SENIOR CAPSTONE REPORT

MICROFLUIDIC DEVICES FOR THE
ISOLATION AND
CHARACTERIZATION OF
CIRCULATING TUMOR CELLS
SUBMITTED TO:
Doug May and Dr. Yitshak Zohar
SUBMISSION DATE:
May 7, 2014
TEAM 1346:
Chi Chan Michael Binkley
Crystal Li Chloe Loveridge
Cody Petrie Andrew Trickey-Glassman

ABSTRACT:
Circulating tumor cells (CTCs) are cancerous cells that circulate in the vasculature. After
originating in a primary tumor, the cells metastasize and are delivered via the
bloodstream to secondary locations, increasing the risk of fatality in patients. Capturing
and isolating CTCs provides a less invasive diagnostic alternative to surgery. This work
focuses on the creation of a multi-channel microfluidic device capable of separating
target cells from non-target cells while maintaining cell viability. The capability of intrachannel cell transfer from branch to branch was proven. In addition, the attachment
and detachment flow rates used in the channel have been shown to be consistent with
experimental data. Data collected suggests that a device incorporating a multi-channel Y
design is capable of providing increased specificity and selectivity for CTCs over
previous straight channel designs.
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1.0 INTRODUCTION
1.1 SCOPE OF THE DOCUMENT
The purpose of the this final report is to provide a detailed description of the final design
for the project along with details surrounding the manufacturing, channel assembly and
utilization, and testing of the final design.
In this document, it will include a summary of all the system requirements for the
proposed microfluidic device and describe any changes made to the design since the
critical design review. Then the document will explain the details related to the final
design along with the final testing results. Lastly, we discuss the future applications and
implications from the project.
An overview of the project schedule, risks, and budgetary plans will be included in
appendices section for reference.

1.2 CHANGES MADE SINCE CRITICAL DESIGN REVIEW
Since the Critical Design Review, several changes were made. Most prominently, the
glass substrate of the device was changed to an oxide coated silicon wafer. This was due
to functionalization issues associated with a glass substrate. Antibodies were not capable
of attaching to glass with a high enough density of antibodies that could yield 100%
capture at zero flow rate. The silicon wafer on the other hand proved this capability.
Glass is known to have incorporated dopants on the surface due to the processing of raw
material. Instead, a single crystalline silicon wafer was used (mono-Si) which is grown
pure to prevent the introduction of dopants. Because of this there should be increased
bonding sites. The experimental wafers used were oxidized with a 5300 angstrom layer
beforehand as the team was unable to use the clean room.
Channel functionalization protocol was additionally changed to maximize the amount of
antibodies bound to the surface of the substrate. Initially, plasma treatment was used to
create hydroxyl groups on the oxidized surface but was instead swapped for a .1 M
solution of sulphuric acid incubated for several days. Additionally the 1% solution of
APTES in ethanol used to create the silanol bonds was changed to a 1% (vol/vol)
solution of APTES in acetone that was slowly rocked for 30 minutes. This procedure
should allow for a more even coating of the channel with higher percentage of antibody
attachment.
Additionally, to show the strength of the channel ability to bond to the target cells, the
concentration of anti-Cadherin-11 antibodies was increased from the original amount of
20 ug/mL to 100 ug/mL. This dramatic increase in concentration was to guarantee
needed bonding in channel. All experimental data for binary mixtures shown in ATP 11
ENGR 498A Spring 2014
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were conducted with these CDR changes.
To make the experimental results more relevant, the cell cultures were only used
experimentally (for ATP 11) if the passage number, as known as the generation number,
was less than five to prevent additional changes to the cell lines due to their age or their
culturing technique. To guarantee this, new cell lines were picked up from the Arizona
Cancer Center weekly and delivered to the team's incubator in the Aerospace and
Mechanical Engineering Building.
Additionally, system requirements were changed to 1) be capable of separating target
from non-target cells, 2) maintain cell viability, and 3) reaffirm attachment and
detachment flow rate curves from experimental data.

1.3 PROBLEM STATEMENT
Current microfluidic devices consists of a single channel and are lacking a multiple step
filtration function to isolate and capture CTC’s. Therefore, this project has been
designed to create a device that has the multiple step function so that future researchers
can take this idea and improve the specificity and sensitivity levels for clinics to utilize.

1.4 BACKGROUND INFORMATION
These free flowing cells that have been detached from a primary tumor and circulate
around the cancer patient’s blood This is a process known as metastasis, which causes
the spread of cancer to other distant organs in a patient’s body; this process is one of the
main factors that is responsible for many of the deaths in cancer patients. The detection
and capture of these CTCs can be used as a diagnostic tool for cancer---as opposed to
using an invasive biopsy technique to detect cancer cells---along with characterizing the
cancer’s type and monitoring the progression of the cancer.
Typically, in 1mL of blood from a cancer patient, there are 102 cancer cells, 106 white
blood cells, and 109 red blood cells. This means that the ratio of target to non-target cells
is extremely small. However, specificity can be reached by using antibodies that have
affinity to the specific receptors on the target cells. A microchannel can be coated with
these antibodies and a binary mixture can be introduced. Since the target cells will have
a higher affinity to the antibodies, they can withstand a higher shear stress, and
therefore can stay fixed in a location during an induced flow rate. The non-target cells
will not have an affinity to the antibodies, resulting in those cells being washed away
with a low flow rate. This concept is the basic technique of how affinity-based binding
will be used to capture and isolate the tumor cells from a heterogeneous mixture. As
shown in Figure 1.4.1, the target cells with the needed receptors are able to bind to the
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functionalized surface. The receptor on the surface of the cell binds to the variable
portion of the antibody (the Fab segments which is diagrammed in Figure 1.4.2).
The concept of using microfluidic technology for biomedical applications have become
popular in recent years. Microfluidic systems are systems that utilize small amounts of
fluids for different purposes, including the separation and detection of cancer cells in
patients.

Figure 1.4.1: Visualization of the inside of the microfluidic channel to
demonstrate an affinity based binding system.

Figure 1.4.2: False colored functionalized antibody channel using FITC fluorescent
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antibodies.

Figure 1.4.3: Reference Diagram of an IgG antibody which is basis for the design.
Source: http://www.virology.ws/wp-content/uploads/2009/07/antibody2.jpg

1.5 SCOPE OF THE PROJECT
The project objective is to create, design, and manufacture a two-step filtration
microfluidic device. The device should be able to isolate and capture the circulating
tumor cells (CTC’s) from the non-target cells. The device should be designed in such a
way that the typical clinician can readily use the device in a medical or research setting.
The team shall then test the fabricated device using the ductal carcinomas cell lines, BT20 and MB-231, from breast cancer patients. Team 1346, or the CTCMD team, will also
be responsible for performing a series of tests as outlined in the Acceptance Test Plan to
ensure the microfluidic device performs to a predefined degree and is able to isolate and
capture the CTC’s.

1.6 WHAT THE DEVICE IS EXPECTED TO DO
The device is expected to isolate and capture target circulating tumor cells from a binary
mixture of two forms of CTC’s, while not binding non-target cells.
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1.7 DESCRIPTION OF CUSTOMER
The sponsor for this project is Dr. Yitshak Zohar from the University of Arizona’s
Biomedical Engineering department. After earning his Ph.D. at the University of
Southern California, Dr. Zohar began working with microfluidic device and has
developed novel techniques for antibody functionalization of these devices. For the past
few years, Dr. Zohar has worked with undergraduates as well as graduate students on
research relating to how circulating tumor cells can be isolated from a heterogeneous
mixture using microdevices and affinity-based adhesion. He was able to capture cells
with his single channel design, but was unable to achieve the desired sensitivity and
specificity.
The end user of our device will be researchers or lab technicians that want to isolate
CTCs from a blood sample or a binary mixture in order to characterize them.

2.0 SYSTEM REQUIREMENTS
System requirements were established using information provided by the sponsor,
Dr.Yitshak Zohar, as well as specifications outlined by the team. The final list of
requirements was discussed with and approved by Dr. Zohar. These requirements
guided the design process and narrowed the scope of the project. They provided a basis
for the development of acceptance test plans that ensure the project fulfills the
expectations of the sponsor and the team.

2.1 FUNCTIONAL REQUIREMENTS
These functional requirements will describe what the product should be able to do and
includes:
100’s Functional Requirements
100 System shall be able to test 1 mL of sample in given time
101
System shall be scalable
102 System will separate CTCs from non-target cells
103 Mixture shall contain a minimum of one non-target cell to be
separated
104 Channel shall be thin enough that cells can be counted using lab
microscope
105 System shall be able to be operated in a laboratory setting
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2.2 TECHNOLOGICAL REQUIREMENTS
The technical requirements specify what technologies will be implemented into the
system to achieve required goals.
200’s Technological Requirements
200 System shall contain two antibody channels
201 System shall contain an outlet for waste
202 System shall contain an outlet for CTC capture
203 System shall be able to operate at high and low flow rates
204 System shall be able to detach captured CTCs
205 Cell line shall be compatible with known antibody
206 CTCs shall be able to bind to both series of antibodies

2.3 PERFOMANCE REQUIREMENTS
These requirements are a combination of the functional and technological requirements
that are specified by the sponsor and the team as benchmarks for basic operation.
300’s Performance Requirements
300 System shall be able to separate target cells from non-target cells
301 System shall not alter CTC behavior after separation
302 System shall run without introduction of contaminants at any stage

2.4 SAFETY REQUIREMENTS
The included list is the minimum safety precautions that must be taken by the team and
all end users in order to ensure a proper and safe handling of the device.
400’s Safety Requirements
400 System should be operable with basic lab skills
401 System needs operator to be Lab Chemical Safety Trained
402 System needs operator to be Blood Borne Pathogens Trained
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2.5 NON-TECHNICAL REQUIREMENTS
Below are the requirements that detail the additional wishes (both quantifiable and
qualitative measures) to improve on the existing design.
500’s Ilities Requirements
500 System production shall be affordable
501 System shall be run at a low cost
502 System shall be easily maintained and tested for functionality
503 Device shall be user friendly
504 Device shall be easily reproducible
505 Device shall be able to perform without leaking or damage

2.6 EVIRONMENTAL CONSTRAINTS
These requirements detail the needed environmental and lab conditions that must be
maintained for basic channel usage and storage.
600’s Environment and Constraints
600 Cell capture shall take place in under two hours
601 Cells will need to stay viable in oxygen environment for 2 hours
602 System will need to operate at temperature between 21C and 26C
603 Target and non-target cells shall be similar in size
604 CTCs shall be marked with fluorescent label

2.7 TRADE-OFF REQUIREMENTS
In order to ensure that the device’s most important goals are met, a system of trade-offs
have be implemented during the design phase. The below list are the qualitative
requirements that ranks the importance of the team’s goals in order to prioritize above
requirements.
700’s Trade-off Requirements
700 Single channel design is less vital than meeting performance
requirements
701 Antibody specificity is less vital than the cost of antibodies
702 Throughput is less vital than performance criteria
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703

Cost of CTC is more vital than type of CTC used

In order to prioritize the intangible and non-monetary trade-off requirements, the
below table of values was created to rank importance. The second column is a rank of
the importance of the system preference as they rate to the project on a scale of 1-7, with
one being the most important and seven being the least important. The third column is
the relative experimental cost to the team to meet that objective with 1 being the most
expensive and seven the least expensive. The final column is the comparative analysis,
which is the sum of the second and third column and will dictate the most important
parts of the channel design. The lower the comparative analysis score, the more vital it is
to the overall project. It can be seen the most important part of the channel design is
cost and the least important parts are the throughput, cancer type, and antibody type.
The reason why the cancer type and antibody type are the least relevant is that the
technology implemented should in theory be able to work with any coupled type of
antibody and cancer lines.

