interface. Once the medium at this
interface had wetted or “pinned” to the knife edge, the cylinder comprising the knife edge
was spun at a constant, steady rate. A schematic of the KEV including relevant dimensions
and parameters is shown in Figure 2.1.

Figure 2.1: Diagram of the knife edge viscometer displaying the knife edge radius a,
angular velocity Ω, knife edge contact width εa, dish depth aAH and dish radius aAR.
Image courtesy of Underhill et. al, 2017.[25]
In this investigation, a was 0.47625 cm, aAH was 2.54 cm, aAR was 2.54 cm and Ω
was altered between test trials to produce different shear rates. Changes in the shear rate
induced on the surface of the medium were achieved using a pulley system which allowed
for modulation of the speed at which the knife edge rotated, Ω. Speed settings were
3

selected and analyzed in terms of Reynolds number, the ratio of inertial forces to viscous
forces in a flow. Equation 2.1 displays the equation used to determine Reynolds number
for the KEV.
Re =

r
ωin ∗ (r in ) ∗ a2

(2.1)

out

ν

In Equation 2.1, ωin is the angular velocity of the driving motor (5.24 m/s), rin is the
radius of the input shaft pulley, rout is the radius of the output pulley, a is the radius of the
knife edge, and ν is the kinematic viscosity of water at 37 ºC (6.969*10-7 m2/s). Three
distinct Reynolds numbers were tested in this investigation: 412, 206 and 50, each with a
control 0 Reynolds number case.
Figure 2.2 displays front, top, right, and isometric images of the experimental system
used in this investigation, including the pulley system used to alter knife edge angular
velocity.

Top

Isometric

Front

Right

Figure 2.2: Front, top, right, and isometric views of the portable knife edge viscometer.
Note that the pulley belt in the top view was more taught during operation.
4

The portable KEV displayed in Figure 2.2 was operable at 37 ºC, and remained inside
an incubator for a period of time before each experimental trial. This warming period was
performed in order to remove any temperature gradients which could affect the fluid
dynamics of the experiment.

2.2 Experimental Procedure
All E. coli cells used in this investigation were E. coli strain BL21, transformed with the
pGLO plasmid.[27] This plasmid contains genes for ampicillin resistance and GFP.[28] The
ampicillin resistance gene is constitutively expressed if a bacterium has been transformed
by the pGLO plasmid.

Dissimilarly, the GFP gene is controlled by the arabinose

promotor, which allows the transformed bacteria to produce GFP only in the presence of
arabinose. In order to select for transformed E. coli cells, all liquid cultures were grown
in Luria-Bertani (LB) medium with 100 µg/mL of ampicillin.
The experimental procedure began with growing a 10 mL culture of E. coli overnight
to saturation. 3 mL of this culture were then added to 150 mL of ampicillin-containing
LB broth in a 500 mL Erlenmeyer flask. This 150 mL culture was allowed to grow for 90
min at 37 ºC on an orbital bed, shaken at 250 RPM (standard laboratory growth conditions
for E. coli). After this 90 min pre-growth period, the culture was removed from incubation
and 0.02 % arabinose was added. The low concentration of arabinose prevented E. coli
cultures from producing high levels of GFP which would make detecting differences in
GFP expression over time difficult.
Of the total 150 mL pre-growth volume, 51.48 mL were added to the KEV dish and
another 51.48 mL were added to an identical glass dish which was not subject to shear,
termed the quiescent control. A quiescent control was performed alongside each shear
trial in order to account for any uncontrollable differences in test conditions (temperature
fluctuations within the 37 ºC incubator, slight differences in starting cell density, incubator
air currents, etc.). Once filled with pre-culture, both dishes were placed in a 37 ºC
incubator and the KEV was activated at a given Reynolds number. At this time a 1 mL
“time zero” sample was taken from the culture (with arabinose added). Every 30 min,
another 1 mL sample was taken from both the quiescent control and the shear case,
concluding at sample 4 after a total of 120 min. After each sample was withdrawn from
5

the quiescent control or the shear test condition, 1 mL of LB medium was added to the
culture to maintain the height (flatness) of the liquid interface to eye-level accuracy. At
sample 2, an additional 0.5 mL of LB medium was added to account for losses due to
evaporation.
The optical density absorbance at 600 nm (OD 600) of each sample was measured
immediately after acquisition. The non-dimensional difference in OD 600 measurements
between zero Reynolds number and non-zero Reynolds number (non-dimensional δOD
600) for a given trial was calculated according to

