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Abstract and Introduction:
Polydimethylsiloxane (PDMS) is a silicone-based polymer 
that may serve as a flexible substrate for cell culture. The 
goal of this project was to microfabricate PDMS structures 
to study contractile forces and intracellular organization of 
cardiac cells. Mutations in the nuclear envelope proteins 
lamin A/C cause approximately 10% of inherited cases of 
dilated cardiomyopathy, a disease responsible for a third of all 
heart failures. By comparing lamin mutant and healthy cells, 
we can develop a better understanding of how the mutations 
affect cellular function, gain new insights into the origin of the 
disease, and identify potential treatment approaches. 

We used soft lithography techniques to create thin, flexible 
PDMS micropillars for contractile force assessment of 
cardiac cells. When cells adhere to the tips of these pillars, 
their spontaneous contractions cause deflections in the pillars 
allowing for direct calculation of 
the contractile forces generated by 
the cells [1]. The deflection, δ, can 
be used to calculate the applied 
contractile force, F, using the 
equation F = 3EIδ/L3 where E, I, 
and L represent Young’s modulus, 
moment of inertia, and length of 
pillar, respectively [1]. 

In addition, we used PDMS surfaces 
with equally spaced ridges to 
assess the organization of cells and 
their cytoskeleton grown on lined 
substrates. Because cardiac cell 
function depends of the organization 
of the cytoskeleton and previous 
reports had shown that lamin mutant 
cells have defects in mechanosensing, 
we were interested in using the linear 
ridge substrates to determine how 
nuclear mutations affect cytoskeletal 
organization [2]. 

For the initial studies, we cultured human and mouse fibroblasts 
on these two microfabricated device types, pillars and linear 
ridges, for preliminary testing and imaging by fluorescent 
microscopy.

Experimental Procedure:

Micropillar and linear microridge devices were fabricated 
using photolithography and SU-8 negative photoresist 
spun onto a silicon wafer with a thickness of 11 µm for the 
micropillars and 3 µm for the linear ridges. A negative PDMS 
mold was cast and cured from the SU-8 devices (Figure 1) 
[1]. This double molding approach was employed to avoid 
adhesion of PDMS features inside of SU-8 features during 
the casting and curing process. Substrates were coated with 

silane between each molding steps 
to prevent adhesion. Finally, a drop 
of PDMS was placed on a glass 
slide, onto which the second mold 
was applied, and cured for 22 hours. 
The final devices were then carefully 
unmolded to obtain thin PDMS 
pillars and ridges.

Once fabrication was completed, 
the devices were prepared for 
fibroblast cell cultures. Fibronectin, 
an extracellular matrix protein, 
was micro-contact printed onto 
the micropillars to encourage cell 
growth on the tops of the pillars. 
These devices were incubated in a 
0.02 g/mL Pluronic® F-127 solution 
to inhibit cell adhesion on the sides 
of the pillars and beneath the pillars. 
Linear ridge devices were incubated 
in a 50 µg/mL fibronectin solution to 
obtain an even coating and encourage 

Figure 1: Overview of device fabrication process [1].



•2014•NNIN•REU•Research•Accomplishments• 3

B
I
O
L

fibroblast growth over the entire device. Fibroblasts were cultured on the 
devices for 24 hours, fixed, and then fluorescently stained for imaging.

Results and Conclusions:

The final PDMS micropillars were 11 µm tall, 2 µm in diameter and had a  
9 µm center-to-center distance. Ridges were 3 µm tall and 5 µm wide with  
5 µm spacing between ridges. Initial microfabrication problems with 
adherence of the SU-8 pillars to the silicon wafer were overcome by 
incorporating a flat SU-8 adherence layer and the mask design was altered 
to allow sufficient pillar-to-pillar distance to prevent adherence of the tall 
flexible pillars to themselves. SU-8 features were replicated onto PDMS 
molds (Figure 2), and silanization between molding steps effectively 
prevented adhesion of PDMS to substrate during curing process. Micro-
contact printing (µCP) techniques were verified by stamping fluorescent 
dextran onto pillar tops and visualization by confocal microscopy (Figure 3). 

Cells successfully grew on and adhered to both device types (Figure 4); 
however, we were unable to observe obvious deflections of the pillars. 
Based on the equation above, a contractile force of approximately 15.5 nN 
is required to cause a 1 µm deflection in pillars with a height of 11 µm. The 
pillars may have been too stiff to see a deflection from the few nanoNewtons 
of forces generated by the fibroblasts in comparison to the myocytes. 
Another possible reason for the absence of noticeable pillar deflection is cell 
adherence between the pillars, rather than on top. PDMS devices may be 
optimized by improving cell adhesion to the top of the pillars, i.e. by soaking 
in Pluronic for longer or finding a better cell-repellent.

Linear ridge device images confirmed that fibroblasts aligned with the linear 
ridges on the substrate. In contrast, the flat PDMS surface surrounding 
the linear device showed cells growing in random orientations with no 
particular pattern. Thus, the PDMS devices worked well in providing a 
substrate suitable for analysis of cell function specifically aligning cells in 
the predicted direction.

Future Work:

Once the experimental procedures and design for the micropillar substrate 
are optimized, devices will be seeded with cardiac myocytes so that they 
can be used to compare contractile forces between healthy and lamin 
mutant cardiac myocytes. Linear ridges will be used to assess variations 
in cytoskeletal and nuclear organization in the mutant and wild-type cells. 
Taken together, these devices will help us to develop a better understanding 
of the diseases caused by mutations in the nuclear envelope proteins lamin 
A/C in cardiac myocytes.
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Figure 4: Fibroblasts grown on micropillars (top) and 
linear microridges (bottom) stained for DNA and F-actin. 
(See full color version on page xxxvi.)

Figure 2: Optical microscope images of micropillars and 
linear microridges in SU-8 (left) and PDMS (right).

Figure 3: Micropillars stamped with fluorescent dextran to 
validate µCP.
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Figure 1: Generation of emulsion droplets in microfluidic co-encapsul-
ation device.

Introduction:

High-throughput cell-based drug screenings conducted 
through various technologies, such as in microtiter plates, 
have significantly advanced drug development. However, 
the costs and time associated with such technologies are 
exorbitant. Polydimethylsiloxane (PDMS)-based microfluidic 
devices provide a popular lab-on-a-chip technique where 
reagents may be combined in sub-nanoliter volumes in a fast 
and controlled manner. PDMS is a cheap, transparent, and 
bio-compatible substrate that affords rapid prototyping and an 
efficient platform for drug screening. We used such devices 
to generate water-in-oil emulsion droplets at high throughput 
(~ 1000 drops per second) that efficiently encapsulated cells 
in the presence of drugs. Reducing the size of the reaction 
compartments to sub-nanoliter volumes allowed us to be 
parsimonious with reagents while high number of droplets  
(~ 106) provided superior statistical resolution. 