Figure 2.7.1: Trade-off requirements table

3.0 SUMMARY OF PDR RESULTS
3.1 SUMMARY OF THREE DESIGN OPTIONS
In the presentation of the preliminary design review for this project, three different
design options were discussed.
The first design, designated Design 1, consisted of two individual, straight channels. The
dimensions of these channels are 1 mm in width, 100 μm in height, and 30 mm in
length. These channels would each be functionalized with antibodies using protocols
already in place. The binary solution containing target cells and non-target cells would
be driven through the first channel at a low attachment flow rate. Then, the detachment
flow rate for non-target cells would be driven through the channel. At this point, waste
from the first two washes would be collected and discarded. A higher detachment flow
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rate for the target cells would be driven through the channel as the last step of the first
stage of the process, and the target cells would be collected. These target cells, along
with whatever else came out of the first stage with them, would then be introduced to
the second channel at an attachment flow rate, starting the same process as stage one
over again. This procedure satisfies the requirement of two stage filtration.

Figure 3.1.1: Design 1
The second design, designated Design 2, consisted of two straight channels connected
by a small channel with a valve to control flow between the two channels. Each channel
would have its own inlet and outlet in order to dispose of waste. This would also allow
functionalization using the protocols already in place. After functionalization, the binary
solution would be driven through at an attachment flow rate. The same procedure as in
stage one of Design 1 would be used, except the user would also need to make sure that
the valve between the two channels is closed for the whole process. Also, the target cells
would not be removed from the channel after the detachment flow rate was driven
through. Instead, once the non-target cells are removed through the outlet, the outlet
would be plugged, and the valve would be opened so the target cell detachment flow rate
could be driven through until target cells entered the second channel. At this point, the
valve would be closed, and the same procedure as in stage one would be run in channel
2 using the inlet and outlet on channel 2. The only difference is that at the end of the
procedure, when the target cells are being flushed out with a detachment flow rate, we
will be collecting them in a receptacle.
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Figure 3.1.2: Design 2
The third design, designated Design 3, was a trifurcated channel. The entrance channel
and one of the three branch channels would be functionalized with antibodies. The
binary solution would be driven through the entrance channel through one of the nonfunctionalized channels at an attachment flow rate, and the waste solution would be
collected as waste. Throughout the stage just described, all of the outlets will be capped
except for the outlet on the channel that is being used. The detachment flow rate for
non-target cells will then be driven through the entrance channel and out through
another channel that is not coated with antibodies. This is also removed as waste. There
is then a detachment flow rate driven through the entrance channel to move the target
calls from the entrance channel to the second channel that is coated with antibodies,
and the process happens again just like it does in one of the single channels from Design
1.
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Figure 3.1.3: Design 3
In order to determine which of the three designs would best serve the purposes of the
project, an evaluation table was created to compare the details of each design. There
were many categories in which each design met each requirement. It was only in the
category of “-ilities” that the extent to which each design met each requirement varied.
Affordability covers the costs of production and therefore the price of the device if it
were to be on the market. Operating costs refer to the costs related to using the device
after it has already been produced. Reliability has to do with the device working in the
same manner each time it is used. Ease of use refers to how easily a clinician or other
user could run the device without mistakes. In the ease of production category, the
designs were compared based on how difficult production itself is. Another category
compared how easily the device would be damaged during use, with damage referring to
leaking or any kind of malfunction not having to do with user error. Finally, a category
was added that compared how much background research has been done on the specific
features of each design. For each category, each design was given a rating from 1 to 10
with 10 being the best score. Each category was also given a weight so that the weights
added up to 1 when all the categories were totaled. These weights were multiplied by the
individual scores earned by each design, and then those products were added up across
all categories for each design giving a final score for each design. It ended up that the
two-channel design had the highest score, followed by the forked design. It was decided
that the forked design would be the one to move forward with because even though the
two-channel design would most likely work, the forked design offered more of a
challenge and did not require the removal of cells from the device in between filtration
stages.
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3.2 SUMMARY OF CDR RESULTS
The final design of the device is a polydimethylsiloxane (PDMS) based microfluidic
device in the shape of a “Y”. The Y was chosen due to the ability to utilize two different
antibodies - one in each fork of the device. Once the cells are introduced, one stage of
filtration happens in the first fork. In this step, the flow rate is varied to selectively
detach non-target cells. These cells are collected as waste through the second inlet. A
higher detachment flow rate is used to detach target cells, which are collected back in a
pipette in the second inlet and then reintroduced into the second fork, where the same
filtration happens again. Please see Figure 3.0.1 for reference.

Figure 3.2.1: Device labels
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Figure 3.2.2: Cross section of channel
The channel is 1.2 mm wide and 0.1 mm in height. The height was chosen based on the
size of the cancer cells. Cancer cells are typically between 10 and 20 µm in diameter.
The height was made to be about 5 times this size, so as to avoid clogging. The width is
based on the size of the tubing. The tubing is 1mm in diameter, so the channel was
made to be 1.2 mm in order to provide breathing room for manufacturing purposes.

4.0 TOP-LEVEL DESIGN OF FINAL DESIGN CONCEPT
The system consists of the device itself, tubing, adapters, syringes, a pipette, and syringe
pumps.

Figure 4.0.1: Sample setup of device with pumps
The pipette is used to introduce and collect the sample. It is attached to the device
through the use of adapters. Adapters are short segments of tubing that are encased in
ENGR 498A Spring 2014
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PDMS, as shown in Figure 2.7.4. They are plasma bonded onto holes previously
punched in the channel, and serve as a means of connecting the different components to
the channel (i.e. syringes, tubing, pipette, etc.). Syringe pumps are programmable
pumps that apply particular flow rates in the device, and are connected to the device
through adapters and tubing.

Figure 4.0.2: Side view of channel

4.1 FORK AREA
The fork area is where the entrance channel splits into channels 1 and 2. Since cells
collect in the funnel between stages, the angles of the two branching channels are
allowed to be small. This makes for easier manufacturing, as the area used by the device
is reduced. As a result, a standard glass microscope slide can be used as the base of the
device. Although it provides many benefits, it is still the point where the biggest
problems can occur. When one of the branching channels is closed and cells are flowed
into the opposite channel, vortices are created in the closed channel. Cells can be
trapped in these vortices, affecting the performance of the device.
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Figure 4.0.3: Flow pattern within the Design Y channel

4.2 TUBING AND ADAPTERS
The tubing and adapters are the means by which all components are attached to the
device. The adapters are small plastic pieces (polypropylene, Eldon James) that are
cured in PDMS and then plasma bonded over the holes punched in the microdevice.
The PVC tubing is connected to the adapter and syringe or funnel, and serve as a
“bridge” to the device.

Figure 4.0.4: Sample device adapter

4.3 SYRINGE AND SYRINGE PUMP
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Syringes (Benson and Dickinson) are placed in syringe pumps and attached to the
device. The syringe pumps serve as the main point of operation of the whole system.
The pumps (Harvard Apparatus) are operated by a touchscreen user interface controlled
by the operator or technician performing the cell capture.

Figure 4.0.5: Sample syringe

4.4 DESIGN ANALYSIS
Flow in the channel is due to a drop in pressure created by the syringe pumps, and is
modelled by the following equation:

where:
Q= volumetric flow rate
H= height of channel
µ= dynamic viscosity
L= length of channel
∆P= pressure drop
W= width of channel
When choosing the dimensions of the channel, several considerations had to be taken
into account. First was the size of the cells. The cells are 10-20 µm in diameter, which
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means the height of the channel has to be taller than that to avoid clogging.
Accordingly, the height was chosen to be 100 µm. This is about five times the size of the
cells. The width needed only be about the size of the adapter openings, at 1.2 mm. Since
the cells do not move in the lateral direction of the channel, making the channel any
wider would serve no purpose. The length was chosen in order to make an aspect ratio
of over 20. The final design length is 30 mm. An aspect ratio of over 20 allows for the
assumption of fully developed flow. Fully developed flow means the velocity profile of
the fluid does not change with its axial position x in the channel. This simplified other
calculations involving velocity of the fluid.
Another design consideration was the distance for the cells to settle onto the channel.
When the cells are introduced, they originate at the top of the channel (y=H). They flow
in the axial direction of the channel as a result of the pressure drop created by the
syringe pumps. They also flow downward in the vertical y direction as a result of
gravity. Due to drag created by the fluid, the acceleration of the cell is not constant.
After a certain time the cell will reach a maximum velocity - the sedimentation velocity.
On average, in water this velocity is 7.4 µm/s. With sedimentation velocity known, it is
possible to calculate how far down the channel the cells will settle. For simplicity’s sake,
a preliminary approximation was done. By assuming the cell has already reached
sedimentation velocity at the top of the channel, a simple estimation can be made.
Starting with the definition of volumetric flow rate:
Q = (average velocity) (cross sectional area) = V (WH)
With Q, H, and W known, we can solve for average velocity of the fluid in the axial
direction of the channel, V. If we multiply this by the time it takes for the cell to settle,
we can find out the distance it takes for the cells to reach the channel surface.
time = (channel height)/ (sedimentation velocity)
Multiplying by the average velocity term we already found, we get:

Plugging in values we obtain a distance of 965.25 µm, which is just under 1 mm. This is
far smaller than the length needed for an aspect ratio of 20, so exact calculations are not
necessary. Since the cells are so close to the channel entrance, an extra syringe pump
was added before the inlet funnel in order for cells to attach farther down the channel.

4.5 ATTACHMENT PROFILE
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In order to find the optimal flow rate for the attachment of MDA-MB-231 cells to antiCadherin-11 antibodies, a graph was constructed based on experimentation done with
varying flow rates and observation of attachment rates of MDA-MB-231 and BT-20 cells.
An attachment ratio equation is then developed:

In this equation:
αA = the ratio of the number of cells attached to the number of cells that were
loaded into the system
QC = characteristic flow rate (discussed below)
Q = flow rate in channel
B = derived constant
A = maximum ratio of captured cells (in this case is 1)
The attachment ratio equation contains the QC variable, which is representative of an
equation that describes the characteristic flow rate based on the antibodies in the
channel.

In this equation:
Qc= Characteristic flow rate
NL= Number of ligands on the cell surface
NLC= Number of ligands to normalize data
σL= Statistical distribution constant
NR= Number of receptors on cell
NRC= Characteristic receptor number
σR= Statistical distribution constant
This equation above is a function of the number of ligands on the surface of the channel,
the number of receptors on each ligand, and the statistical distribution of the ligands
and receptors, and serves as the QC value in the first equation. The characteristic flow
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rate equation is where the characteristics of the antibodies themselves are taken in to
account.
As seen in the figure below, MDA-MB-231 has a higher attachment ratio than BT-20
because of its greater affinity for anti-Cadherin-11 antibodies. The flow rate at the grey
dotted line is the optimal flow rate for attaching as many of the target cells, MBA-MB231, as possible while attaching as little of the non-target cells, BT-20, as possible. This
optimal flow rate was found to be .59 uL/min.

Figure 4.5.1: Attachment profile for the cells and antibodies

4.6 DETACHMENT PROFILE
The detachment profile is the analog to the attachment profile. The information was
collected from experiments using differing flow rates while observing the number or
cells of each type that are washed out of the channel at each flow rate until all of the cells
are gone from the channel. These experiments are plotted on the graph below. On the
graph, BT-20 is detached at a lot lower flow rate than the MDA-MB-231. The grey dotted
line on the detachment profile graph is at a flow rate of 0.42 mL/min, which
corresponds to a flow rate that will detach as little of the target cells as possible while
removing a large amount of the non-target cells. Based on the graph, at the flow rate of
0.42 mL/min there is about 87% of the non-target cells removed and only about 12% of
the target cells removed. The equation for the detachment ratios is:
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Where:
αD = is the detachment ratio defined as the number of cells detached over
the total number of cells attached
Q=applied flow rate
QC = characteristic flow rate
σL = statistical distribution constant
This equation describes the curves below and can be derived from the experimentation
mentioned above. From these figures we know that the device will not have a 100%
capture rate, but that with the right flow rates and the two-stage filtration process, it can
come close.