δOD 600𝑖 =

(OD 600Re≠0 𝑖 − OD 600Re=0 𝑖 )
.
OD 6000

(2.2)

In Equation 2.2, OD 600Re≠0 i is the optical density of an ith sample being grown at a
non-zero Reynolds number, OD 600Re=0 i is the optical density of an ith sample from the
quiescent case, and OD 6000 is the starting optical density measured at the zero time point.
After taking OD 600 measurements, samples were centrifuged at 13,000 RPM for 1 min
and the supernatant was discarded, leaving only a pellet of cells. This cell pellet was
weighed, then frozen at -72 ºC until all other samples in a given trial had been completed.
In all cases, samples were held at -72 ºC for a minimum of 24 h before continuing with
sample preparation. Once all samples for a shear trial had been collected and frozen, these
samples were thawed and re-suspended in 4 µL of bacterial-protein extraction reagent (BPER) per 1 g of pellet mass. This reagent lysed any cells present in a sample, producing
cell lysates ready for protein analysis.[29] Samples were lysed in B-PER at room
temperature (approximately 25 ºC) for minimum time of 2 hours.

2.3 Assays and Analysis
After obtaining the cell lysate samples according to the experimental procedure above, the
concentration of protein in these samples was determined using a Bradford assay.[30] 0.5
µL of lysate was taken from each sample and added to 4.5 µL of deionized water (1:10
dilution) in a 96 well dish. Along with experimental samples, known amounts (2.5, 1.25,
0.625, 0.3125, and 0 µL) of the protein bovine serum albumin (BSA) were added to five
6

wells, in order to allow for the construction of a standard curve relating concentration to
absorbance measurements. After sample loading, 250 µL of Bradford solution were added
to each sample-containing well of the 96 well dish, including the standard BSA wells.
Sample and standard BSA curve absorbance measurements at 595 nm were used to
determine the total protein concentration of each cell lysate sample. Data for the two
Bradford assays carried out in this investigation may be found in Appendix section 6.1 in
Figure 6.1 and Figure 6.2, and Table 6.1 and Table 6.2.
A single SDS-PAGE gel was produced for each experimental trial,[31] resulting in a
total of eight gels, two repetitions of each of the three KEV cases (Reynolds numbers 412,
206 and 50), and two repetitions of a control growth case where E. coli was grown in a
250 RPM shaken orbital bed incubator at 37 ºC for the duration of the experiment. Each
sample was diluted with deionized water and mixed with 2X loading dye to achieve a
sample mass of 10 µg in 20 µL of loading solution. Additionally, 0.5 µg of purified GFP
was loaded to well 10 of each gel as a control lane. Samples prepared for loading were
heated at 97 ºC for 5 minutes, then loaded to the appropriate sample well and gel
electrophoresis was performed. Refer to Appendix section 6.2 for SDS-PAGE loading
details and annotated SDS-PAGE gel images. Once electrophoresis was complete, gel
protein bands were stained overnight using a Gel-Code Blue Coomassie Blue stain.[32]
Gels were then imaged under standard lighting for later image processing.
Image processing of the gels was performed in the NIH open source software ImageJ.
The intensity of each gel lane was measured using this program, and the pixel area of the
GFP peak and a peak of a standard protein (one whose expression changes only with
concentration) were recorded. The following equation was then used to produce an
estimate of the amount of GFP in µg for a given sample:

GFP Mass Esitmate (μg) = (AGFP − ASP ) ∗

0.5 μg
.
AC

(2.3)

In Equation 2.3, AGFP is the pixel area under the GFP peak for a given sample, ASP is the
pixel area for a standard protein in a given sample, and AC is the pixel area under the GFP
peak in the control lane loaded with 0.5 µg of purified GFP.
7