In this project, we designed, fabricated and used microfluidic 
devices to test the efficacy of cancer drugs on a human cancer 
cell line where the drug concentrations were systematically 
varied.

Experimental Procedure:

CAD Designs. We used AutoCAD (Autodesk, USA) software 
to design microfluidic devices. One of the designs we used 
was a simple co-encapsulation scheme where two reagent 
channels met at a junction, which were then encased in oil, 
generating reverse emulsion droplets (Figure 1). In order to 
change the drug concentration in each droplet, the respective 
flow rates of the reagents were changed using syringe pumps. 
Another design used was a double-layer device that generated 
a gradient of seven different drug concentrations that were 
then simultaneously co-encapsulated with cells in oil for a 
faster droplet generation without changing flow rates.

Soft Lithography. We shone UV light through a CAD mask 
and exposed SU-8 photoresist-covered silicon wafers to 
crosslink exposed areas. After development and subsequent 
washes, this served as a master mold to create PDMS-based 
microfluidic devices. Uncured PDMS was poured on this 
master, followed by baking. The solid PDMS layer was peeled 
off and covalently fused to a glass slide using plasma treatment. 
Finally, we coated the microchannels with Aquapel (Pittsburgh 
Glass Works, USA) to render them hydrophobic.

Microfluidic Emulsions. We used cancer cells from a 
human lymphoblast cell line that were stained using a live-
dead fluorescence reporter kit (Invitrogen, USA). We used 
three syringe pumps (New Era Pump Systems, USA), 
disposable syringes and needles (BD Biosciences, USA), and 
polyethylene tubing to flow in drug and a fluorescent dye mix 
on one, cells in phosphate buffer saline on the second and an 
oil/surfactant mix [4] on the third channel in our microfluidic 
devices creating water-in-oil emulsion droplets. We used 
Geneticin, an anti-cancer drug, mixed with fluorescein (Sigma-
Aldrich, USA), to estimate drug concentrations in droplets. 
Uniform-sized droplets with 75 µm diameter were collected 
in microcentrifuge tubes. The reagent flow rates were changed 
to generate droplets with different drug concentrations. The 
droplets were incubated and tested at different time points.

Data Acquisition. We used fluorescence imaging and photo-
multiplier tube (PMT)-based detection to interrogate the co-
encapsulated droplets. We used a fluorescence microscope 
(IX83, Olympus, USA) for imaging and ImageJ software 
(NIH, USA) to analyze acquired images. A custom-built 
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FPGA-based (National Instruments, USA) PMT detector setup was 
used to detect live/dead cell state and dye concentrations in drops at 
high-throughput (~ 500 drops/sec).

Results and Conclusions:

We analyzed fluorescence images of cell and drug emulsions. 
Droplets at different light intensities (Figure 3) indicated different 
drug concentrations, while bright points inside the droplets marked 
apoptotic cells. Using ImageJ, we tracked five different fluorescein 
concentrations (Figure 2). Different concentrations of drug/dye 
detected after long period of incubation (~ five hours) attested the 
absence of drug diffusion among droplets. Although fluorescence 
imaging was informative, it was time-consuming and difficult to 
analyze large amounts of data using imaging alone.

PMT-based droplet detection provided time-trace plots (Figure 4)  
that displayed a plateau indicating the drug concentration, super-
imposed with a spike that marked an apoptotic cell. This manner 
of detection allowed us to screen thousands of droplets in seconds.

Future Work:

The double-layer microfluidic device is still under development. 
Currently, only a fraction of the channels were able to generate 
droplets reliably. We will need to adjust the fluid-flow scheme, 
which require meticulous fabrication and several iterations of 
testing. The highest drug concentration of Geneticin used in this 
project (~ 60 mg/ml) was not high enough to induce appreciable 
levels of apoptosis in cells. We will need to increase the dosage and 
test several physiologically relevant concentrations. We will employ 
the double layer design to provide a wide array of concentrations 
simultaneously and will continue using the PMT detector setup to 
test at high throughput.
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Figure 4: Time-trace snapshot of droplets detected using 
PMT. The plateaus indicate the fluorescein concentration in 
droplets, while the peak atop the second plateau indicates 
an apoptotic cell.

Figure 2: Plot of droplet intensities at different fluorescein 
concentrations.

Figure 3: Image of cells and drug encased in droplets taken 
after five hours from co-encapsulation.
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Abstract:

Duchenne muscle dystrophy (DMD) is a genetic disorder that affects one in 3,600 males, leading to early death due 
to a lack of dystrophin in muscle tissue [1]. Implanted primary muscle cell patches have previously been shown 
to increase myogenesis and dystrophin expression in DMD mouse models [2]. This project involves cultivating 
muscle cells on biomimetic nanopatterned poly(lactic-co-glycolic acid) (PLGA) scaffolds that are fabricated 
using capillary force lithography. These scaffolds mimic topographical cues presented by the aligned collagen 
fibers of the extracellular microenvironment in skeletal muscle. Sphingosine 1-phosphate (S1P) is a circulating 
lipid metabolite known to promote angiogenesis, myoblast differentiation and satellite cell proliferation. By 
functionalizing the nanopatterned scaffolds with S1P, we hypothesize that the muscle tissue will be more mature 
and vascularized prior to implantation, therefore integrating better with the host tissue to ultimately improve 
function in dystrophic muscles. The optimum concentration of S1P will be determined using immunostaining and 
qRT-PCR data regarding myogenic, endothelial and neurogenic genes.

Introduction:

Duchenne muscle dystrophy (DMD) is the most common type 
of muscle dystrophy, affecting one in 3,600 males. The genetic 
disorder results from a mutation in dystrophin, which is 
integral to the structural stability of muscle tissue. Dystrophin 
forms a protein complex that connects muscle fibers to the 
extracellular matrix (ECM) via the cell membrane. DMD 
patients therefore suffer from muscle degeneration, fibrosis 
and early death—living an average of only 25 years.