Figure 4.6.1: Detachment profile for the cells and antibodies

4.7 DEVICE FABRICATION
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The device is made through utilization of a molding technique. A positive aluminum
mold is cleaned with compressed air in order to remove any particulate that may be
present on the mold surface. PDMS is mixed with a curing agent at a 10:1 ratio. This
solution is poured onto the mold and placed in a vacuum to remove any bubbles that
may be present. After 1 hr, the PDMS laden mold is removed from the vacuum, covered,
levelled, and allowed to cure for 48 hr.

Figure 4.7.1: Final design mold
Next, the device is cut from the mold using a scalpel. Holes are punched out at locations
of the inlets and funnels. The device is plasma treated and bonded to a glass microscope
slide. Adapters are cured in PDMS and plasma bonded over the holes. Tubing is cut to
the desired length and attached to the adapters. Lastly, syringes and the funnel are
connected to the tubing.
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4.8 CHANNEL FUNCTIONALIZATION PROCESS

Figure 4.7.2: Channel Functionalization Process
The process of channel functionalization begins with the glass slide (silicon dioxide
molecules) being exposed to plasma. The plasma will create a layer of -OH molecules to
form on the surface. This reactive surface will allow for chemical reactions that will
eventually result in the formation of an antibody functionalized channel. After the
plasma treatment for 5 minutes at 1000 mTorr, the surface is washed with 1% (vol/vol)
APTES in 100% ethanol to silanate the hydroxl groups. The channel is cleared with two
additional washes with pure ethanol. The created molecule will serve as the backbone of
the additional biological molecules.
To remove any H2O molecules that have formed in the channel, the entire channel will
be heated to 110oC for 10 minutes. All temperatures will be taken off the glass to ensure
correct reading.
When it has finished heating the channel will be flushed with 1X PBS solution. The next
step is the wash of 5% (vol/vol) Glutaraldehyde (diluted in 1xCMF-PBS buffer solution),
which will cleave off the hydrogens and form three adjacent Si-O bonds on the surface.
This will produce a Schiff-base reaction that will create an open C=O on the molecule.
The glutaraldehyde will be left in the channel overnight to ensure the maximum amount
of reactions take place. Additional wet Kimwipes will be placed in the petri dish to allow
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for a humid environment, preventing the glutaraldehyde from evaporating.
The following day, three additional washes of PBS will be done. After the third wash is
complete, a solution of recombinant protein G (Invitrogen Inc.) will be placed into the
channel for 3 hours. This incubation will allow for the antibodies to orient correctly on
the surface of the channel to maximize binding locations.
Two additional washes of PBS will be completed after the three hours. Bovine serum
albumin (2 mg/mL in 1xCMF-PBS) will be introduced to the channel to bind and cover
any additional silanol sites. Once the basic structure has been created in the channel, the
solution of antibodies can be introduced. One wash of anti-Cadherin-11 antibodies (R
and D Systems Inc.) at a concentration of 20 ug/mL in 1xCMF-PBS will be put into the
channel and store for 40 minutes. After the allotted time, a wash of PBS can be done and
the channel is ready for experimentation.

5.0 SUBSYSTEM/ SUB-ASSEMBLY AND INTERFACE
DESIGN
The most significant subsystem of the design is the use of two pumps. When
introducing cells to the channel, an additional flow component is needed to cause the
cells to move along the channel. This is necessary, as it allows for easier attachment
quantification. The cells are easier for the operator to see when they are farther down
the channel. One pump is used to withdraw the fluid into the device, and dictates the
actual flow rate experienced in the channel. Another pumps infuses. By conservation of
mass, the flow rate out of the cell containing pipette is equal to the difference of these
pump flow rates. The pumps are operated through a touchscreen user interface. Below
is an example of how the pumps can be programmed to fit the criteria for the desired
experiment. The experiment shown is using two pumps, one at Inlet 1 and one at Fork 1.
When the number is negative, it means that the pump is withdrawing liquid. When the
number is positive, it means the pump is infusing liquid. During the steps with zero flow
rate, the pump is programmed to have a 1 minute pause so that the user can have time
to remove the non-target cells from the device. From Step 1-6, there is no flow rate in
Fork 2 because that inlet is blocked in order for all the flow to travel to Fork 1. The
opposite occurs from Step 7-12. This process is part of our microdevice “Y” design,
which is explained in more detail in Section 3.
Inlet 1
Inlet 2
Fork 1
Fork 2
Time
Step # Description Flow rates Flow rates Flow rates Flow rates Volume (min)

1
2
3

Attachment
Remove NT
Collect NT
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0.22
ul/min
0
0

0.22 ul/min
-5 ul/min
remove 10ul

-0.44
ul/min
5 ul/min
0

0
0
0

10ul
10ul
-

45.45
2.00
1.00
27

1346-Microfluidic Devices for the Isolation and Characterization of Circulating Tumor Cells

4
5
6
7
8
9
10
11
12

Detachment
of NT
Collect NT
Detachment
of T
Attachment
Remove NT
Collect NT
Detachment
of NT
Collect NT
Detachment
of T

0
0
0
0.22
ul/min
0
0
0
0
0

-0.36
mL/min
remove 10ul
-1.68
mL/min

0.36
mL/min
0
1.68
mL/min

0.22 ul/min
-5 ul/min
remove 10ul
-0.36
mL/min
remove 10ul
-1.68
mL/min

0
0
0
0
0
0

0
0

10ul
-

0.03
1.00

0
-0.44
ul/min
5 ul/min
0
0.36
mL/min
0
1.68
mL/min

10ul

0.01

10ul
10ul
-

45.45
2.00
1.00

10ul
-

0.03
1.00

10ul
0.01
Total
Time: 98.98

Table 5.0.1: Flow rates for each process

Figure 5.0.2: Flow rates at the inlets and outlets
The adapter subsystem is another major component of the final design. Before the
channel is plasma bonded onto the silicon substrate, holes are punched at each location
in which there is to be attachment of a flow component such as a syringe for example.
The adapter is lined up with this hole and plasma bonded onto the device. This creates a
water tight seal.
The silicon substrate is cut from a silicon wafer (done at the University of Arizona
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Nano/Micro Fabrication Center) and is plasma bonded onto the PDMS channel. This is
shown in Figure 3.0.1.

6.0 DEVELOPMENT PLAN AND IMPLEMENTATION
The development plan laid out in the CDR report was the Acceptance Test Plan. This
consisted of 11 different milestones put in place in order to track the progress of our
experiments and prove concepts along the way.

Figure 6.0.1: Summary of the ATP
The first 6 tests were completed in a timely fashion. The functionalization process ran
into some issues along the way, but they were mostly due to the need to perfect the lab
techniques necessary for functionalization. Steps 9 and 10 also required more time than
was allotted. The binary cell mixture was not successful in the first few trials because of
the concentrations and the types of media used. The quantification of results, test group
number 10, required staining the cells in different fluorescent colors. This staining
technique had not been used before, so some time had to be devoted to developing and
practicing a cell staining technique. The cellular attachment and detachment was
started, but the curves were never fully proven because of the last minute switch of
substrate from glass to silicon. There was not enough time to gather all of the data
points necessary. Along the way, there were different components of other experiments
that halted forward progress. The introduction and collection of cells into and out of the
Y device took weeks to perfect. Other issues included inadequate adapters and binding
of cells to substrate when the surface was not functionalized that contributed to the lack
of success of the experiments. All of the necessary experiments have now been
completed in order to prove the concept of test group 11, but there was not an
opportunity to run this full experiment with reliable results.
Below is a photograph of the final product, not connected to the pumps for actual use.
More images are included in the following section. In this image, both types of adaptors
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are visible. The three on each of the ends are made of purely tubing and PDMS while the
adapter in the center is made of PDMS and a hard plastic tip used to connect tubing
together. The substrate is silicon and the channel is formed from the PDMS from the
aluminum mold discussed in the next section. At some point during the process, pumps
are connected to the three end adapters, and the cells are introduced and captured
through the center inlet.

Figure 6.0.2: Final Device

7.0 ACCEPTANCE TEST PLAN RESULTS
The overall design of the ATP is to show that the channel fabrication from raw materials
to final functionalized channel was successful. The initial ATP experiments 1-3 deal with
the manufacturing of the channel, ATP 4-8 and ATP 9-10 deal with the biological and
chemical aspects of channel functionalization. The final ATP 11 test is to check and see if
the two phase loading into the Y Channel Device is possible and can be implemented to
create another stage of filtration to improve on the specificity and selectivity of the
affinity based binding system.

Acceptance Test Plan Number

Status

1: Proper Channel Fabrication Method

Completed

2. Channel Leak Test

Completed

3. Channel Max Pressure Test

Completed

4. Cell Culturing Technique

Completed
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5. Functionalization of Channel

Completed

6. Differential Functionalization of
Channel

Completed

7. Cellular Attachment

Not Quantified

8. Cellular Detachment

Not Quantified

9. Binary Mixture Creation

Completed

10. Quantification

Completed

11. Experimental Separation of T from NT

Failed

Figure 7.0.1: Summary of the ATP Experimental results.

7.1 ATP 1
ATP 1 was the production of a PDMS channel from the curing agent and silicone
elastomer precursor. Following the protocol listed in Appendix D.1.1, the team was able
to produce the silicone base mold after 3 days of curing. After bonding the channel was
placed on glass substrate

Figure 7.1.1: Cured silicon on Aluminum Y Channel and Straight Channel Mold
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Figure 7.1.2: Cured silicon on silicon Y Channel
Multiple channels were successfully bonding to glass substrate and silicon
substrate after curing. Process was maximized and detailed in Appendix D.1.2.
Documentation is shown in the ATP hard copy report.

7.2 ATP 2
To determine if the channels were properly bonded to the substrates, a pressure
test was conducted in the bonded channels. The channels were connected to the
pumping apparatus and run at a low flow rate (3 uL/min) for ~5 minutes. The channels
were checked visually to see if fluid accumulated on the outside of the channel. If this
occurs, then the channel was not properly bonded.
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Figure 7.2.1: Pumping set up used for pressure tests.
Several tests were conducted on the channels and majority of devices passed
inspection. Channels that had leaks were not used for experimentation and rebonded
allowing a more efficient use of materials. This test was conducted for both the ATP tests
and was incorporated as a quality control for all channels involved in the
experimentation. Documentation is shown in the ATP hard copy report.

7.3 ATP 3
Primary function of this ATP 3 was to test the limits of the PDMS to substrate
volumes. The maximum flow rate the channels will be subjected to was 1.7 mL/min. To
determine if the bonding could withstand these pressures, ATP 3 ran deionized water
through the system using the set up show in Figure 7.2.1. Properly bonded channels that
passed ATP 2 were able to pass ATP 3 with no exception. This test was done on all
channels as proof of quality control before the functionalization of the channels, as to
minimize the loss of reagents and antibodies. Documentation is shown in the ATP hard
copy report.
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Figure 7.3.1: Leak tested straight channel on silicon substrate.

7.4 ATP 4
To guarantee that the cells that are to be experimentally used are viable, a set of
culturing plans were set up for the two lines. ATP 4 was proof that a cell culture received
from Dr. Joyce Schroeder's lab in the Arizona Cancer Center could be cultured within
the lab to passage confluency, split, and then regrown to experimental confluency.
Passaging occurs when the cells occupy roughly 70% of the space (space occupied by
cells divided by total area). After the passage, the cells will remain in suspension and
should have a confluency of greater than 25% to prevent population death. To show that
the protocol was successful, two cultures of MB-231 cells were followed during their
culture process within the lab and the documentation and photographs are shown
below.