3. RESULTS
3.1 Bradford Assays and OD 600 Measurements
Two Bradford assays were performed in this investigation to determine the concentration
of all experimental samples. Notably, protein concentration values varied significantly
between differing experimental samples, even when the samples being compared had
similar OD 600 readings. This suggests that, while samples were always withdrawn from
a consistent location on the surface of the dish, there may have been differences between
the portions of cells obtained in different samples.
OD 600 absorbance (Abs) measurements were taken every 0.5 h for each of the three
knife edge speeds, the control culture in an orbital shaking bed, and the quiescent (zero
Reynolds number) cases. Figure 3.1 through Figure 3.5 present plots of non-dimensional
δOD 600 measurements, produced using Equation 2.2.

Non-Dimensional δOD 600

0.05
0.04
0.03
0.02
0.01
0
0

0.5

1

1.5

2

2.5

-0.01
-0.02

Time (h)

Figure 3.1: Plot of non-dimensional δOD 600 versus time (h) for the high Reynolds
Number case (Re = 412). Standard deviation error bars using two trials indicate that
changes in growth may not be significant compared to the quiescent case.
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Non-Dimensional δOD 600

0.02
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0
0

0.5

1

1.5

2

2.5

-0.01
-0.02
-0.03
-0.04
-0.05
-0.06

Time (h)

Figure 3.2: Plot of non-dimensional δOD 600 versus time (h) for the medium Reynolds
Number case (Re = 206). Standard deviation error bars using two trials indicate that
changes in growth may not be significant compared to the quiescent case.

Non-Dimensional δOD 600
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0
0
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1.5

2
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-0.02
-0.04
-0.06
-0.08
-0.1

-0.12
-0.14

Time (h)

Figure 3.3: Plot of non-dimensional δOD 600 versus time (h) for the low Reynolds
Number case (Re = 50). Standard deviation error bars using two trials indicate that
changes in growth may not be significant compared to the quiescent case.
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Non-Dimensional δOD 600

3.5
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1.5
1

0.5
0
0

0.5

1

1.5

2

2.5

Time (h)

Figure 3.4: Plot of non-dimensional δOD 600 versus time (h) for the control experiment
(grown on the orbital shaker at 250 RPM). Standard deviation error bars using two trials
indicate that changes in growth are significant compared to the quiescent case.

Non-Dimensional δOD 600

Control

Re 412

Re 206

Re 50

3.5
3
2.5
2
1.5
1
0.5
0

-0.5

0

0.5

1

1.5

2

2.5

Time (h)

Figure 3.5: Comparative plot of non-dimensional δOD 600 versus time (h) for all four
experimental cases (Re 412, Re 206, Re 50, and control), displaying the significant
difference in growth between the control and experimental cases.

3.2 SDS–PAGE and Gel Band Intensity Analyses
A total of eight SDS-PAGE gels were produced during this investigation, two for each of
the three Reynolds number and two for the commercial shaken control case. ImageJ
analysis of band spectrum area and Equation 2.3 were used to produce plots of GFP mass
estimate (µg) versus OD 600 (Abs), for each Reynolds number case, the orbital shaken
control, and the quiescent case (Re = 0). An example of the ImageJ analysis procedure
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used to determine pixel areas for use in Equation 2.3 is shown in Figure 3.6. Plots of GFP
mass estimate versus OD 600 are presented in Figure 3.7 through Figure 3.12.
(a)

(b)

ASP

AGFP

AC

Figure 3.6: Example of ImageJ numerical analysis. Image (a) displays the SDS-PAGE
gel for the second trial of the medium Reynolds number case (Re = 206) with lanes
identified in ImageJ. Image (b) displays intensity spectra for lanes 9 and 10 of the SDSPAGE gel, with annotated pixel areas which were used in Equation 2.3.