Current treatments for DMD are mostly limited to palliative 
care. Attempts to directly inject stem cells or myoblasts into 
DMD patients’ muscles have been largely unsuccessful, 
resulting in poor cell survival rates and low dispersion 
capabilities. Our proposed solution is to use implantable tissue 
patches to restore muscular function. These patches can provide 
long-lasting dystrophin expression, due to the presence of both 
mature muscle cells and satellite cells that provide a pluripotent 
cell reservoir. They also promote neovascularization due to the 
presence of endothelial cells, allowing the patches to integrate 
easily into the host tissue.

Engineering tissue requires a cell culture environment that is 
as close to the tissue’s native microenvironment as possible. 
We used nanopatterning on the biodegradable polymer 
poly(lactic-co-glycolic acid) (PLGA) to mimic the collagen 
fibers present in the skeletal muscle ECM. The patterning—
aligned ridges that are 800 nm wide and 600 nm in height—
is similar to the dimensions and anisotropic topography of 
collagen fibrils (Figure 1). We also functionalized the scaffolds 

with the metabolite sphingosine 1-phosphate (S1P), which is 
known to promote angiogenesis, myoblast differentiation and 
satellite cell proliferation.

Experimental Procedure:

The PLGA scaffolds were fabricated using solvent-assisted 
capillary force lithography (CFL). PLGA was dissolved in 
choloroform at 15% w/v and deposited on glass coverslips 
mounted on polydimethylsiloxane (PDMS) gel. PDMS is 
pressed onto the solution for five minutes to absorb the solvent. 
The film is then left open to air for five minutes on a hot plate 
at 120°C. A nanopatterned polyurethane-acrylate (PUA) mold 
is placed on top of the film and pressure is applied for 15 
minutes. The CFL process is shown in Figure 2.

Figure 1: SEMs of collagen fibers on left (Dr. Claus Burkhardt, NMI, 
Reutlingen, Germany) compared to our scaffold on right, functional-
ized with 50 µM S1P.
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The coverslips are glued onto bottomless wells using NOA83H, 
which is cured in UV overnight. A solution of 10 µM Tris buffer 
and 3,4-dihydroxy-L-phenylalanine (DOPA) at 2 mg/mL, along 
with the appropriate concentration of S1P, was used to functionalize 
the scaffolds. Concentrations of S1P were 0 µM, 50 µM, 100 µM,  
175 µM, and 250 µM respectively.

Primary mononuclear muscle cells were isolated from mice, 
and were seeded at 100,000 cells per scaffold. Each [S1P] group 
included flat and patterned scaffolds, and there was an additional 
control group seeded on tissue culture plates with no S1P. The cells 
were cultured for ten days.

Results and Conclusions:

Quantitative reverse-transcription polymerase chain reaction (qRT-
PCR) was performed to measure the relative quantities of marker 
genes for myogenic and endothelial differentiation. Pax7 was found 
to have a much higher expression on the nanopatterned scaffolds, 
indicating a larger population of satellite cells (Figure 3). Expression 
of MyoG, a marker for mature muscle cells, was also slightly higher 
on the nanopatterned scaffolds (Figure 3).

The expression of endothelial genes had a clear correlation with the 
concentration of S1P—both CD31, a marker for early endothelial 
differentiation, and eNOS, a marker for mature endothelial cells, 
were more highly expressed as the concentration of S1P on the 
scaffolds increased (Figure 4). This indicates that cells grown in the 
presence of S1P may have more angiogenic potential.

Future Work:

Data is still being analyzed for the neurogenic markers of the 
qRT-PCR, as well as the immunostaining results for myogenic, 
endothelial and neurogenic proteins. In vivo testing of the tissue 
patches in DMD mouse models is the next step, which will ultimately 
determine how viable this treatment is for restoring muscle function 
in those afflicted with DMD.
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Figure 4: qRT-PCR for endothelial genes: CD31, expressed 
initially in differentiation, and eNOS, expressed later in 
differentiation.

Figure 2: Fabrication technique of solvent-assisted capillary 
force lithography, and 3D renditions of the resulting flat and 
patterned films.

Figure 3: qRT-PCR for myogenic genes: Pax7, a marker for 
satellite cells, and MyoG, a marker for advanced muscle cell 
differentiation.
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Abstract:

Microbial biofilms of the species Bacillus Subtilis were grown so that the changes in the expression of several 
important phenotypes could be analyzed using fluorescence microscopy. Biofilms exist in all kinds of environments; 
instead of acting as independent swimmers, the cells work as a community, which in turn results in a number of 
benefits for the colony, making it the preferred living condition for bacteria. However, the ability of biofilms to 
survive in harsh environments can cause serious problems in the medical and industrial fields where they lead to 
the spread of infection and degradation of components. Understanding the factors that lead the bacteria to change 
from one phenotype to another can provide insight to the best approach in solving these issues. We performed a 
set of novel experiments where the bacteria were presented with physical barriers that interrupted the normal 
expansion of the colony across the surface of the agar substrate. The barriers led to a unique response from the 
bacteria in respect to the growth rate along certain areas as well as the expression of a certain phenotype in a 
specific location.

Introduction:

Microbial biofilms were grown on a 9 mm thick piece of agar 
substrate in a Petri® dish with laser-cut acrylic barriers that 
formed channels for the biofilm to grow through. The barriers 
acted as walls, and as a result the bacteria could not receive 
nutrients from one side of barrier. The width of the channels 
was varied between 2 mm, 5 mm, and 10 mm, while the length 
of the channel was kept at a constant 3.175 mm. One half of the 
biofilm grew towards the barrier, and the other half grew over 
a flat agar substrate, serving as the control of the experiment. 

Throughout the experiments, there was a noticeable correlation 
between the width of the channel and growth pattern of the 
biofilm as well as the intensity of the matrix phenotype while 
and after the biofilm grew through the length of the channel.

Methods:

The laser-cut barriers were put in the agar substrate by pouring 
agar into the Petri dish to a height of 1-2 mm and letting the 
substrate cool down to the point where it was no longer liquid. 
The acrylic barrier was then placed in the agar at 90° relative 
to the bottom of the Petri dish. Another amount of agar was 
then poured into the Petri dish, around the barrier, up to a 
height of 7 mm.

Throughout the whole experimental process, we inoculated the 
bacteria 5 mm away from the entrance to the channel.

Results and Conclusions:

The biofilms that grew through the 10 mm wide channels 
barely changed their regular growth while and after they grew 
through the length of the channel. The biofilms kept a regular 
gene expression and followed a fairly regular radial growth 
pattern, almost as if there was no barrier in place.