Figure 7.4.1: Dish 1 Pre-Passage at 90% Confluency
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Figure 7.4.2: Dish 2 Pre-Passage at 85% Confluency

Figure 7.4.3: Dish 1 Post-Passage in solution

Figure 7.4.4: Dish 2 Post-Passage in solution
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Figure 7.4.5: Dish 1 after 24 hours of incubation. 35% Confluency

Figure 7.4.6: Dish 2 after 24 hours of incubation. 40% Confluency

Figure 7.4.7: Dish 1 after 72 hours of incubation. 80% confluency
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Figure 7.4.8: Dish 2 after 72 hours of incubation. 90% Confluency
It can be seen from the photographs that the cell cultures were able to be taken from
high confluency from the Cancer Center and then incubated with no issues of population
death, media change problems, or with contamination. Since the cells in the final culture
appear to be adhered properly and have the correct shape, there was no alteration to the
cellular structure during the course of the incubation. With this demonstrated, there is
faith that the cellular protocols for media change and cellular passaging are correct and
therefore was used for the remainder of the experimentation.

7.5 ATP 5
To determine whether the protocol for functionalization was proper, FITC fluorescent
antibodies were utilized instead of the experimental EpCAM antibodies. These
antibodies have fluorescent wavelengths that can be looked at through the microscope.
Using the protocol that is detail in Appendix D.2, the surface was treated through the
APTES, glutaraldehyde, and protein G stages. From here the surface was functionalized
with the FITC antibodies. Images were taken with the channels that were filled with the
antibodies before and after a flush with 1xCMF-PBS. The presence of fluorescence after
the wash indicted that the protocol was able to bind the antibodies onto the surface with
enough strength to withstand a washing using a hand pipette.
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Figure 7.5.1: Channel 1 loaded with FITC antibodies pre-wash. Image produced from
intensity scan.

Figure 7.5.2: Channel 2 loaded with FITC antibodies pre-wash. Image produced from
intensity scan.

Figure 7.5.3: Channel 1 post wash with artificially added color using ImageJ software
to simulate fluorescence.
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Figure 7.5.4: Channel 2 post wash with artificially added color using ImageJ software
to simulate fluorescence.
To confirm that the coating was even, a line scan of the intensity was conducted along
the channel.

Figure 7.5.5: Resulting line scan of post and pre-wash channel
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Figure 7.5.6: Additional line scan data from separate channel.
It can be seen that the fluorescence is contained entirely to the channel and that inside
the channel it is uniform in coating as the data levels off. This is vital as it means the
biochemical process did not result in biased surface coating due to flow fields and flow
rates.

7.6 ATP 6
One of the novel techniques that was created for the channel was the idea that each leg
of the Y Channel could be functionalized with either the same antibody or two different
ones. Since the ultimate goal is to create a device that is able to do two stage filtration,
two series of antibodies is critical to the design.
To show that the legs of the channel could be functionalized while the stalk remained
unfunctionalized, two different antibodies were run through the device. The antibodies
were fluorescent with two different excitation and emission wavelengths.
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Figure 7.6.1: Leg 1 of a differentially functionalized Y Channel using FITC antibodies.

Figure 7.6.2: Leg 2 of a differentially functionalized Y Channel with red fluorescing
antibody.

Figure 7.6.3: Junction of the legs of the Y channel.
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By visual inspection it was seen that each leg was able to be functionalized with a
different antibody. It was also show that at the junction, there was minimal overlap
between the two different antibodies showcasing that each can be treated as a separate
entity. While the experimental protocol for ATP 11 doesn't require two different
antibodies, it shows that the channel can be differentially functionalized.

7.7 ATP 7
Due to issues with the substrate and time constraints, the full attachment profile of the
cells could not be created experimentally. The theoretical curves were created using the
given information of the cell lines, channel dimensions, and antibody affinity. Initial
results from glass slides as a substrates showed poor cellular attachment, hypothetically
due to dopants in the glass causing poor bonding. To confirm this, two zero flow rate
experiments were conducted in glass straight functionalized channels.

Trial 1

Trial 2

N0=1460

N0=1993

NF=379

NF=458

Trial %=26%

Trial %=23%

Figure 7.7.1: Zero flow rate experimental results from glass substrate
It can be seen form the data that even at a no flow rate condition with thirty minutes of
incubation the highest achieved attachment was 26% though theoretically it should have
produced 100% attachment. In order to improve upon this attachment and met the
hypothetical curve, the substrate was changed to mono-Si (single silicon crystal wafer)
as this has a higher purity with no dopants.
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Figure 7.7.2: Theoretical attachment profile of MB-231
and BT-20 cells coupled with anti-Cadherin-11 antibodies
Though a curve could not be fully produced, several no flow rate tests were conducted.
These experiments entailed the injection of cells (1000 cells/uL) into the functionalized
channel to allow for ligand-receptor interaction. The channels were incubated for 30
minutes to maximize bonding and then a low flow rate of 1 uL/min was run through the
channel to determine whether or not the cells bonding to the substrate or not. Three
tests were conducted on functionalized silicon wafers to show substrate binding ability
and then two tests were conducted within silicon substrate channels to show that it
translated over to microdevices.

Trial 1

Trial 2

Trial 3

N0=1878

N0=1678

N0=1513

NF=1814

NF=1536

NF=1513

Trial %=97%

Trial %=92%

Trial %=100%

Figure 7.7.3: Zero flow rate experimental results from silicon substrate
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Figure 7.7.4: Zero flow rate wafer slide pre-wash

Figure 7.7.5: Zero flow rate wafer slide post-wash
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Figure 7.7.6: Mono-Si wafer chips used for zero flow rate analysis. The surface is
oxidized to 5300 angstroms
It can be seen from the data that for all three of the trials, the bonding of the cells to the
silicon substrate were above 90% showing the effective protocol and antibodies were
utilized. The numbers for Trial 1 and Trial 2 were done off of averages of the cells in the
location before and after a wash was done with 1xCMF-PBS. In Trial 3, the wash of
1xCMF-PBS was done without moving the microscope and it was observed that all the
cells stayed in their location. This produced an attachment of 100% which is the
theoretical max that can be reached with MB-231 cancer cells binding to anti-Cadherin11 antibodies under no flow rate conditions.

7.8 ATP 8
After request from the sponsor, the quantitative aspect of the experiment was no longer
used so the theoretical detachment curve was not utilized in the precision that was
initially intended. During the course of the zero flow rate analysis done on silicon
straight channel from ATP 7, it was found that MB-231 coupled to anti-Cadherin-11
antibodies could withstand flow rates up to 1 mL/min before detachment. This was
utilized during all test conducted in ATP 11. Below is the theoretical detachment curve
given for the dimensions of the Y channel device.
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Figure 7.8.1: Theoretical detachment profile of MB-231
and BT-20 cells coupled with anti-Cadherin-11 antibodies

7.9 ATP 9
To prove the affinity of the substrate, two different cell lines were utilized in the
channels. They are BT-20 and MB-231 and are identical optically. To determine the
effective nature of the channel, the cells had to be fluorescently dyed using the given
protocol listed in Appendix D.7.2. CMFDA green fluorescence was excited with blue
wavelengths of light whereas CMFA orange fluorescence was excited with green
wavelengths. As they have two different excitation spectrums they can be differentiated
within a channel or dish.
While an exact 1:1 ratio of target to non-target cells was achieved, it was unneeded for
the protocol. After dyeing each cell line separately they were added together before they
were experimented on.
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Figure 7.9.1: Mixture of BT-20 cells stained with CMFA and MB-231 stained with
CMFDA in a ratio of 4:1

Figure 7.9.2: BT-20 cells stained with green CMFDA under florescent light. (Intensity
scanned)

Figure 7.9.3: MB-231 cells stained with orange CMFA under florescent light. (Intensity
scanned)
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This technique was used for all binary mixtures that were run through the channel for
ATP 11. Technique proved useful and did not alter the binding of the cells to the
substrates at the given flow rates.

7.10 ATP 10
To quantify the results that were produced from the experimentation, a series of trials
with control samples were run. Since the cellular concentration of the cell solution is
known for the experimentation, the cells could be diluted to the hypothetical cell
concentration of the experiment. Since the experimental solutions would have a
concentration of a thousandth of what can be counted on a cell cytometer, they would
have to be concentrated. This was done using a centrifuge. By centrifuging the cell
experimental mixture for 8 minutes at 3500 RPM’s, the cells would be separated out of
the liquid. The media could be pipetted off and a known concentration could be added
and then counted on the cytometer. Using the data produced from these trials, the
accuracy of the results could be measured before looking at any of the experimental data
that would be produced from the cell introduction experiments.
A cellular solution of concentration 2.0*10^6 cells was prepped. 3 uL of this solution
was added to 1.5 mL of serum free media to bring the concentration to 4 cells/uL which
is the theoretical concentration produced through experimentation.

Trial

Theoretical
Amount

Recovered Amount

Percent
Recovery

1

6080

5950

97.9%

2

6080

5983

98.4%

Figure 7.10.1: Results from quantification experiment.
Since the average recovery rate from the low concentration using the centrifuge
technique was over 98%, it was shown that the team had the ability to calculate the
amount of cells that would be recovered from the channel devices after experimentation
with high precision.

7.11 ATP 11
The experiment detailed in ATP 11 was not conducted due to the issues in cell loading.
Since a protocol couldn’t be created to show that all the cells introduced into the
channels could be manipulated in the Y channel, a new system of experiments were
discussed with Dr. Zohar to show that the two phase filtration concept was practical.
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Since ATP 7 and ATP 8 couldn’t be conducted the data presented below was required to
be qualitative as the attachment and detachment profile could not be verified.
To show the separation and isolation of target from non-target cells in the microfluidic
device, a binary mixture of BT-20 and MB-231 cells were created. The antibody selected
for the channel was anti-Cadherin-11 and the surface selected was oxidized (5300
angstrom) silicon wafer. The channel was subjected to the new functionalization
protocol which included the addition of hydroxl groups by .1 M sulfuric acid. The
solution of APTES was diluted by acetone and incubated under gentle wash to ensure an
even coating over the surface. The cells used in the below two experiments were BT-20,
non-target, at a concentration of 2.7*10^6 cells/mL and dyed with orange CMFDA. The
target cells were MB-231 at a concentration of 1.01*10^6 cells/mL and dyed with green
CMFA.
Trial 1 and 2 were conducted under the same experimental set up with the binary
mixture being introduced into a functionalized straight channel and allowed to incubate
for 30 minutes in a zero flow rate condition. After the allotted time the channel was
imaged to look at the initial cell mixture. The channel was then washed with a .5
mL/min flow rate of serum free EMEM media solution and then imaged. Following that
wash, the flow rate was increased to .75 mL/min and run again. After the final wash the
channel was imaged. The cells were not subjected to a higher flow rate as it was found
during the zero flow rate test on straight channels that MB-231 detaches from antiCadherin-11 antibodies when the flow rate exceeds 1 mL/min.

7.11.1 TRIAL 1 RESULTS
Flow Rate
.05 uL/min
.5 mL/min
.75 mL/min

Observation
No Cells moved
Majority of NT cells left
All NT cells left

Figure 7.11.1: Chart showing general trend of non-target and target cells under varying
flow rates.
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Figure 7.11.2: Binary mixture in channel after 30 minute incubation time with no flow.

Figure 7.11.3: Binary mixture in channel after undergoing .5 mL/min flow of no
additive EMEM media
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Figure 7.11.4: Binary mixture in channel after undergoing .75 mL/min flow of no
additive EMEM media
7.11.2 TRIAL 2 RESULTS

Figure 7.11.5: Binary mixture in channel after 30 minute incubation time with no flow.