GFP Mass Estimate (µg)
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0.4
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0.7

0.8

OD 600 nm (Abs)

Figure 3.7: Plot of GFP mass estimate (µg) versus OD 600 nm (Abs) for the high
Reynolds number case (Re = 412). Error bars represent standard deviation values from
two trials.
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GFP Mass Estimate (µg)
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Figure 3.8: Plot of GFP mass estimate (µg) versus OD 600 nm (Abs) for the medium
Reynolds number case (Re = 206). Error bars represent standard deviation values from
two trials.
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Figure 3.9: Plot of GFP mass estimate (µg) versus OD 600 nm (Abs) for the low
Reynolds number case (Re = 206). Error bars represent standard deviation values from
two trials.
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GFP Mass Estimate (µg)
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Figure 3.10: Plot of GFP mass estimate (µg) versus OD 600 nm (Abs) for the control
experiment (grown on the orbital shaker at 250 RPM). Error bars represent standard
deviation values from two trials.
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Figure 3.11: Plot of GFP mass estimate (µg) versus OD 600 nm (Abs) for quiescent
case (Re = 0). Error bars represent standard deviation values from 6 trials (2 for each of
the 3 shear cases).
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Figure 3.12: Comparative plot of GFP mass estimate (µg) versus OD 600 nm (Abs) for
all four experimental cases (Re 412, Re 206, Re 50, Re 0, and control) with and without
standard deviation error bars.
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4. DISCUSSION
4.1 Cell Growth Rate
Plots of non-dimensionalized δOD 600 versus time for shear cases (Figures 3.1 through
3.3), indicate that the growth of E. coli in the 412, 206, and 50 Reynolds number cases,
did not significantly differ from the growth of quiescent cultures. Figure 3.1, the plot
containing values for the high Reynolds number case, has three points with standard
deviation error bar above the Time axis. However, when comparing this high Reynolds
number data to the control, as seen in Figure 3.5, the high Reynolds case has significantly
lower growth compared to the control, becoming indistinguishable from the other
Reynolds number cases.
The fact that the shear cases did not significantly alter the growth rate of E. coli is
reasonable, considering that the control case is grown at stirring and shaking speeds
approximately two orders of magnitude higher than these shear cases. Additionally, these
experiments only allowed E. coli 2 hours to grow in altered conditions. This time frame
may be too short to observe differences in the growth rate of E. coli on significant scales,
as none of the shear cases doubled in growth, preventing doubling times from being
measured. Conducting full, long timespan growth curve experiments, and attaining higher
Reynolds numbers in the KEV, may produce better measures of how interfacial shear
affects the growth rate of E. coli. Achieving higher Reynolds numbers in the KEV may
be accomplished by using a larger diameter knife edge, which would produce greater
mixing and larger secondary flow effects within the dish.

4.2 Protein Expression
While no observable differences in growth rate were found to be caused by interfacial
shear, a drop in protein production was not a result of lowered growth rate. Plots of GFP
mass estimate versus OD 600 nm for the shear cases (Figures 3.6 through 3.8), display
similar GFP production for a given OD 600 measurement. Furthermore, when compared
to the control case grown at standard conditions, the more slowly growing shear cases
produced comparable amounts of GFP. The GFP mass estimate is normalized by the
concentration of a culture, accounting for differences in how many cells are producing
GFP. Therefore, plots of GFP mass estimate versus OD 600, compare the productivity of
15

a fixed amount of E. coli to the cells’ current stage of growth (cellular protein production
versus population growth stage). Figure 3.11 demonstrates that while the control showed
higher growth rates and produced higher overall growth value, cellular protein expression
magnitudes remained unaffected by growth rate, as GFP mass estimates are shown to not
be significantly different between all trials (taking into account error).
Cellular protein production appeared to be independent of growth rate (taking into
account error), with samples which achieved overall lower growth rates, expressing
similar levels of cellular GFP productivity. This indicates that while increasing the growth
rate of a bacterium increases the overall amount of cells making protein, the amount of
protein produced per cell is relatively fixed. All experimental trials in this investigation
were conducted in the exponential phase of growth, meaning that interfacial shear could
have different effects on growth rate and protein production if applied in over long-term,
life cycle time durations. Overall, E. coli in exponential phase of growth may be grown
at altered shear rates in order to achieve desired growing, mixing, or experimental
conditions, without negatively impacting the protein productivity of the bacterium.

