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A Work in progress- Development of Hands-on Learning Modules for
Bioengineering courses

Abstract

Current engineering courses heavily rely on traditional lectures to cover engineering
concepts. The engineering education community, however, recognizes that this is not the
best method for teaching engineering materials. Our team has focused on expanding the
use of well researched, though still new to engineering, teaching pedagogies of hands-on,
active and problem-based learning through the development of Desktop Learning
Modules (DLMs).

The DLMs contain miniaturized processes such as shell and tube or double pipe heat
exchangers (chemical engineering) and hydraulic flow channels (civil engineering). A
unique expandable electronic system within the DLM connects with a sensor system,
allowing cartridges to be interchanged. We are expanding applications by creating new
cartridges for teaching bioengineering concepts. One such cartridge will simulate cell
sedimentation, particularly applied to the separation of prostate circulating tumor cells
(PCTCs) within human blood. This cartridge mimics the partial separation of cells in an
elutriator or apheresis device. For this a cylindrically shaped elutriator containing
millimeter-sized polymer particles of variable size and density is being used to mimic
hindered settling and help students understand concepts related to separation of PCTCs
from white blood cells.

The cell separation DLM is being implemented into a Fluid Mechanics & Heat Transfer
course ChE 332 in the spring 2013 semester. Assessment consists of the use of concept
tests before and after use of the DLM to determine improvement in understanding basic
concepts and persistence and/or repair of misconceptions.

A physical model of the cell separations DLM and preliminary classroom assessment
data will be presented at the 2013 ASEE Meeting as a “work in progress”. Future work
will include development and implementation of cell sensor and thermoregulation
cartridges.

Introduction

Our main goal is to simulate cell separation in a DLM, so that students may engage in a
hands-on interactive, problem based learning experience. We are developing assessments
to be given before and after running the DLMs to determine improvements in basic
concepts pertaining to cell separations.

DLM Sedimentation Cartridge
As shown in Fig. 1 the cell separation cartridge consists of a tube capped with metal

meshing at both ends, with a selection of plastic beads of different sizes and densities
placed in the tube to mimic different cells. A small water tank is attached to the
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apparatus. Water is pumped from the tank to the tube at desired flow rates and fluidizes
the beads in the tube. Small tubes are connected to taps at the two ends of the larger
sedimentation tube and connected to a differential pressure transducer. The flow rate
through the tube is adjustable and can be adjusted and read through use of a rotometer.
The device is portable, works with rechargeable batteries, and can easily be brought into
and used in the classroom.

Figure 1. Desktop learning modules and the cell separation cartridge.

Educational Plan

We are preparing worksheets to help students learn basic concepts pertaining to cell
separations. We used the work sheet along with the separation DLM in a Fluid
Mechanics & Heat Transfer course taught in the spring 2013 semester at Washington
State University. Students are given pre- take-home and a post-quiz on principles to be
learned with the DLM separations cartridge. After getting familiar with the basic
concepts of cell separations and having seen the separation pattern of beads inside the
tube the students were provided with preliminary study data on separation of prostate
circulating tumor cells (PCTCs) from peripheral blood from a simulated prostate cancer
patient blood sample.

The cell separation DLM could be alternatively used to study packed and fluidized beds.
We believe that by using the separation DLM students can see and understand the
following concepts.

1) The system can first be used to study packed beds by monitoring pressure.

2) Fluidization starts at a certain flow rate and total pressure drop does not change
across the suspended particle bed when using higher flow rates.

3) Both cell density and size affects settling rates with size being the predominant
factor.

4) The average suspension density will affect the buoyant forces.

5) Due to relative sizes of particle species one must consider an effective porosity
for different cell types. This will lead to larger relative settling velocities for
larger cells in dilute particle suspensions and surprisingly to larger relative
settling velocities for smaller cells in dense particle suspensions.
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6) At certain dilutions an “azeotrope”-like condition occurs where both larger and
smaller diameter cell species will have the same settling velocity.

System Analysis

To develop a learning module for students it is important to understand the fundamental
concepts surrounding cell separations. Our plan is to take these concepts and develop
both in class worksheets and pre- and post-assessments.