Figure 1 shows a triple-reporter fluorescent image of a colony 
that was inoculated 5 mm away from the entrance to a 2 mm 
wide channel, nine days after its inoculation. Although most 
of the biofilm had already sporulated, this image shows the 
growth pattern and greater matrix intensity after the biofilm 
had passed through the channel.

We believe that the higher raw intensity for the matrix 
phenotype after the biofilm had grown through the channel, 
shown in Figure 2a, was due to when the biofilm grew into the 
channel. The matrix cells at the edge of the colony could have 
formed higher stack of cells in the smaller surface area, thus 
creating a higher intensity and a higher percentage of matrix 
cells at the exit of the channel. The condensation along the 
edge of the walls could have led to the rapid spread of the cells 
in this area, leading to the matrix cells growing away from the 
lining of the wall on the second side of the barrier.

We observed a tendency for the bacteria to sporulate as the 
biofilm grew towards the left and right edges of the channel 
on the inoculation side. Unlike the second side of the barrier, 
the biofilm did not grow along the wall on the inoculation side. 
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The percentage of the peak of the sporulation intensity increased 
by 10% between these two instances, shown in Figures 2b and 2c. 
However, there was only an increase of 5% when the variation of 
intensities was measured from the inoculation point to the control 
side.

The difference in the increase of percentages of sporulation leads 
us to believe that the presence of the barrier increased the amount 
of sporulation on the inoculation side of the experiment. Unlike the 
second side of the barrier, where the biofilm rapidly grew along 
the lining of the wall and agar, the biofilm sporulated and stopped 
expanding along the first side of the barrier. As the biofilm expanded 
towards the control side, it received many nutrients that allowed 
the cells to continue dividing and switch between the matrix and 
motility phenotypes.
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Figure 2: [a] Variation of the raw fluorescent intensities from the inoculation point to the edge of the biofilm on the control and channel sides. 
[b] Variation of phenotype intensities from the inoculation point to the left middle corner of the channel six days after inoculation. [c] Variation of 
phenotype intensities from the inoculation point to the left middle corner of the channel nine days after inoculation. 

Figure 1: Fluorescent image of the biofilm nine days after 
inoculation. (See full color version on page xxxvi.)
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Abstract:

Single stranded cytosine-phosphate-guanine ogliodeoxynucleotides (ss-CpG ODN) have been shown to bind to Toll-
like receptor 9 (TLR9) located in the endosome of macrophagesin the immune system. This allows for regulation of 
both the innate and adaptive immune system that can lead to medical treatments such as cancer immunotherapy. 
Double stranded non-CpG ODN (ds-non-CpG ODN) are capable of regulating the innate immune system through 
interactions with cytosolic receptors. Our goal for this project was to investigate how the shape of different 
nanomaterials can affect the action of the ODN drug in macrophages. Both ss-CpG ODN and ds-non-CpG ODN 
were functionalized separately onto a cationic lipid DOTAP, carbon nanohorn (CNH), polyethyleneimide-coated 
CNH, and MoS2 monolayer sheet. The ODN-nanomaterial solutions were transfected to macrophages and the RNA 
was isolated. Finally, reverse transcription and real time polymerase chain reaction were performed to measure the 
relative expression level of interleukin 6 (IL-6) and interferon beta (IFN-β), two proteins secreted in the adaptive 
and innate immune system pathways respectively. It was found that for both ss-CpG ODN and ds-non-CpG ODN, 
samples incubated with DOTAP had the highest level of expression IL-6 and IFN-β.

Introduction:

Ss-CpG ODN and ds-non-CpG ODN are both capable of regulating 
the immune system through different pathways (Figures 1 and 2). Ss-
CpG ODN activates the adaptive immune system through the TLR9 
in the endosome of macrophages of the immune system, which 
in turns produces the protein IL-6. Ds-non-CpG ODN activates 
the innate immune system through binding different cytosolic 
DNA receptors in the cytosol that produces the protein IFN-β. 
For this project, our goal was to investigate how the shape of the 
nanomaterial can affect the action of the DNA drug in macrophages. 
DOTAP is a cationic lipid that composes the membrane around the 
endosome in macrophages, which is capable of binding the drug 
with electrostatical interaction. Molybdenum disulfide (MoS2) 
sheets are monolayer sheets similar in morphology to graphene.

Finally, CNH are similar to single walled carbon nanotubes but are 
around 10 to 20 nm and form a cone shape. They aggregate together 
to form particles around 60 nm long. For both MoS2 and CNH, the 
drug is adhered to the surface of the nanomaterial. Because CNH and 
the ODN are both negatively charged, it is unclear what forces are 
adsorbing the ODN onto the surface of the CNH. Ss-CpG ODN is 
believed to change conformation when adhered to the nanomaterial, 
which in turn can affect how it interacts with TLR9, leading to either 
enhanced or lower the immune response. For ds-non-CpG ODN, the 
nanomaterial acts as a carrier for the ODN drug out of the endosome 
and into the cytosol.

Figure 1, top: Diagram of the immune system activation 
pathway for ss-CpG ODN. Figure 2, bottom: Diagram of the 
immune system activation pathway for ds-non-CpG ODN.
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Experimental Procedure:

To see if the nanomaterial drugs are activating the immune 
system, we measured the levels of IL-6 and IFN-β. First, we 
functionalized the ODN onto the nanomaterial and added it to 
a culture of macrophages, allowing it to incubate overnight. 
After loading the DNA onto the nanomaterial, except for the 
case of DOTAP, the material was ultracententrifuged and the 
supernatant collected and measured using ultra-violet/visible 
light spectroscopy. From this, the mass amount of DNA loaded 
onto the material is calculated. The ribonucleic acid (RNA) 
from the cell was then isolated and cleaned up to remove 
impurities. 

Next, reverse transcription is performed to transcribe the 
RNA back to deoxyribonucleic acid (DNA). The amount of 
protein produced in the cells is inferred from the amount of 
DNA measured using real-time polymerase chain reaction 

Figure 4: Relative expression level IFN-β for ds-
non-CpG ODN with various nanomaterials.

(q-PCR). The cellular DNA is mixed with buffer and primer 
that is complement to the sequence of DNA for either IL-6 
or IFN-β. GAPDH, a house-keeping protein that has a stable 
production in cells throughout different conditions, was used 
as a housekeeping protein to standardize the expression level 
against the other samples.