4.3 Future Studies
This investigation produced five additional questions which could be pursued in future
investigations. The first involves increasing the Reynolds number of the apparatus by
using a 1.27 cm radius knife edge. This would produce shear effects which would
propagate further into the bulk of the dish due to the change in aspect ratio between the
dish and the knife edge (the dish would maintain the same dimensions: 2.54 cm height x
2.54 cm radius). In this large knife edge experiment, the effect of secondary flow due to
inertia would likely become more significant than with the smaller knife edge utilized in
this study.
The second study is a continuation of the current investigation involving protein
production. Further proteomic analysis of samples from this investigation such as Western
blotting, fluorescence measurements, could lead to better quantification of the results,
potentially reducing the large errors associated with only conducting two trials.
Additionally, 2-dimensional gels, could lead to the identification of specific proteins
whose expression changes in response to interfacially-driven shear flow. Furthermore,
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transcriptomic and genetic studies could be performed on shear-dependent proteins in
order to gain further insight as to the mechanisms behind how these proteins respond to
shear.
The third experiment for future research involves the investigation of long term
growth of E. coli. This experiment would entail a full growth curve experiment from
seeding to the stationary phase of growth. Each growth curve would be performed under
different shear rates with OD 600 measurements being taken long enough, and at
sufficiently fine intervals in order to observe several doubling times of the E. coli
population. Such experiments would allow for the classification of how altering shear
effects the rate of cell growth of E. coli.
The fourth experiment would assess the effects of shaking on E. coli. An orbital
shaking bed produces both stirring and shaking motion within a liquid culture, while the
KEV produces only stirring through interfacial shear. Matching the Reynolds numbers
achieved by the KEV in an orbital shaker and performing growth curve experiments or
protein expression experiments similar to that of this investigation, would allow for the
study of differences in growth due to shaking. Additionally, the effects of shaking could
be compared to the effects of higher aspect ratio stirring, through comparison to the large
knife edge experiments proposed as the first future investigation.
Lastly, the final investigation would involve performing experiments on different
model organisms whose affinity for shear and perturbation during growth are different
from that of E. coli. This organism would be chosen to possess properties relevant to other
applications for a bioreactor like the KEV with alterable shear, mixing, and gas transfer
properties.

Several of these parameters could include photosynthetic ability, CO2

metabolism and oxygen production, drug production, or agricultural qualities.
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6. APPENDIX
6.1 Bradford Assay Readings
A total of two separate Bradford assays were performed during this investigation. The
results of these two assays are shown below in Figure 6.1 and Figure 6.2.

The

corresponding tables, Table 6.1 and Table 6.2 display the identity of each well for a given
Bradford assay. Figure 6.3 displays an image of the 96 well dish prepared for the second
Bradford assay.
Table 6.1: Bradford assay 1 identity chart. Numbers correspond to Reynolds numbers
with subscripts denoting the trial number and sample number (trial#.sample#), “St”
refers to standard BSA concentrations in µg, H0 refers to the quiescent control for the
high Reynolds number samples, and dashes indicate empty wells.
A
B
C
D
E
F
G
H

1
4122.0
H02.0
4123.0
H03.0
St0
-

2
4122.1
H02.1
4123.1
H03.1
St0.3125
-

3
4122.2
H02.2
4123.2
H03.2
St0.625
-

4
4122.3
H02.3
4123.3
H03.3
St1.25
-

5
4122.4
H02.4
4123.4
H03.4
St2.5
-

6
-

7
-

8
-

9
-

10
-

11
-

Figure 6.1: Image of the plate reader output at 595 nm for the Bradford assay 1.
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12
-

Table 6.2: Bradford assay 2 identity chart. Numbers correspond to Reynolds numbers
with subscripts denoting the trial number and sample number (trial#.sample#), with M0
and L0 referring to the quiescent controls for the medium and low Reynolds number
samples (respectively). “St” refers to standard BSA concentrations in µg, Con
represents control samples shaken and stirred on an incubator platform, and dashes
indicate empty wells.
A
B
C
D
E
F
G
H