Basically, there are three forces acting on particles inside a separation chamber; these are
the gravitational force, the buoyant force and the drag force. As most cells separation
process are in the Stokes regime, we will analyze the Stokes regime where Re, is less
than 1. The gravitational force is modeled as the mass times the gravitational acceleration

computed as —%nd? pig, where d; and p; are the particle diameter and density,
respectively. The buoyant force is the resisting gravitational force of the displaced fluid
computed as %nd? prg where d; is the particle diameter and py is the density of the fluid

medium which for the DLM cartridge will be water or a dilute solution of carboxymethyl
cellulose (CMC) to adjust the viscosity. The drag force can be computed as 3muV;d;
where d; is the diameter of the particle and V; is the sedimentation velocity of the
gdi (pi-py)
18u
Stokes law for calculating the drag will require the particles be present at infinite dilution;
otherwise corrections need to be made. For dense suspensions we can calculate the
sedimentation settling velocity with the Masliyah' relation for the viscous drag correction

particle. This force balance leads to Stokes equation for sedimentation V; =

Pi—Psusp

due to interparticle collisions with V; = S; g< Py >El-2'7 where S; is the sedimentation
i=Pf

d?(pi—pf)

coefficient for the particle, S; = and ¢; is the apparent porosity of the particle. In

order to calculate the apparent porosity for each species we use the method proposed by
Patwardahan and Tien?, first applied to blood cells by Van Wie and Hustvedt’® then by
Leatzow et al.* to calculate the average weighted particle diameter d4vg and the porosity

€ of the fluidized bed, assuming that the highest suspended particles indicate the end of
the fluidized bed. Now we are able to calculate the average void envelope thickness

1
de=dgpg((1 —€) 3 — 1) and then we can assign an apparent porosity for each particle
e =1.0—(1.0+972

Beads

In our DLM we are using 4 types of beads to mimic the separation of 4 different cell
types. The details of the particles used in the tube are as follows, 250 turquois beads with

a diameter of 0.38 cm and an average density of 1.19 cr% , 7 beige beads with a diameter
of 0.7 cm and an average density of 1.29 C:%S, 1 pink bead with a diameter 1.4 cm and a

density of 1.31 67%3, and 300 green beads with a diameter 0.19 cm and an average density
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of 1.28 cr%' Preliminary cartridge tests are being done with a total fluidized bed volume

of the ~16 cm3 and a total volume of beads of ~11 cm3. The flow medium is water with
a viscosity of 0.01 C:L;S. Furthermore we use the same beige beads with a set of tiny glass

beads with a diameter 0.088 cm and a density of 3.140 Ci—S , and some black beads with

somewhat similar density and diameter to that of the turquois beads in a highly viscous
solution of CMC. The above assembly has the advantage of visually showing the
transition between three different regimes in separation.

Results

First we will discuss what students can learn from bead separations in an elutriation
column, then we will turn our attention to PCTC separations in human blood for
biomedical applications.

Bead Separations

Fig. 2 shows the predicted settling velocity results, assuming Stokes regime
sedimentation, for various beads as a function of the volume percentage of beads
contained in a suspension. We note three regions of interest that are used in assisting
students in learning concepts: 1) the more dilute regime of 0 - 25% beads; 2) one of
intermediate bead suspension density of 30 — 40%; and 3) one of higher suspension
density of 45% beads and above.

Within the dilute regime the particle diameter is the dominant parameter in predicting
which particles separate fastest as this affects the volume upon which gravity acts, while
the particle circumference affects the perimeter over which drag acts. Particles with large

volume to circumference ratios % will settle and separate toward the bottom of a fluidized
suspension. This is demonstrated in Fig. 2 for beads volume fractions of less than 25%,
where particles settle according to their diameter. Students should realize that if

suspension density is low, the best way to separate particles is based on respective sizes
with smaller ones being eluted first from the top of a suspension, followed by the next

largest, etc. They also need to realize that the buoyant ‘[erm%ndl-3 prg has more of an

impact as the suspension density increases as one must replace p, with the average density
of the particle suspension; this along with the collision effects on viscous drag cause an
exponential decay in the settling velocity curves.
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Settling Velocity vs. % Beads Concentration
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Figure 2. Predicted settling velocities for beads using Masliyah correlation.

However, it is not in every situation that one will want to separate cells at smaller
suspension densities. First, particles are more dilute and therefore there are fewer
numbers of separated species or one must use a larger volume apparatus to perform the
separations. Secondly, many biological suspensions are more concentrated, such as blood
where formed elements, i.e. cells boost suspension densities to the 35 — 50% range.
Therefore, we wish to assist students in learning about the intermediate suspension
density range.
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Figure 3. Separation of large beige particles towards the end of the elutriator despite the
presence of more dense, but tiny glass beads.