Results and Conclusions:

The results of IL-6 and IFN-β for nanomaterials loaded with 
ss-CpG ODN are shown in Figure 3. We observed that DOTAP 
was the most effective nanomaterial for delivery of ss-CpG 
ODN to the TLR9 in the endosome. From this result, we can 
conclude that the ODN adsorbed onto the surface of the other 
nanomaterials is not able to interact with TLR9. For the ds-
non-CpG ODN, only the production of IFN-β was investigated. 
Consequently, DOTAP also had the highest potential to induce 
IFN-β for the delivery of ds-non-CpG ODN (Figure 4). The 
biggest challenge with activating the cytosolic receptors is 
that the DNA must leave the endosome. Because DOTAP is 
composed of the same material that the endosome membrane 
is composed of, it can combine with the membrane, releasing 
the loaded drug into the cytosol while the other materials 
must diffuse through the membrane to deliver to the cytosolic 
receptors.

Future Work:

Due to the large error in the ds-non-CpG ODN experiment, 
more trials would need to be completed to verify the work. 
To investigate the effects of electrostatic interaction versus 
adsorption on the ODN, the same experimental steps seen here 
could be performed on CNH sample but coated in polyethylene 
imide (PEI), a positively-charged polymer, before ODN 
functionalization.
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Abstract:

The ability to track neurotransmitters at a cellular level could greatly expand our understanding of the brain. To 
do this, however, we need to make safe, implantable devices that can sense activity at this level. This summer, two 
aspects of this project were focused on: a) the use of diamond-like carbon as a biocompatible coating for these 
devices, and b) the fabrication of thin-film silver/silver chloride (Ag/AgCl) electrodes to measure concentration of 
neurotransmitters. Due to its favorable properties, diamond-like carbon could reduce glial scarring and improve 
durability of these sensors. It was deposited using different gas mixtures by an rf-plasma enhanced chemical vapor 
deposition (PECVD) system. Unfortunately, only amorphous carbon was formed during this process. However, 
annealing at 600°C for 30 minutes in a sealed ampoule left traces of diamond-like carbon. Next, microfabrication 
of a Ag/AgCl thin-film electrode was completed. This electrode can be used as a reference for cyclic voltammetry 
to measure concentration of neurotransmitters in the brain.

Introduction: 

Diamond-like carbon (DLC) has many advantageous properties, 
such as high wear resistance, hardness, biocompatibility, and a 
low coefficient of friction, that allow it to be such a promising 
material for biomedical applications. Radio frequency plasma 
enhanced chemical vapor deposition (rf-PECVD) using 
methane (CH4) as a carbon precursor is one way to deposit 
DLC [1]. Diluting CH4 with an inert gas, such as N2, He, or Ar, 
is believed to assist the creation of capacitive coupled plasma 
and to enhance the plasma density [2].

Cyclic voltammetry is the process by which voltage is swept 
between two values at a fixed rate, and current is measured and 
plotted. This plot is called a voltammogram. Voltammograms 
can be used to quantify neurotransmitter types and 
concentration. To run cyclic voltammetry, however, a stable 
reference electrode, such as a silver / silver chloride (Ag/AgCl) 
electrode, is needed. It is also necessary to microfabricate this 
electrode to allow for a maximum amount of these devices to 
be put in the brain sensing system.

Experimental Procedure: 

DLC films were deposited onto bare silicon wafer pieces by 
different ratios of CH4 and either N2, He, or Ar gas mixtures. 
Before deposition, there was a 5-minute chamber clean with 
100 sccm of N2 at 300 watts. During deposition, the rf-power 
was 150 W, and the deposition time was kept constant at ten 
minutes. The deposition pressure was kept at 300 mTorr. There 

was a constant total gas flow of 100 sccm for all trials and a 
substrate temperature of 20°C. Films were then characterized 
using Raman spectroscopy. The spectra showed that there was 
a very high concentration of hydrogen in the films, so DLC 
was not formed. Thus, one sample was annealed with N2 gas at 
600°C in a mini-brute furnace for 30 minutes. It was necessary 
to seal this sample in a glass ampoule to prevent oxidation of 
the film.

The Ag/AgCl electrode that was fabricated was made of 
multiple layers. First, layers of silicon dioxide (SiO2, conductive 
layer), titanium and palladium (adhesive layer), and Ag were 
deposited. After this, the Ag layer was chlorinated. This was 
carried out through electrochemical chlorination in an HCl 
solution at a constant current of 1000 µA/cm2 for 10 minutes 
[3].

Results and Conclusions: 

The deposition rates of the DLC films, depending on the ratio 
of N2/CH4 and He/CH4, are shown in Figure 1. The figure 
shows that deposition rate increased up to about 70% N2 or 
He, and then decreased. This observation is similar to that 
observed by Kim, et al. [2], with a gas mixture of Ar/CH4. This 
drop most likely occurred because when the CH4 concentration 
got too low, the etching rate   —due to the diluting gas—became 
greater than the deposition rate of CH4.
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After characterizing the films using Raman spectroscopy, 
it was shown that DLC had not formed. As shown in Figure 
2, the G-peak (1600 cm-1) and D-peak (1350 cm-1) that are 
representative of sp2 and sp3 hybridized carbon, respectively, 
were not present in the spectra. We believe that this was due 
to the high concentration of hydrogen in the films. After 
annealing, however, the hydrogen was removed from the film 
and sp2 and sp3 C-C bonds were formed. Figure 3 shows the 
spectra for this annealed sample, and both the G-peak and 
D-peak are present.

After this process was done, the thin-film Ti/Pd/Ag/AgCl 
electrode was microfabricated. Figure 4 shows a scanning 
electron microscope (SEM) cross-section image of the final 
film. It shows about 1.2 µm of AgCl and 2.2 µm of Ag. 
Therefore, about 36% of the original Ag film was converted to 
AgCl. This agrees with the work of Huang, et. al., ran the same 
process and had 33.3% of the Ag film converted to AgCl [3].

Future Work: 

Once DLC films are made, stress tests and biocompatibility 
tests will be done to gain further information on the material. 

Figure 4: SEM cross-section of Ti/Pd/Ag/AgCl electrode.

Figure 1: Variation of DLC deposition rates of the; a) N
2
/CH

4
 

and b) He/CH
4
 gas mixtures.

Figure 2: Raman spectra for 50% CH
4
 / 50% N

2
 sample.

Figure 3: Raman spectra for annealed sample.

Next steps in work with the Ag/AgCl electrode include 
patterning the electrode and running cyclic voltammetry tests 
with different neurotransmitters.
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quartz was chosen 
as the substrate to 
allow for visualization 
of the cells under 
a microscope. The 
pattern for the bio-
sensor is shown in 
Figure 1, with the 
ion-sensitive portion 
covered com pletely in 
silicon nitride (SiN), 
and the reference 
electrode being 
exposed gold (Au). 