ENGR 498A Spring 2014

51

1346-Microfluidic Devices for the Isolation and Characterization of Circulating Tumor Cells

Figure 7.11.6: Binary mixture in channel after undergoing .5 mL/min flow of no
additive EMEM media

Figure 7.11.7: Binary mixture in channel after undergoing .75 mL/min flow of no
additive EMEM media.
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7.11.3 OVERALL BINARY RESULTS

Trial 1 Results

Target Cells

Non-Target

0 uL/min

255

694

.5 mL/min

255

18

.75 mL/min

255

3

Resulting Percents (NF/Ni)

100%

0.432%

Figure 7.11.8: Quantified Binary Results from Trial 1

Trial 2 Results

Target Cells

Non-Target

0 uL/min

103

340

.5 mL/min

103

60

.75 mL/min

103

3

Resulting Percents (NF/Ni)

100%

0.882%

Figure 7.11.9: Quantified Binary Results from Trial 2
It can be seen from the data that the functionalized silicon substrate was effective in
separating the MB-231 cells from the BT-20 cells. Looking at the attachment profiles of
both cell lines with anti-Cadherin-11 antibody from Figure 7.7.2, it can be seen that the
MB-231 have a much higher affinity to the antibody and will only detach under a much
higher flow rate as predicted by the detachment profile show in Figure 7.8.1.
Experimentally, that was already known just by looking at the data produced from the
zero flow rate analysis (that was conducted in ATP 7) to determine the binding ability of
the substrate.
7.11.4 FINAL TESTING RESULTS
While the single channel approach for affinity based binding is well known and
published, the senior design team utilized a forked Y channel for several reasons. The
first is that in theory, a two stage filtration system could be created to allow the
separation of target from non-target cells at two different points. The second is that the
channel can be functionalized with two different antibodies to allow for the separation of
two different types of cells, or to target two different receptors on the same cell.
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ATP 6 was able to show that each leg of the Y channel was able to be functionalized by a
different type of antibody as shown below.

Figure 7.11.10: Schematic of the differential functionalization of the Y channel device.
To expand on the concept and show the potential a two channeled system could have, an
experiment with a binary mixture was run through a functionalized Y channel device.
One leg of the Y channel was functionalized with EpCAM which has a greater affinity for
BT-20 cells whereas the other leg was functionalized with anti-Cadherin-11 which binds
more readily to MB-231. In theory, by running a binary mixture through both legs of the
channel and then slowly increasing the flow rate, each leg would have a concentrated
form of one cell line. The binary mixture used was a ratio of roughly 7:1 of MB-231 cells
to BT-20 cells. The cellular concentration of the MB-231 was 6.5*10^6 cells/mL to the
concentration of 1.3*10^6 cells/mL for BT-20. The BT-20 were stained with green
CMFDA and the MB-231 were stained with orange CMFA. The mixture was injected into
the differentially functionalized Y device and allowed to incubate for thirty minutes. For
the channel that preferentially selected for MB-231, a flow of .75 mL/min was run over
the surface as that was found to work in the binary experimentation detailed in 7.11.2
and 7.11.3. For the channel that had the EpCAM to BT-20 binding, the flow rate was run
and visually monitored until the majority of the non-target cells were removed (MB231). This flow rate was .65 mL/min. Since the exact optimized flow rate was unknown,
many of the target cells were washed away too. Below is the schematic of the results.
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Figure 7.11.11: Results from differential antibody selection in Y channel.
This protocol was effective at selecting for two different cell lines in the same channel.
This can be used for selecting two different receptors on the same cell, running a
mixture with a control group, or for other basic immunological tests such as detecting a
pathogen and the body’s response against it.
While the two phase loading procedure was not shown due to the cell loading issue with
the pumping apparatus, it was shown that the channel can be used for two different
selection stages and that the cells can be moved from one channel to another.
To test out the cell manipulation within the channel, a solution of 3 uL of ~3,600
cells/uL (3.61*10^6 cells/mL) was loaded into the channel. The initial amount was
viewed and then the flow was reversed into the pipette tip. The cells were stored here
and then reintroduced into the second leg of the channel. The cells were then pushed
back into the pipette tip and collected. They were then quantified using the centrifuge
protocol detailed in ATP 10. The channel was imaged on both leg before the wash and
then the collected cells were compared to the initial amount to determine how many
were lost in the pump apparatus during the loading and unloading.
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Figure 7.11.12: Cell solution loaded into the first leg of the Y channel device.

Figure 7.11.13: Cell solution loaded in the second leg of the Y channel device.

Trial 1

Trial 2

Trial 3

% Collected= 88%

% Collected= 72%

% Collected= 87%

Table 7.11.14: Percentage of cells collected in all three trials
Though the team was unable to combine the techniques for loading with the
functionalized surface, it can be seen that the majority of the cells were able to be moved
from channel one to channel two and then loaded back into the pipette tip. Since this is
the basis of the two step loading, the techniques in theory could be combined to create
an integrated loading system in the Y channel to have a two stage filtration of cells. This
would allow multiple stages for selection of the target cells from the non-target cells. It
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would also allow for the cells affinity to be tested multiple times during the detachment
phase. The results were not quantified, but the idea of improving the selectivity and
specificity of cell capture seems plausible using the Y channel device.

8.0 CLOSURE
The progress made in this project proved concepts that can later be combined in order
to produce one device that is capable of two-stage filtration of a blood sample. This
device will be able to capture only tumor cells that are being selected for by the chosen
antibody coatings. We proved that we could manufacture a fork device that could have
high flow rates pumped through it without leaking or damage. We also proved that we
could attach adapters to these devices. On the biological side we proved that both glass
and silicon substrates could be functionalized with antibodies. The fork was proven to
be able to be dual functionalized by showing different colored fluorescence in each fork
of the same device and also showing no overlap in the fluorescent colors. The
standardized curve of flow rates, adjusted for the specific dimensions of our channel,
were proven with variable flow rate analyses on a functionalized surface. We proved that
glass does not make a good substrate and that silicon can attain a 100% attachment rate,
therefore making an acceptable substrate. The differential affinity of the two cell lines,
BT-20 and MB-231, was proven by running a binary mixture over the anti-Cadherin-11
antibody. Almost all of the BT-20 cells were removed, while 100% of the MB-231 cells
remained attached at a flow rate of 0.75 mL/min was used. It was also shown that cells
can successfully be introduced into the Y channel using the protocol in D.3.2, and that
they can be successfully manipulated using protocol D.3.3. In the future, putting the
successes of functionalization together with the successes of manipulation will fulfill the
need for one device that is capable of 2 stage filtration.
During the design process, many different designs were considered for two stage
filtration including connecting two straight channels in series. There were problems
with each of the design options including the need for filters or for a mechanism that
would flip the device completely over. The Y design presented the least challenges while
still incorporating the two stage filtration into one device. Once testing started, the first
challenge was evenly coating the channel in antibodies. This is because there are special
techniques required, and the process takes practice. Once this was overcome, the next
challenge was introduction of cells into the channel. The first issue was that the cells
would not move far enough along the channel from the first inlet in order to be counted.
To solve this problem, the second inlet was incorporated. The second inlet allowed cells
to be introduced into a stream that was already in motion so that the cells would travel
farther before attachment. Another introduction problem was concerning the adapters
that were initially used. During introduction and collection, the original adapters
inhibited flow and trapped cells. This problem was solved by using a different kind of
adapter that did not change diameter. The next problem concerned the introduction
method at the second inlet. There were issues with not all of the cells entering the
channel and cells taking too long to enter channel and clumping. There was not a simple
fix for this problem. Different methods of introduction had to be experimented with,
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using various tools and components, until the protocol in D.3.2 was finally developed
and perfected. On the biological side, there were difficulties with attachment of cells to
the glass slides. Another option of silicon for the substrate was experimented with, and
attachment improved greatly. All of these problems and the experimentation time
required to solve each one eventually created a setback in our time line. For this reason,
there was not enough time to test the whole system, but all of the concepts have been
proven individually. One great success was the budget. There was never a restriction on
our project because of our budget.
As stated earlier, in the future this device, capable of two-stage filtration, will be able to
select circulating tumor cells out of a blood sample in order for those cells to be counted
and characterized. This ability would allow for more personalized medicine in terms of
cancer treatment. The concentration of circulating tumor cells could be related to the
stage of cancer, since more circulating tumor cells would logically mean a later stage
cancer. The ability to characterize the cells would reveal which tissue the cell originated
from. This original tissue would be indicative where the tumor is located. More analyses
on the cells removed from the blood could reveal even more about the cancer, such as an
optimal treatment. This method offers a less invasive alternative to current biopsies, and
has even more potential if more research is completed.
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APPENDIX A: ENGINEERING DRAWINGS

Figure A.1: Final Design. PDMS channel bonded onto silicon substrate. Adapters
bonded over holes, providing access to the channel.

Figure A.2: Straight channel, used for experiments that did not require utilization of
each fork of the Y design.

Figure A.3: Cross section of the channel. Dimensions were chosen based on cell size
and tubing size.
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Figure A.4: Overhead view of channel. Inlets and forks labelled for reference.

Figure A.5: Side view of Y channel, silicon substrate, adapter, and tubing. PDMS
thickness is variable, but is typically about 2mm.
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Figure A.6: Device Fabrication Process. Aluminum mold machined in machine shop
of the University of Arizona.

Figure A.7: Flow schematic of dual pump cell introduction. Infuse and withdraw
flow rates are determined by the syringe pump settings. The difference in these flow
rates dictates the flow rate out of the funnel.
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APPENDIX B. BUDGET AND SUPPLIERS

APPENDIX B.1 BUDGET
Many of the materials that the team needs to test the device are being supplied by the
project’s sponsor, Dr. Zohar, in the one of the University of Arizona Aerospace and
Mechanical Engineering Department’s lab. There are two tables below that provides a
detailed list of the items that the M&D Team and the BioTeam will need to procure
through the University of Arizona (U of A) and other independent vendors.
All tables account for purchased materials, located in the fourth column, and for the
materials that have been researched for but not purchased, located in the fifth column.
Manufacturing and Design Team Items Needed

General Lab Supplies
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Biological Team’s Expenditures and Budget

Miscellaneous Expenditure and Budget

Table B.1.1: Supplies and budget for M&D Team and BioTeam
Due to time constraints and budget deadlines within the grant, majority of the
purchases have been made already with only a few items not purchased. According the
tables above, our team has spent $2,772.04 of the allotted $3,500.00. However, the
team’s actual expenditure is not this high because the materials that are in the General
Lab Supplies table above have already been purchased out of Dr.Zohar’s account (the
team listed these lab supplies expenditures just for accountability). Therefore, the
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team’s actual expenditure is actually $2,274.61 out of the $3,500; as a result, the team
has $1,225.39 remaining in the account. In addition, during the transition between the
fall semester to the spring semester, the financial office had made some adjustments to
the team’s account. The team has an account associated with the sponsor’s, Dr.Zohar,
name and all of the items that the team has purchased during the fall semester went to
this account. Everything that the team has purchased in the spring semester is
accounted for in the Barton’s account. The Barton’s account was originally from a grant
given to the team by the National Institute of Health and the Interim Vice President for
Research, Dr. Jennifer Barton. This Barton’s account has a total of $2,300.00 in the
account and the expenditures for this account is explained in further detail in the next
section.

APPENDIX B.2. BILL OF MATERIALS FOR BARTON’S ACCOUNT

Figure B.2.1: Bill of materials for Team 1346
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APPENDIX C: PROJECT MANAGEMENT
The figure below shows the general engineering schedule the team followed for the
senior design project.