In the intermediate bead suspension density region, 30 — 40% beads, the effective
porosity and suspension density will cause smaller more dense particles to gain a settling
advantage over those with a large volume to circumference ratio. In this region smaller
particles will experience a significantly more dilute environment in comparison to larger
particles. This is due to the relative size of small particles compered to interstitial
volumes. Consequently smaller particles will experience a lower suspension density and
they will encounter fewer interparticle collisions as well. Particle density will dominate
the separation pattern, and hence alter the former separation of cells according to size.
This effect can be observed in Fig. 4a where green bead settling velocity first equals, and
then surpasses turquois settling velocity. Fig. 4b depicts the change in settling pattern in
the intermediate regime. In this region the tiny and dense glass beads will settle the
fastest and towards the bottom end of the elutriator, even below the largest beige
particles. Note that the black and turquoise beads represent an azeotrope condition where
no separation between these two particles occurs.
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Figure 4. Separation of the dense & tiny glass beads towards the bottom of the chamber
in the intermediate dilution regime. The figure on the left shows the intermediate dilution
region at a semi-steady condition. The figure on the rights shows the fast settling of tiny
glass beads at the beginning of the dilute regime note that small particles experienced
fewer collisions and some have already made their way to the bottom part of the
elutriator.

Analysis of the higher suspension density region of 45% beads and above shows that the
settling velocities of different particles become nearly equal, and separation based on
settling velocities will become difficult to achieve. This is due to the fact that at higher
suspension densities the effects of the buoyant term, lesser interstitial space, and more

collisions will offset each other. The resulting settling velocities are 0.47 %for the

turquois beads, 1.70 % for the beige beads, 1.44 % for the pink bead, and 2.05 % for the
green bead.

PCTCs Separation in Human Blood

Detection of PCTCs in the peripheral blood of a cancer patient can alert an oncologist
about a malignant phenotype. We have done a preliminary study using model predictions
regarding the separation of PCTCs. The same forces affecting bead separation will affect
cell separations here with the exception that gravitational acceleration is replaced by
centrifugal acceleration w? r. For the predictions we used the Masliyah relation and took
the relative ratios of blood cell types that typically exist in blood with a hematocrit of
38% and changed the amount of plasma present. We also added a small number of
PCTCs, the number of them being of less importance, but typically some small fraction
of the total white blood cells. Since plasma rises due to displacement by settling cells,
settling velocities are determined relative to the fluid medium using the equation
Vir =Vi(1—a;) —Vja; — Vyay — Vi, where a's are the volume fractions of particles
and V's are settling velocities.
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Fig. 5 shows the model predictions. In blood cell separation, the previous 3 regions of
bead suspension density can be replaced by percent hematocrit. The first region of dilute
suspension density or in this case lower HCT shows the same pattern as discussed
previously, where all particles separate according to their diameter, with PCTCs having a
diameter of 3.75E-3 cm, white blood cells a diameter of 1.50E-3 cm, red blood cells a
diameter of 5.40E-4 cm, and platelets a diameter of 2.50E-4 cm. The second and third
regions show the same behavior as with the beads with the exception that the smaller red
blood cell are predicted to have settling velocities surpassing those for all other cells after
about 30% hematocrit. This behavior will be present in human blood, as red blood cells
tend to coalesce and form aggregates called rouleaux. Theses rouleaux are so large that
the gravitational force will dominate over drag forces.

Relative Settling Velocity vs. HCT - Human Blood
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Figure 5. Predicted settling velocities of blood cells and PCTCs.

Assessment

Assessment in our fluid mechanics and heat transfer class is ongoing, where we have
already given pre- and take-home-quizzes and plan to implement a post-assessment quiz
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near the semester’s end. Relative gains in understanding of the sedimentation concepts
will be assessed and presented at the ASEE Annual Conference.

Conclusion

The cell separation DLM device is a user friendly, rechargeable and portable learning
device. It could be used to teach and show engineering students cell separation concepts.
The device could be easily altered to teach fluid mechanics in a packed bed configuration
or one with flow past immersed objects just by changing bead types. In this regard, we
recommend the use of this device for teaching cell separation concepts.
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