1
501.0
502.0
2061.0
2062.0
Con1.0
Con2.0
St0

2
501.1
502.1
2061.1
2062.1
Con1.1
Con2.1
St0.3125

3
501.2
502.2
2061.2
2062.2
Con1.2
Con2.2
St0.625

4
501.3
502.3
2061.3
2062.3
Con1.3
Con2.3
St1.25

5
501.4
502.4
2061.4
2062.4
Con1.4
Con2.4
St2.5

6
-

7
-

8
L01.0
L02.0
M01.0
M02.0
-

9
L01.1
L02.1
M01.1
M02.1
-

10
L01.2
L02.2
M01.2
M02.2
-

11
L01.3
L02.3
M01.3
M02.3
-

12
L01.4
L02.4
M01.4
M02.4
-

Figure 6.2: Image of the plate reader output at 595 nm for the Bradford assay 2.
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Figure 6.3: Image of the 96 well dish prepared for Bradford Assay 2.

6.2 SDS–PAGE Gel Images
A total of eight SDS-PAGE gels were produced during this investigation, two for each of
the three Reynolds number and two for the shaken control case. Each of these gels are
displayed below in Figure 6.4 through Figure 6.11. Additionally, Table 6.3 displays the
contents of each well for a given gel.
Table 6.3: Gel chart describing the contents of each SDS-PAGE gel. Numbers
correspond to Reynolds numbers with subscripts denoting the trial number and sample
number (trial#.sample#), with H0, M0 and L0 referring to the quiescent controls for the
high, medium and low Reynolds number samples (respectively). Con represents control
samples shaken and stirred on an incubator platform. G is 0.5 µL of GFP added as a
standard to each gel.
Well#
Gel 1
Gel 2
Gel 3
Gel 4
Gel 5
Gel 6
Gel 7
Gel 8

1
H02.0
H03.0
L01.0
L02.0
L02.0
M01.0
M01.0
M02.0

2
H02.1
H03.1
L01.1
L02.1
L02.1
M01.1
M01.1
M02.1

3
H02.2
H03.2
L01.2
L02.2
L02.2
M01.2
M01.2
M02.2

4
H02.3
H03.3
L01.3
L02.3
L02.3
M01.3
M01.3
M02.3

5
H02.4
H03.4
L01.4
L02.4
L02.4
M01.4
M01.4
M02.4
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6
4122.1
4123.1
501.1
502.1
Con1.1
Con2.1
2061.1
2062.1

7
4122.2
4123.2
501.2
502.2
Con1.2
Con2.2
2061.2
2062.2

8
4122.3
4123.3
501.3
502.3
Con1.3
Con2.3
2061.3
2062.3

9
4122.4
4123.4
501.4
502.4
Con1.4
Con2.4
2061.4
2062.4

10
G
G
G
G
G
G
G
G

Figure 6.4: SDS-PAGE gel 1, containing trial 2 of the high Reynolds number
experiment (Re = 412).

Figure 6.5: SDS-PAGE gel 2, containing trial 3 of the high Reynolds number
experiment (Re = 412).
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Figure 6.6: SDS-PAGE gel 3, containing trial 1 of the low Reynolds number experiment
(Re = 50).

Figure 6.7: SDS-PAGE gel 4, containing trial 2 of the low Reynolds number experiment
(Re = 50).
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Figure 6.8: SDS-PAGE gel 5, containing trial 1 of the control experiment (grown on the
orbital shaker at 250 RPM).

Figure 6.9: SDS-PAGE gel 6, containing trial 2 of the control experiment (grown on the
orbital shaker at 250 RPM). The empty lane is likely due to the loading of an un-lysed
sample whose contents remained in the loading well, unable to pass through the gel.
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Figure 6.10: SDS-PAGE gel 7, containing trial 1 of the medium Reynolds number
experiment (Re = 206).

Figure 6.11: SDS-PAGE gel 8, containing trial 2 of the medium Reynolds number
experiment (Re = 206).
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6.3 Additional Resources
Contact Joe Adam by email at adamj@rpi.edu for raw OD 600 data measurements, SDS–
PAGE sample loading calculations, normalized non-dimensional intensity calculations,
and laboratory notebook entries.
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