Figure C.1: General schedule for senior design schedule
For a more specific timeline of the events, it will be provided in the figures below.
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Figure C.2: 1346 Project schedule (1 of 5)
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Figure C.3: 1346 Project schedule (2 of 5)
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Figure C.4: 1346 Project schedule (3 of 5)

ENGR 498A Spring 2014

70

1346-Microfluidic Devices for the Isolation and Characterization of Circulating Tumor Cells

Figure C.5: 1346 Project schedule (4 of 5)
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Figure C.6: 1346 Project schedule (5 of 5)
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APPENDIX D: PROJECT RISK ANALYSIS & RISK MITIGATION
PLAN
All the risks associated with the project are identified in the three different categories:
project management, safety, and device operations/testing risks. By identifying the risks
and their probability of occurring in the project, it will allow the team to create a
mitigation plan to avoid those risks from occurring and as well as create a contingency
plan in case those risks does occur. A list of the risks along with their mitigation and
contingency plan and a risk matrix is presented in Appendix C.
The sections below contain a description of each risk in their corresponding
categories:

APPENDIX D.1 PROJECT MANAGEMENT (PM) RISKS
● PM1:
○ Ordered items don’t arrive on time: The team will estimate lead
times for each item and order accordingly to ensure all of the parts
arrive on time. The purchasing lead will also maintain contact with
the sales associates in case a problem with delivery times arises.
● PM2:
○ Incorrect quantities of parts arrive: The purchasing lead will
quickly contact the sales personnel and ask them to ship the correct
quantities of the items as soon as possible.
● PM3:
○ Mold is not made in time for testing by M&D Team: The M&D will
adjust their schedule appropriately and shorten some of the tasks; if
the schedule change will affect the BioTeam’s progress, they will
notify the BioTeam Lead immediately and follow the contingency
plan for this risk.
● PM4:
○ Slips in schedule: The team will either choose to shorten some of
the tasks in the project schedule or plan other tasks in parallel to
ensure the device is ready for Design Day 2014.
● PM5:
○ Skills gap/missing expertise: If the team is missing certain skills or
expertise to accomplish a certain task, the team will consult the
sponsor and/or other lab technicians for assistance.
● PM6:
○ Changes in risk: If there are any changes in risk, the project team
lead, BioTeam lead, and M&D Team lead will be responsible for
identifying those risks and create a mitigation/contingency plans
for those risks.
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APPENDIX D.2 SAFETY (S) RISKS
● S1:
○ Team members are exposed to pathogens during the testing phase: Any
exposed member will follow the proper procedure as outlined in their
“Bloodborne Pathogens” training on D2L.

APPENDIX D.3 DEVICE OPERATIONS/ TESTING (OT) RISKS
● OT1:
○ A channel becomes clogged or blocked during testing
● OT2:
○ There is a leak in the system
● OT3:
○ Cells/materials have been left out for an extended period of time and
become unusable: The team will discard any unusable items
● OT4:
○ Failure of PDMS to bond to glass
● OT5:
○ Uneven coat of glutaraldehyde
● OT6:
○ Thickness of PDMS causes viewing issues
● OT7:
○ Channel has been improperly sterilized and causes contamination in the
device
● OT8:
○ Cell culture contaminated during storage
● OT9:
○ Antibody structure degrades
● OT10:
○ Improper PDMS curing that results in a tearing of mold
● OT11:
○ Debris gets into the channel
● OT12:
○ The flow rate is set too high and CTCs get washed away
● OT13:
○ Some of the cells get stuck in the vortex in the Y Design
P= Probability/Likelihood
S = Severity
PxS = Risk Score
Type

Risk
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Description

Plan

Plan

PM1

Order items
don’t arrive on
time

0.4 0.8 0.32

Estimate lead
times for each
item

Purchasing lead
will work with
sales associates
to get the parts
delivered as soon
as possible

PM2

Incorrect
quantities of
parts arrive

0.2

Order parts
from
companies with
a proven track
record

Purchasing lead
will contact
company and ask
them to ship
correct quantities

PM3

Mold is not made 0.8 0.9 0.72
in time for
testing

None

M&D Team will
shorten certain
tasks in the
schedule and
warn the
BioTeam

PM4

Slips in schedule

0.8 0.8 0.64 Project team
lead will look
out for possible
slips in the
schedule

The team can
choose to 1)
shorten some of
the tasks in
schedule or 2)
plan tasks in
parallel

PM5

Skills
gap/missing
expertise

0.2 0.9 0.18

None

Consult project
sponsor and lab
technicians and
ask them for help

PM6

Changes in risk

0.2 0.8 0.16

Project team
lead will look
out for possible
changes in risk

Project team
lead, BioTeam
lead, and M&D
Lead will create
new mitigation/
contingency
plans for new
risks

S1

Team members
are exposed to

0.3

Follow all the
necessary

Follow the
procedure listed
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pathogens
during testing
phase

precautions
listed in
Bloodborne
Pathogens
training

in Bloodborne
Pathogens
training

OT1

A channel
becomes clogged
or blocked
during testing

0.2

0.2 0.04 Test and find
the right flow
rate that will
not allow this
problem to
occur

Remove the cells
and flush the
channel with a
high flow rate to
wash out the
object

OT2

There is a leak in
the system

0.2

0.3 0.06 Test the
fabricated
devices before
using it in
experimentatio
n

Restart the
experiment with
a device that
doesn’t leak

OT3

Cells/materials
have been left
out for an
extended period
of time and
become unusable

0.1

0.9 0.09 Always make
Discard unusable
sure everything items
has been stored
away properly
after procedure

OT4

Failure of PDMS
to bond to glass

0.3

0.2 0.06 Check to see if
the channel
leaks by driving
water through
it

OT5

Uneven coat of
glutaraldehyde

0.3 0.4 0.12

OT6

Thickness of
PDMS causes
viewing issues

0.2

ENGR 498A Spring 2014

Make sure to
introduce a
controlled slow
flow of
glutaraldehyde
into the
channel

0.3 0.06 Use the proper
amounts as
listed in the
protocol to
make sure the

Use a different
channel that has
proper PDMS
binding
Use a different
channel that has
been successful
coated with the
chemical

Adjust the
microscope in the
best focus as
possible
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problem does
not occur
OT7

Channel has
been improperly
sterilized and
causes
contamination in
the device

0.3 0.6 0.18

Re-sterilize the
channel by
putting it in the
autoclave

The channel will
be unable to
accommodate
cells as it will
contaminate the
cells as well, so a
new channel will
have to be used

OT8

Cell culture
contaminated
during storage

0.2 0.6 0.12

Use all the
proper
sterilization
protocols
during
culturing step

Create a new cell
culture dish and
discard the
contaminated
one

OT9

Antibody
structure
degrades

0.2 0.9 0.18

Follow the
functionalization protocol
properly

Redo the
functionalization
process with a
new channel

OT10

Improper PDMS
curing that
results in a
tearing of the
mold

0.2 0.6 0.12

Let the PDMS
cure for the
proper amount
of time

Discard the torn
PDMS and redo
the curing
process

OT11

Debris gets into
the channel

0.5

0.4 0.2

Take care to
not touch the
pipet tips to
any surfaces
before making
contact with
any part of the
channel

Remove the cells
and flush the
channel with a
high flow rate to
wash out the
debris

OT12

The flow rate is
set too high and
CTCs get washed
away

0.2

0.5 0.10

Take care to set
the flow rates
to previously
determined
values

Have an extra
tube of CTCs on
the side to
replenish the
channel

OT13

Some of the cells

0.7

0.5 0.35

Test the Y

Use a high flow
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get stuck in the
vortex in the Y
Design

Design
beforehand

rate to push the
cells out

Table D.3.1: Mitigation and contingency plans

Table D.3.2: Risk matrix table

APPENDIX E: TRADE STUDIES
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The trade studies in question have to do with the details of the Y design.
Number of inlets:
A design with only one inlet would be simpler when dealing with flow rates since
less calculations would be needed.
The design with two inlets allows for the target cells to flow farther down the
channel for ease of counting. Also, a second inlet create the option of adding a
receptacle for two-stage filtration without removal from the system.
Location of second inlet:
Vortices in the closed channel may affect the performance of the device.
If the second inlet is too close to the first inlet, the effects of having the second
inlet may be smaller, and it may still be too hard to count the target cells at the
bottom of the channel.
Angle of fork:
The angle has to be small enough to fit on the glass slides that are already present
in the lab. Because of the inlet funnel, this small angle will also possibly reduce
the effects of vortices.
The angle has to be large enough so that the channel itself can be machined.

APPENDIX F: Lab protocols
APPENDIX F.1 DEVICE FABRICATION
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F.1.1 CHANNEL FABRICATION
1.
2.
3.
4.

Measure out a base and curing agent ratio of 10:1 on the scale (about 20g).
Mix the base and curing agent with a stirring rod for 10 minutes.
Clean aluminum mold with ethanol and blow dry with compressed air.
Pour the mixture into the mold, making sure to cover the entire surface
with about 2 mm.
5. Place into vacuum and let it run for 1 hour to remove all bubbles.
6. Cover the mold and leave on flat surface for 48 hours.
F.1.2 DEVICE PACKAGING
1. Cut channel from PDMS mold, poke holes in it, and place in Petri dish,

channel down.
2. Wash silicone substrate with ethanol and allow to dry for 10 minutes. Keep

covered.
3. Immediately before plasma treatment, flip channel to be the channel side
up.
4. Remove cover from dish and place dish and the contents into plasma
machine.
5. Turn on machine and adjust valve until pressure is at 1000 mTorr.
6. Turn on the plasma treatment.
7. Once purple light appears, plasma treatment has begun. Plasma treat for
30 seconds.
8. Turn off machine and open valve slowly to let in air.
9. Quickly remove dish and place channel on silicone substrate using forceps
(place one end down first and slowly let the other side down to prevent
bubble formation).
10. Compress channel sides onto the glass using the forceps. Be careful not to
bond the inside of the channel to the silicone.
11. Place in Petri dish and cover.
12. Remove bonded channel from dish and place in oven at 100oC for 1 hour
13. Remove from oven and place in Petri dish.
Adapters and tubing can be bonded in the same way. Make sure to line up the holes
correctly with a needle.

APPENDIX F.2 CHANNEL FUNCTIONALIZATION
1. To add hydroxyl groups to channel, plasma treat the desired channel for 5

minutes at 500 mTorr or flush the channel with a weak acid (.1 M H2SO4)

2. Get 3 small centrifuge tubes (1 for the combined solution to be created and two

for pure ethanol)
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3. Grab a bottle of APTES solution, small micro pipette (white .5-10 µL) and the

larger micro pipette (blue 100-1000 µL)
Next to the vent, fill the two centrifuge tubes with 990 µLs of Ethanol
Add 10 µL of APTES to the centrifuge tube
Make sure to Parafilm the APTES solution when done to prevent crystallization
Close the lid and invert for roughly one minute to mix the solution. Label APTES
with date and 1% APTES
8. Run the APTES/Ethanol mixture through the channel (roughly 9 µLs) and collect
the excess at the other end using a Kim Wipe (carefully handle the Kim Wipe
after saturation with APTES). Let the APTES/Ethanol solution from the wash sit
for 5 minutes.
a. To guarantee that the APTES is uniform (such as in the case with a silicon
substrate) wash the channel 2-3 times over the span of 10 minutes with
roughly 2.5 minute breaks in between each fill.
9. Using a new tip, get 100% Ethanol and run through the channel and collect
excess on other side. Do this wash out of one centrifuge tube twice
10. Change the tip of the pipette and then wash it twice more out of the other pure
Ethanol solution to prevent contamination
11. Once done, vacuum out the additional Ethanol from the channel using the
vacuum apparatus at the sink or run suck through using a transfer pipette
12. Turn on the hot plate and put heat setting to 5.5
13. Fold aluminum foil and place on top of hot plate. Set the channel on foil and
measure temperature
14. Once the channel is heated to 110oC (measure off of the glass) leave for 10
minutes
15. After 10 minutes, set the channel on the counter and allow to cool
16. Wash the channel with PBS solution once
17. Grab a 5% solution of glutaraldehyde and fill the channel completely and allow a
large bubble to form on opposite end. Remove the tip but leave another bubble
on the opposite end or tape off the channel if the protocol will be held overnight
18. Place channel in Petri dish with two damp Kim Wipes (use DI water) and let the
channel sit for 2 hours at room temperature [possible stopping place if put
into the fridge]
a. If the channel is stored overnight in the fridge, then the next day the
channel needs to be left out for 20 minutes so that the solution can reach
room temperature again
19. After 2 hours get a solution of PBS, remove the damp Kim Wipes.
20. Flush the channel with solution of PBS 3 more times (change tips between first
and second flush)
21. From this point on, no air should be introduced into the channel as it will cause
the proteins to become nonfunctional. To prevent this, a little bit of solution
should be kept at both ends of the channel at all times and when introducing new
solution to the channel, a bead at the end of the pipette is needed to ensure air
tight contact.
22. After the channel is flushed, use around 10 µL solution of protein G (sensitive to
light) and run through the channel, store the channel overnight (minimum of 3
hours in the fridge) [possible stopping place if put into the fridge]
4.
5.
6.
7.
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23. After protein G, flush the channel twice more with PBS
24. Run BSA (2 mg/mL) into the channel and allow it to sit for 1 hour at room