The fabrication was 
as follows: photo lithography for resist patterning, thermal 
evaporation for the deposition of 30 nm of chrome and 70 
nm of gold, acetone lift-off with sonication, deposition of 65 
nm plasma-enhanced chemical vapor deposition (PECVD) 
nitride, resist patterning, reactive ion etching (RIE) etching, 
and finally, resist removal. The substrate was then bonded to a 
polydimethylsiloxane (PDMS) well through plasma cleaning.

Cell Treatment: 

About 125 µL of cell media containing breast cancer cells, 
SKBR-3, was pipetted into the PDMS well. The experimental 
group was treated with 5 µL of 1 mM Staurosporine, a drug 
known to induce apoptosis in SKBR-3 cells. A control group, 
not treated with any drugs, was also monitored.

Microfluidic Bio-Sensing for in vitro Tumor Cell Proliferation
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Abstract:

We present the fabrication of a monitoring system that allows for monitoring of cells inside an incubator. The 
system consists of a custom cell-monitoring device, a remote gate ion sensitive field effect transistor (ISFET), 
an amplifier, and a BeagleBone platform. The design, fabrication, and operation of the remote gate ISFET are 
described. We also describe how the ISFET was used to create the autonomous, continuous-time cell monitoring 
system, programmed for any time interval. Finally, we present the results of monitoring cells dosed with the 
chemotherapy drug Staurosporine over a period of 38 hours.

Introduction:

Currently, chemotherapy drug testing on cultured cells is 
a time-consuming, tedious process. Varying doses of the 
drug are added to cultured cells, and cells are monitored for 
viability (percent of the culture flask covered in cells). To 
accomplish this, researchers remove cells from an incubator 
(causing their local temperature, humidity, and pH to drop), 
use a microscope to examine a small area of the flask visually 
(prone to error from non-uniform distribution), and return the 
cells to the incubator. Moreover, this long process is just one 
small step for the diagnosis and treatment of a cancer patient. 
The ability to decrease the time needed, improve the accuracy 
of testing, and cater to each individual patient’s case is crucial 
to improving the chances of their survival.

ISFETs are an ideal biosensor for diagnostic testing due to their 
ability to accurately measure changes in a solution’s acidity, 
such as a cancer cell’s microenvironment. Cancer cells have 
an increased metabolism relative to healthy cells, leading to an 
increase in the production of lactic acid [1]. We can monitor 
this increase using the ISFETs as an increase in the pH of the 
cell culture media.

The aim of this project was to build a continuous-time, 
autonomous cell monitoring system, for use inside an 
incubator, with the ability to monitor multiple cell populations 
for any interval or sampling rate. The reliability of this system 
was to be confirmed by visually examining the cells over 
different intervals.

Biosensor Fabrication:

The design for the ISFET biosensor was nearly identical to 
the design prepared by Welch [2]. However, instead of silicon, 

Figure 1: The areas depicted in gray are 
portions covered by SiN, the black areas 
are the exposed Au, and the checkered 
pattern represents the PDMS well.
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Data Acquisition System: 

The biosensor’s sensing region was connected to the gate of 
an n-channel MOSFET; while the reference electrode was 
connected to a BeagleBone platform’s (BBP) ground. The 
output current of the complete ISFET was converted to a 
voltage by a trans-impedance amplifier before being sent to 
the BBP for data storage. The complete schematic for each 
channel is shown in Figure 2. The system, one channel each 
for the control and experimental group, was powered by a 9V 
battery, while the BeagleBone was powered by a 5V power 
supply. The BBP recorded the voltage of the systems in an 
interval of ten minutes.

Results and Conclusion:

In the first hour of cell-monitoring, the BBP crashed, causing 
loss of ability to monitor the control group with the data 
monitoring system. Furthermore, after the fourth hour, the 
control group evaporated due to the small amount of media 
the well could hold. The evaporation caused the cells to die, 
meaning that the control group could not be an accurate 
comparison to the experimental group. Imaging and data 
collection from the experimental group continued normally.

The results collected from the BBP are shown in Figure 3. 
Over a period of 38 hours, the voltage decreased from about 
1.4V to 0.02V. The decrease in voltage over time shows that 
there was a reducing amount of cell proliferation. This agreed 
with the imaging of the cells shown in Figure 4, confirming 
that the cell-monitoring system successfully monitored the pH 
levels of the cells’ microenvironment. However, further data 
will be collected to include a control group.

Further work includes optimization of the BBP to include 
safeguards for program failure and real-time data acquisition 
with visualizations over a network, and fabrication of a 
2×2 sensor array on one quartz substrate for easier, cheaper 
monitoring of different cell populations.
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Figure 4: Imaging of the cells at (A) the initial time, (B) after 4 
hours, (C) 24 hours, and (D) 36 hours.

Figure 2: Schematic of the data acquisition system.

Figure 3: Voltage data collected over a period of 38 hours.
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Figure 1: The concept design developed from our current one-node 
design into our two-node system.

Introduction:

Understanding the molecular communication between 
bacteria is a key component in building biosensors that 
utilize genetically modified bacteria for applications such as 
environmental monitoring. Currently, we have the capacity to 
study one receptor bacterial colony’s response to an artificial 
chemical signal (i.e., a one-node system) via a microfluidic 
device; however, studying the communication between two 
bacterial colonies (i.e., a two-node system) is key to improving 
the robustness of biosensors. Previous studies have created 
devices that can pass a gaseous signal between isolated 
colonies [1], but devices that study aqueous signals have cross-
contamination issues [2], or limited versatility of signal input 
[3].

This project focused on the creation of the first microfluidic 
device that allows for the study of various communication 
schemes (e.g., pulses, step functions) via an aqueous signal 
between sending and receiving bacterial colonies in one 
microfluidic chip. Our design, seen in Figure 1, is based on 
isolating sending and receiving colonies of bacteria in separate 
chambers and connecting them via a bridge that contains a 
porous polymer monolith that acts as a filter. Patterning the 
polymer monolith posed a key challenge. The chemical signal 
diffuses from the senders through the bridge to the receivers. 
However, the chemical signal doesn’t entirely diffuse across 
the bridge, so we manipulated the geometry of our device to 
control the signal loss.

Experimental Methods:

Polydimethylsiloxane (PDMS) devices were fabricated using 
a 65g total 10:1 ratio of polymer to crosslinker (Silgard 184 
Elastomer) poured onto a silanized SU-8 master mold and 
cured for four hours minimum at 60°C.

The device was masked off to photopattern the monolith. In 
fabricating the porous polymer monolith, the PDMS channels 
were first surface treated. A 0.25M 2,2’-dimethoxy-2-
phenylacetophenone (DMPAP) in acetone solution rinse was 
flooded through, and then a monomer solution of a 1:1 ratio 
of methylmethacrylate and ethylene diacrylate was loaded in 
and UV exposed for 40s with an 8W of 365 nm UV. This was 
then flushed out and then the monolith solution—consisting 
of (by weight) 60% 1:1 methanol to 2-propanol solution 
(porogen), 20% butyl methacrylate (monomer), 20% ethylene 
dimethacrylate (crosslinker), and 0.4% DMPAP (photo 
initiator)—was flooded in and treated with 8W of 365 nm UV 
for 45 minutes.

Confocal microscopy of the fabricated monolith was 
performed with a Zeiss 510 laser scanning microscope. To test 
the blocking ability of the monolith, genetically engineered 
Escherichia coli (E. coli) that continually produced green 
fluorescent protein (GFP) was flown into the device against 
the monolith.

Figure 2: Microscopy images of the photopatterned monolith 
fabricated in an arbitrary device. (See in full color on page xxxvi.)
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COMSOL Multiphysics 4.4 software was used to model 
theoretical chemical signal retention between the chambers 
in different geometries, using empirically realistic values and 
assuming a no flow condition in the bridge to account for 
biofilm buildup.

Results and Discussion:

Figure 2 depicts the confocal microscopy images of our 
resulting monolith. After flowing in E. coli that continually 
produced GFP, we found that the bacteria were capable of 
penetrating the beginning of the filter, but eventually were 
trapped and collect in patches, as seen in Figure 2a. In another 
trial of the fabrication, we imaged the bacterial plug that 
collected against the fabricated filter. These preliminary results 
show that the filter seems to be capable of preventing cross-
contamination of bacterial colonies.

To manage loss of chemical signal, we engineered the device 
geometry to lower the velocity of the flow adjacent to the 
bacteria chambers by varying the channel angles. Key factors 
that need to be considered include the tendency for bacteria 
to stick to and colonize sharp turns, corners, and areas of low 
velocity, potentially clogging the device.

If this proves to be insufficient, one can tune the angle of the 
channel in the design for signal retention. Our final design 
is seen in Figure 4; corners are rounded to prevent bacterial 
adhesion.

Future Work:

Our next step is to fabricate the porous polymer monolith in 
the exact bridge region of our new device. We need to run 
experiments to see if the filter pore size provides sufficient 
isolation of the colonies over the time period of an experiment 
(~ 2 days). If insufficient, we need to adjust the recipe for the 
monolith to tune the pore size such that the bacteria cannot 
migrate through. Additionally, we need to prove that the 
chemical signal can freely diffuse through the monolith. With 
this, we will have successfully created the first microfluidic 
device to study an aqueous signal between two bacterial 
colonies.
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Figure 4: The final design with four chamber-pair 
iterations and rounded corners.

Figure 3: COMSOL plots analyzing the chemical signal retention of 
varying geometries.

Figure 3 shows the COMSOL plots showing the velocity 
vector field and concentration gradients of varying geometries. 
The H-channel design retained almost no signal, given the 
uniformity of velocity flow adjacent to the chamber. The 
L-channel design minimized loss of signal, but had many 
sharp angles areas of low flow in the corners such that clogging 
would occur. The 135° angled channel design allowed for 
a compromise between signal retention and uncontained 
bacterial growth. The tunable nature of the geometry offered 
the full range of retention percentages. We moved forward 
with the 135° angled channel design, because the theoretical 
retention of 30.6% of the chemical signal seemed sufficient. 
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Figure 2: Device is designed for addition of 4% acrylamide 
in each inlet, and 0.4% bis-acrylamide in Inlets 1 and 2, and 
0.04% in 3. For gradient characterization, 20 mM fluorescein 
was added to Inlet 1, 10 mM to 2 and milliQ H

2
O to 3. 

Figure 1: Passivation of substrate with PCP (2k, 5k 12h later) makes 
the surface nonadhesive. UV exposure of PCP-functionalized surface 
cleaves the PEG molecule, making exposed surfaces (photomask 
controlled) cell adhesive. Geometric confinement is determined 
by irradiation pattern. Cell spreading is initiated by non-selectively 
exposing the surface following cell seeding.

Introduction:

Collective cell migration is a critical component of physio-
logical and pathological processes. This motility is directed 
by extracellular matrix (ECM) factors, including elasticity, 
known to profoundly affect single cell migration [1]. Less 
studied are the effects of mechanical compliance on collective 
cell migration, in which cell-cell contacts are maintained. 
Understanding the roles of ECM factors in collective cell 
migration will reveal underlying mechanisms of wound-
healing, developmental, and metastatic processes [2].

Until recently, cell migration was studied on stiffness-
homogenous substrates, limited in the neglect of durotaxis’ 
stiffness gradient-directed migration [1, 3]. Gradients in niche 
elasticity often result from the pathological and physiological 
conditions involving collective cell migration, suggesting that 
gradients are crucial to directed colony migration.

Microfluidic gradient generation fabricates a more-appropriate 
substrate for comprehensive motility study, with a precise, 
function-defined gradient [4].The gradient substrate is achieved 
by altering polyacrylamide (PAA) crosslinking density and 
photopolymerizing within microchannels [5, 6]. 

A controlled collective motility assay may be performed with 
surface function al ization via photo-cleavable poly(ethylene 
glycol) (PCP), to direct initial colony configuration and 
migration initiation [7, 8]. This method has successfully 
demonstrated collective migration trends in defined micro-
environments.

The techniques of substrate formation and functionalization 
in this study may result in platforms with physiologically-
relevant stiffness gradients and capability for light-driven 
alteration of cell adhesion for sophisticated motility analysis. 
With the fabricated device and proposed application, collective 
cell migration is explored to better mimic relevant pathways in 
vitro, and regulate pathways in vivo.

Experimental Methods:

Device Fabrication and Construction. The microfluidic 
device incorporated tri-inlet features, a linear gradient 
generator [4-5], and a gel photopolymerization chamber 
(Figure 2). The device was fabricated in PDMS using rapid 
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prototyping and soft lithography [9]. The PDMS component 
with embedded microchannels and 1.3 mm inlets, was bonded 
to a glass slide via O2 plasma treatment (150 mTorr, 100 W,  
1 min). Tubing (2 mm) interfaced with the inlet holes via 
silicon adhesive and connected to a syringe pump.