temperature

25. Wash the channel with PBS after the 1 hour is over
26. Using desired antibodies, put 5 µL of the antibody into the channel and place tape

over the inlet and outlet
27. Place two more damp Kim Wipes in with the channel, wrap the Petri dish with
aluminum foil to prevent light from getting in
28. Allow the antibodies to bind for roughly 40 minutes at room temperature
29. At this point the channel can be imaged, used for experimentation, or put into the
fridge for storage
APPENDIX F.3 DRIVING CELLS THROUGH CHANNEL
F.3.1 SETTING UP PUMP SYSTEM
1. Clean work area with 70% ethanol and treat with UV light for 20 seconds
from a 1-inch distance.
2. 1. After cleansing with ethanol, entire work area is UV treated, with a 20
second exposure from 1 inch distance, repeated over entire area
3. Light a spirit lamp and keep within 6 inches from the open funnel
throughout the experiment.
4. Spray gloves with 70% ethanol and repeat whenever contact is made with
unsterilized area.
5. During experiment:
a. Handle pipette tip with care to not touch any surfaces or throw it
away
b. Dispose of tips into orange biowaste bag
6. Place microchannel under the microscope and fix to the platform.
7. Fill two 3mL syringes with EMEM solution and remove air bubbles.
8. Attach the syringe adapter and tubing.
9. Secure each syringe on one pump.
10. Infuse each syringe until the liquid comes out of the end of the tubing
(0.25mL/min).
11. Connect one tubing to the end of fork one and the other tubing to the 1st
inlet on the device.
12. Infuse each syringe until liquid comes out of the 2nd inlet (0.25mL/min).
a. Once the liquid enters the channel, make sure that there are no
bubbles present. Since the channel is coated, the bubbles will affect
the binding ability of the antibodies.
13. Infuse from one pump until the liquid is near the top of the tubing in the
2nd inlet.
14. Remove any excess liquid left over from functionalization by blocking all
openings except the 2nd inlet and infusing until only EMEM left over
F.3.2 INTRODUCTION OF THE CELLS
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1. Vortex the centrifuge tube containing the target cells for 45 seconds.
a. This is to prevent the clumping of cells.
2. Take the 0.5-10ul transfer pipette and get 1 ul of the cells.
3. Insert the pipette into the tubing in the 2nd inlet, making sure not to touch
any surfaces.
4. Get a new tip for the transfer pipette and get 5ul of EMEM.
5. Insert the EMEM into the tip in the channel to encourage the cells to move
towards the channel.
6. Wait for 1 minutes to let the cells get settled.
7. Make sure the microscope is viewing the area where the cells will first
enter the channel.
8. In the 3rd inlet, withdraw at a flow rate of 0.6ul/min to further encourage
the cells to enter the channel.
9. Watch the microscope for any signs of cells in the channel.
10. Once cells are seen entering the channel, switch the withdrawal flow rate
in the 3rd inlet to 0.44ul/min and the infuse flow rate in the 1st inlet to
0.33ul/min (or 0.02mL/hr).
11. Watch the microscope to ensure the cells are moving properly along the
channel and that cells are attaching.
12. Once there are no more cells moving inside the channel, stop the flow from
both pumps.
13. Set the microscope to 10x and use the counter (from 3rd floor) to count the
cells that are attached to the channel.
14. Detach the cells by infusing 1.68mL/min from the 3rd inlet.
15. Throw away the cells and media in the orange biological waste bag.
16. Disconnect the tubing from the device.
17. Wash the device and tubing with DI water and then 70% ethanol for reuse.
F.3.3 MANIPULATION OF CELLS
1. Look under microscope and check that there are no bubbles in any part of
the channel
2. Load cells as in D.3.2 and make sure tubing is filled to top with media
3. Program Pump 1 (at first inlet) to infuse at 0.255 µL/min and Pump 2
(connected to fork 1) to withdraw at 0.510 µL/min
4. Pumps 1 and 2 are started simultaneously, and are run until there is no cell
movement in the channel. Throughout, make sure there is sufficient liquid in
funnel. Top off as needed using a pipettor
5. Holding Pump 1 as stationary, infuse Pump 2 at a low flow rate (25µL/min) to collect unattached non-target cells in the 2nd inlet. Remove
unwanted cells by infusing until waste is removed
6. Still holding Pump 1 stationary, infuse Pump 2 at 0.36 mL/min (non-target
detachment) until tubing is filled, and non-targets are removed from channel
7. Now infuse Pump 2 at 1.68 mL/min (target detachment) and allow target
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cells to collect in 2nd inlet
8. Check that there are no cells still attached in the channel. If there are cells
still present, allow time for detached target cells to settle to the bottom of the
inlet. Infuse to detach left over target cells.
9. Disconnect the tip (Syringe 2) from Fork 1. Plug Fork 1 using adapter plug
10. Slowly flow media through the second syringe and allow to bleed out,
ensuring there will be no air at the tip
11. Connect Syringe 2 to Fork 2 by inserting the adapter into the tubing
12. Repeat steps 3 to 8
13. Once target cells are collected in the funnel, Make sure that funnel, cells,
and container all stay within 6 inches of the flame until the cells are
completely concealed inside the container
APPENDIX F.4 POST EXPERIMENTATION GROWTH TEST
a. Transfer the experimental cells and the control cells into petri dishes
i.
The cells should have the same concentration at the same volume of
media to ensure proper relations
b. Following the growth protocols for MDA-MB-231 outlined in D.5, the two
cell culture should be grown to 70% confluence (concentration needed for
passaging.
c. Photos of the culture should be take daily for confluency comparisons as
well as observations on growth patterns.
d. The date that the cells need to be passaged, using a cell cytometer the final
concentration of both cultures will be made to determine if the cells grew
at the same rate
e. For additional data points, the growth can be arrested at day one, two, and
three to calculate the cell concentration.
i.
This will produce a relative growth rate of the control and
experimental lines.
APPENDIX F.5 STORAGE OF MDA-MB-231
F.5.1 MEDIA RECIPE FOR MDA-MB-231 CELLS (GENERIC)
Culture medium: RPMI 1640 + 10% FBS + 1% Pen
F.5.2 APPROVED CHEMICAL AND CONCENTRATION FOR
PASSAGING AND DETACHMENT
Washing buffer:
1X CMF PBS
Cell passaging and detachment:
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0.05 % Trypsin - 0.1% EDTA in HBSS w/o Ca++ and Mg++
F.5.3 CELLULAR PASSAGING OF MDA-MB-231 Cells
Split cells when they reach 80-90% confluence. Keep above 25%
Subcultivation Ratio: A subcultivation ratio of 1:2 to 1:4 is recommended
Medium Renewal: Every 2 to 3 days
1. Remove 1 uL of the cell solution and place onto the cell cytometer
2. Under the microscope, count the number of cells and determine the initial
concentration
3. Remove medium from culture vessel by aspiration and wash the
monolayer (1X) with 10 mL PBS solution. Remove wash fluid by
aspiration.
a. Note: Do not use a wash solution containing Ca or Mg.
4. Dispense enough trypsin solution into culture vessel to completely cover
the monolayer of cells and place in 37 °C incubator. The coated cells are
allowed to incubate until cells detach from the surface - MB-231 should
take approximately 5 minutes to reach 90% detachment in 37º incubator.
Progress can be checked by examination with a microscope.
a. Note: Trypsin causes cellular damage and time of
exposure should be kept to a minimum.
5. When trypsinization process is complete the cells will be in suspension and
appear rounded.
6. Add MB-231 media to the cell suspension as soon as possible to inhibit
further tryptic activity which may damage cells.
a. 1:8 Trypsin-EDTA to media is used for this neutralization
and dilution.
7. Add appropriate aliquots of the cell suspension to new culture vessels and
label them (type/ time/ day/ person).
8. Add medium to get approx. 10 ml total for all dishes (for 100 mm dish) or
3 ml per dish for 60 mm dishes
9. Incubate cultures at 37°C.
10. Cleanup
11. Spray all surfaces inside hood and outside where dishes were placed, (i.e.
microscope, counter etc.) with 70% ethanol and wipe with paper towel
12. Turn on UV light in hood
F.5.4 CELLULAR DETACHMENT OF MDA-MB-231 CELLS
1. Remove medium from culture vessel by aspiration and wash the
monolayer (1X) with 10 mL PBS solution. Remove wash fluid by
aspiration.
i.
Note: Do not use a wash solution containing Ca or Mg.
2. Dispense enough trypsin solution into culture vessel to completely cover
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the monolayer of cells and place in 37 °C incubator. The coated cells are
allowed to incubate until cells detach from the surface - MB-231 should
take approximately 5 minutes to reach 90% detachment in 37º incubator.
Progress can be checked by examination with a microscope.
i.
Note: Trypsin causes cellular damage and time of exposure
should be kept to a minimum.
3. When trypsinization process is complete, the cells will be in suspension
and appear rounded.
4. Add MB-231 media to the cell suspension as soon as possible to inhibit
further tryptic activity which may damage cells.
i.
1:8 Trypsin-EDTA to media is used for this neutralization
and dilution.
F.5.5 CELL LINE MAINTENANCE
1. The cells need to be passaged at 70% confluency
2. The media needs to be changed every 1-2 days depending on the growth
and the confluency
a. MDA-MB-231 cell lines proliferate more than the BT-20 so media
change must be more frequent
3. To change the media:
a. Remove petri dish from the incubator
b. Under the hood, tilt the petri dish to the side, vacuum out the old
media
c. Using a sterile 1 mL pipette, add an additional 3 mL of MDA-MB231 Media (RPMI+10% FBS+1% Pen) to the cell surface
d. Apply it in a swirling pattern so that the surface is coated evenly
e. Add additional media if the petri dish is not half way filled
f. Place the cell culture back into the incubator (37oC with 5% CO2)
APPENDIX F.6 STORAGE OF BT-20
F.6.1 MEDIA RECIPE FOR BT-20 CELLS (GENERIC)
Culture medium: MEME (ATCC) + 10% FBS + 1% Pen
F.6.2 APPROVED CHEMICAL AND CONCENTRATION FOR
PASSAGING AND DETACHMENT
Washing buffer:
1X CMF PBS
Cell passaging and detachment:
BT-20 Cell Line: 0.25 % Trypsin - 0.1% EDTA in HBSS w/o Ca++ and Mg++
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F.6.3 CELLULAR PASSAGING OF BT-20 Cells
Split cells when they reach 80-90% confluence. Keep above 25%
Subcultivation Ratio: A subcultivation ratio of 1:2 to 1:4 is recommended
Medium Renewal: Every 2 to 3 days
1. Remove medium from culture vessel by aspiration and wash the
monolayer (1X) with 10 mL PBS solution. Remove wash fluid by
aspiration.
i. Note: Do not use a wash solution containing Ca or Mg.
2. Dispense enough 0.25% Trypsin solution into culture vessel to completely
cover the monolayer of cells and place in 37 °C incubator. The coated cells
are allowed to incubate until cells detach from the surface - BT-20 should
take approximately 5-15 minutes to reach 90% detachment in 37º
incubator. Progress can be checked by examination with a microscope.
i. Note: Trypsin causes cellular damage and time of exposure should
be kept to a minimum.
3. When trypsinization process is complete the cells will be in suspension
and appear rounded.
4. Add BT-20 media to the cell suspension as soon as possible to inhibit
further tryptic activity which may damage cells.
i. 1:8 Trypsin-EDTA to media is used for this neutralization and
dilution.
5. Add appropriate aliquots of the cell suspension to new culture vessels and
label them (type/ time/ day/ person).
6. Add medium to get approx. 10 ml total for all dishes (for 100 mm dish) or
3 ml per dish for 60 mm dishes
7. Incubate cultures at 37°C.
8. Cleanup
9. Spray all surfaces inside hood and outside where dishes were placed, (i.e.
microscope, counter etc.) with 70% ethanol and wipe with paper towel
10. Turn on UV light in hood
F.6.4 CELLULAR DETACHMENT OF BT-20 Cells
5. Remove medium from culture vessel by aspiration and wash the
monolayer (1X) with 10 mL PBS solution. Remove wash fluid by
aspiration.
i.
Note: Do not use a wash solution containing Ca or Mg.
6. Dispense enough 0.25% Trypsin solution into culture vessel to completely
cover the monolayer of cells and place in 37 °C incubator. The coated cells
are allowed to incubate until cells detach from the surface - BT-20 should
take approximately 5-15 minutes to reach 90% detachment in 37º
incubator. Progress can be checked by examination with a microscope.
ENGR 498A Spring 2014

87

1346-Microfluidic Devices for the Isolation and Characterization of Circulating Tumor Cells

i.

Note: Trypsin causes cellular damage and time of exposure
should be kept to a minimum.
7. When trypsinization process is complete the cells will be in suspension
and appear rounded.
8. Add BT-20 media to the cell suspension as soon as possible to inhibit
further tryptic activity which may damage cells.
i.
1:8 Trypsin-EDTA to media is used for this neutralization
and dilution.
F.6.5 CELL LINE MAINTENANCE
4. The cells need to be passaged at 70% confluency
5. The media needs to be changed every 2-3 days depending on the growth
and the confluency
6. To change the media:
a. Remove Petri Dish from the incubator
b. Under the hood, tilt the Petri Dish to the side, vacuum out the old
media
c. Using a sterile 1 mL Pipette, add an additional 3 mL of BT-20
Media (MEME+10%FBS+1% Pen) to the cell surface
d. Apply it in a swirling pattern so that the surface is coated evenly
e. Add additional media if the Petri Dish is not half way filled
f. Place the cell culture back into the incubator (37oC with 5% CO2)

APPENDIX F.7 CREATION OF BINARY MIXTURE
F.7.1 CELL TRACKER SOLUTION PREPARATION
1.
2.
3.
4.

Allow dye vial to warm to room temperature.
Take some DMSO with 1mL syringe and needle.
Transfer to a small centrifuge tube and label with DMSO and date.
Use transfer pipette to take out specific volume of DMSO for that dye
(green: 10.8ul, orange: 9.0ul) and add it to the vial.
5. Vortex vial for 10 seconds.
6. Let the stock solution sit for 5 minutes so that the product can dissolve.
7. Measure out specific volume of serum-free for dye (green: 24mL, orange:
20mL) with graduated cylinder.
8. Put media in large 50mL centrifuge tube.
9. Use transfer pipette to move the dissolved dye to the large centrifuge tube.
10. Vortex tube for 5 seconds.
11. Label the centrifuge tube: type of dye + DMSO +serum-free medium, date.

F.7.2 STAINING THE CELLS
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1. Preliminary procedures
a. Preheat media, trypsin, PBS, cell tracker solution to 37C°– approx.
1/2 hour
b. Turn on UV light in hood for 1/2 hour before use to sterilize
surfaces
c. Turn on biosafety hood at least 10 minutes before starting work to
purge contaminated air
d. Spray down surfaces inside biosafety hood with 70% ethanol, wipe
and let evaporate before beginning.
e. Spray hands with 70% ethanol before placing them inside hood
f. Spray containers and other equipment with 70% ethanol before
placing into biosafety hood
g. Do not touch inside lids or move hands arms over open containers
or dishes
2. Aspirate culture medium from existing dish.
3. Briefly rinse the cell layer with 3 mL of 1×PBS solution to remove all traces
of serum which contains trypsin inhibitor.
4. Add 1 mL of Trypsin-EDTA solution to dish
5. Incubate for 4-5 minutes.
6. Observe cells under an inverted microscope to make sure cells have
detached.
a. Note: To avoid clumping do not agitate the cells by hitting or
shaking the dish. Cells that are difficult to detach may be placed at
37°C to facilitate dispersal.
7. Check under microscope to make sure cells have detached (will have a
floating white layer)
8. If they’re detached, quickly add 8 mL of medium to deactivate the trypsin.
9. Wash the cells by suctioning and adding back media with pipette (avoid
creating bubbles during this step)
10. Transfer everything to a 15mL centrifuge tube
11. Centrifuge for 6 minutes at 2000 rpm.
12. Vacuum out the media in the tube with care to not disturb the cell pellet.
13. Resuspend the cells gently in 1 mL prewarmed CellTracker solution.
14. Mix the cells by gently pipetting (about 6 times).
15. Transfer the cells to petri dish and add 4mL of CellTracker solution to the
dish.
16. Label with cell type, CellTracker dye color, and date.
17. Incubate for 15 minutes.
18. Check the cells under microscope to ensure they are attached to the dish.
19. Remove the CellTracker solution by leaving the dish flat and aspirating
from the edges to prevent removing any cells.
20. Wash the cells with 3 mL of PBS solution to remove any remaining
CellTracker solution (do this 3 times and remove the PBS in the same way
as in step 19).
21. Add prewarmed media to the dish and incubate for 30 minutes.
22. Detach the cells from the surface by gently pipetting.
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23. Repeat steps 10-12 to collect the cells and resuspend in media for
experimentation OR go to the binary mixture section.
F.7.3 BINARY MIXTURE
1. Preheat serum-free media (EMEM) to 37C in water bath for about 30
minutes.
2. Vortex the centrifuge tube with the first cell type for 10 seconds.
3. Take out 10ul and put into cell cytometer.
4. Use cell counting method to determine the cellular concentration.
5. Use this equation to calculate the volume to take out in order to give us
250K cells: V= 250000/concentration (cells/mL)
6. Repeat steps 1-4 for the second cell type.
7. Place both volumes in the same centrifuge tube.
8. Centrifuge for 6 minutes.
9. Aspirate the media without disturbing the cell pellet.
10. Add in 500ul of serum-free media.
Binary mixture is now ready for experimentation.
APPENDIX F.8 CHANNEL DISPOSAL AND CLEANUP
1. Once the channel has been used, the tubing should be disconnected from
the syringe pump
2. The experimental syringe should be place in the orange biohazard bag with
the needle point being placed in the biological sharps container
3. To sterilize the microscope surface, a solution of 70% Ethanol should be
used to wipe down the stage
4. Measure out ~60mL of 200 proof ethanol into a 100mL beaker
5. The channel should be immersed in the solution so that the ethanol can
enter into the channel
6. Allow the channel to soak for ~3 days underneath the vent (to prevent the
ethanol fumes from staying in the room)
a. After the channel has soaked for the allotted time, it should not be
used for experimental data but only for calibration
7. Waste container should be disposed of in the proper biomedical
containment solution or neutralized with a solution of 100% Ethanol and
disposed of with the typical biohazard liquid waste
8. Flush out tubing with DI water first, then ethanol, and then blow out with
air
APPENDIX F.9 BT-20 CELL MEDIA PREPARATION
1. Place the MEME media (500 mL) into the fridge along with 50 mL FBS solution
(stored normally in the fridge and the 1% Pen-Strep solution (also found in the
freezer)
a. Desired ratio of FBS to MEME is 1:10
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2.
3.
4.
5.
6.
7.

b. Desired ratio of Pen-Strep to MEME is 1:100
c. Above protocol is to create a final batch with volume of 551 mL of BT-20
media
Allow the solutions to reach same temperature (to prevent shock to the proteins)
a. This will require thawing overnight most of the time
Pipette the FBS in liquid form into the MEME
Pipette the Pen-Strep in liquid form into the MEME
Gently rock the solution for ~5 minutes to allow for solution mixing
Label the date and time the solution was made and store in the fridge
Media will be good for 6 months after the addition of the Pen-Strep and FBS

APPENDIX F.10 MDA-MB-231 MEDIA PREPARATION
1. Place the RPMI media (500 mL) into the fridge along with 50 mL FBS solution
(stored normally in the fridge and the 1% Pen-Strep solution (also found in the
freezer)
a. Desired ratio of FBS to MEME is 1:10
b. Desired ratio of Pen-Strep to MEME is 1:100
c. Above protocol is to create a final batch with volume of 551 mL of MDAMB-231 media
2. Allow the solutions to reach same temperature (to prevent shock to the proteins)
a. This will require thawing overnight most of the time
3. Pipette the FBS in liquid form into the MEME
4. Pipette the Pen-Strep in liquid form into the MEME
5. Gently rock the solution for ~5 minutes to allow for solution mixing
6. Label the date and time the solution was made and store in the fridge
7. Media will be good for 6 months after the addition of the Pen-Strep and FBS

APPENDIX F.11 BSA PREPARATION
1. Powdered form of PBS is stored in the fridge
2. Measure out the desired ratio of the powder (2 mg for every 1 mL of solution of

PBS)

3. Mix this powder with the needed volume of PBS
4. DO NOT SHAKE TO MIX (this will denature the proteins)
5. Instead allow the solution to dissolve for a few hours or overnight in the fridge
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APPENDIX E: GROUP MEMBER CONTRIBUTIONS
Michael Binkley:
Did all of the experimental testing for the ATP 3-11 and maintained the cell lines for
preparation of testing. In addition wrote the protocols for Appendix D, logged all of the
testing results from the ATP, and quantified the results produced from the cell
manipulation experimentation. For the channel functionalization, developed the new
protocol and implemented it and did all zero flow rate analysis for substrate testing to
determine the best surface. Finally all additional data produced for the efficacy of the
two channel system (differential antibody coating and separation of binary mixtures)
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was done. Wrote Section 7.0 (ATP) for this document, edited, and added experimental
data while also helping in designing the final poster.
Chi Chan:
Created the project’s schedule and monitored the schedule and budget to ensure project
would meet the schedule and budget requirements. Scheduled team meetings with
sponsor to keep sponsor up-to-date on project developments. Assisted in the fabrication
of the device for project’s testing purposes. Main editor for the team’s documents and
presentations.
Crystal Li:
Worked with the pump subsystem to develop a table for flow rate and time. Did
experimental testing for ATP 7 on glass substrate. Completed testing for ATP 9.
Prepared cells at a specific concentration for cell manipulation experiments.
Functionalized channels in preparation for experimentation. Wrote protocol for
Appendix D.1 Device Fabrication and D.7 Creation of Binary Mixture.
Chloe Loveridge:
Fabricated or helped in the process of fabrication of all of the devices used for testing for
both teams, helped with equations for flow rates in the Y channel design, carried out
experiments for the M&D team
Cody Petrie:
Assisted in experimental testing ATP 5-11, developed cell culture protocols and collected
new cell cultures. Developed sub protocols for functionalization using Mono-SiC
substrate.
Assisted
in
development
of
air-free
pump
protocol
and
attachment/detachment of channel to dual pump system. Managed chemical storage for
bio team, including reconstitution and maintenance of antibodies. Assisted in zero flow
rate analysis of new substrate and channel design. Assisted in cell staining trails and the
development of a protocol for cell tracking within the dual channel device as well as the
creation of a binary mixture. Produced display materials for the project including three
posters as well as assisting the editing and formatting of several critical report
documents.
Andy Trickey-Glassman:
Did all testing for ATP 1 and 2 and fabricated or helped in fabricating all devices
throughout the project. Designed the final device. Performed all mathematical analysis
to ensure dimensions met requirements. Made all SolidWorks drawings. Designed and
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chose layout for aluminum mold. Wrote protocol for “Setting up pump system” and
“Cell manipulation”. Tested and developed final cell introduction technique. Performed
cell manipulation experiments that showed successful transfer of cells from one fork to
the other. Converted original attachment and detachment curves to new dimensions of
final design.

ENGR 498A Spring 2014

94