Device Characterization. Uranine fluorescent dye (MW = 
332 Da) was utilized to verify gradient linearity (Figures 2-3). 
Fluorescent images were obtained during flow, 10-15 min after 
gradient establishment. Fluorescent intensities were plotted as 
a function of chamber width using Metamorph (Molecular 
Devices, CA).

Cell Micropatterning on Bulk Substrates. PAA substrates 
were photopolymerized on glass slides at 55 and 5 kPa [10]. 
Compliance measurements were performed via atomic force 
microscopy (AFM) and a steel bead indentation method 
[11]. The photopolymerization process was later modified 
to include methylene blue as the photoinitiator [6]. Surface 
functionalization via PDL and PCP was performed [7], and 
a patterned photomask was used in irradiation of adhesion 
geometries (Figures 1 and 4).

Results and Future Work:

Multiple gradient-generating devices were successfully 
fabricated with differing outlet dimensions approximating 
the design parameters. Plots of fluorescence against chamber 
width at the outlet-chamber interface, and 
downstream in chamber indicate stepwise 
and linear gradients, respectively (Figure 3). 
Thus, the substrate will be extracted at the 
downstream location.

Before focusing on a gradient gel study, 
homogeneous gels were successfully fab-
ricated at stiffnesses of 55 kPa and 5 kPa. 
Stiffness measurements collected via 
AFM and classical measurements were 
accurate and comparable. Results of bulk 

substrate surface functionalization correspond with previous 
studies [7, 8]. Irradiated regions of passivated substrate had a 
significantly-greater cell adhesion than non-irradiated regions 
(Figure 4).

Given the success of bulk substrate fabrication, character-
ization, and micropatterning, and substrate gradient 
verification with the fabricated device, we intend to proceed 
to fabricate stiffness-variant substrates within the device for 
extraction and migration study. Gradient-compliant substrate 
photopoly merization is proposed as described in Zaari, et al., 
with methylene blue [5-6].

Following substrate extraction, techniques of surface 
functionalization via PDL and PCP should facilitate cell 
micropatterning and controlled migration initiation [7-8]. 
The performance of this assay will be the first study of micro-
controlled collective migration on a stiffness-gradient substrate 
with high precision. The information yielded in studies utilizing 
substrates fabricated with our device will well-define the role 
of elasticity gradients in collective migration, contributing to 
mimicry, alteration and understanding of biological processes.
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Figure 4: Selective cell patterning was demonstrated on gels with a bulk stiffness to 
verify process. Cell confluency corresponds with original photomask pattern, where non-
irradiated surfaces demonstrate less cell adhesion.

Figure 3: Fluorescent images are of gradient distribution of fluorescein 
across chamber width at the outlet-chamber interface (A), and 
downstream (B). Intensity as a function of width indicates a stepwise 
trend at the interface, and a linear gradient downstream (E). Adequate 
mixing is achieved at interfaces (C-D).
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Abstract:

Kidney failure patients in disaster areas and developing countries face the danger of having conventional 
hemodialysis treatments become inaccessible due to limited resources. For this reason, our goal is to develop 
a wearable device consisting of polymer fibers with a smart material that will selectively adsorb uremic toxins 
from the bloodstream, eliminating the need for more expensive treatments. The nanofibers would contain the 
blood compatible poly(ethylene-co-vinyl alcohol) (EVOH) as the main polymer, embedded with zeolites, a porous 
aluminosilicate that has the capacity to absorb toxins such as creatinine. The polymer and the zeolites were 
characterized separately to determine the ideal combination for the polymer meshes. This ideal combination was 
found to be 9 w/v% D2908 EVOH polymer fibers with a 10 wt% ratio of 940HOA zeolites. This fiber was found 
to absorb an impressive 57.43 mg of creatinine per gram of zeolite in the fiber. It was unusual and unexpected for 
the nanofiber to have a higher per gram adsorption than the free zeolites, and so further studies will be performed. 
These results suggest that these nanofibers could substitute for specialized equipment in removal of waste product 
from the bloodstream.

Figure 1: Possible application in wearable device. (Ebara, et al., 
Fabrication of zeolite-polymer composite nanofibers for removal of 
uremic toxins from kidney failure patients).

Introduction:

The final objective of this study is to develop zeolite-based 
polymer fibers that may be used in a wearable device to treat 
kidney failure patients (Figure 1). These nanofibers have two 
components, a polymer and a smart material, and they are 
intended to adsorb uremic toxins such as creatinine.

EVOH is ideal as a polymer because it is blood compatible, 
as well as insoluble in water, both of which are vital because 
the final application would involve blood being passed 
through EVOH-based meshes. Zeolites are porous, crystalline 
aluminosilicates. The microscopic pores are often called 
“molecular sieves,” because they can trap small molecules on 
their surface. There are different types and frameworks with 
properties varying according to pore and molecule size, as well 
as the orientation.

Methodology:

Fibers were first fabricated without embedded zeolites by 
electrospinning, which is a process in which a potential 
difference (voltage) is applied between a syringe with a 
solution and a collector, in our case a piece of aluminum paper. 
The voltage made the solution turn into random, solid strands 
that were deposited on top of the collector in the form of small 
fibers. To create the fibers, we first spun a PVA-water layer on 
top of the collector as a sacrificial layer. Then, after the EVOH 

Figure 2: Fabrication techniques.
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was spun on top of it, the collector was dipped in warm water 
to dissolve the EVOH layer, simplifying the removal of the 
polymer fiber. It was then dehydrated at 56°C. This process 
is detailed in Figure 2. After a separate characterization of 
polymer fibers and zeolites, zeolites were sonicated into the 
EVOH solution and then electrospun to create the nanofibers.

To determine creatinine adsorption in zeolites and nanofibers, 
ultraviolet light (UV) absorption was used. Parting from the 
principle that higher concentrations of solute absorb more 
UV light, a calibration curve for different concentrations of 
creatinine-water was created. Free zeolites were introduced to 
a known concentration of creatinine-water and left stirring at 
37°C for 24 hours, then centrifuged out of the solution. The 
remaining concentration was determined using UV absorption 
and the calibration curve. The mass of creatinine adsorbed 
could be obtained from the drop in concentration of the 
solution.

Figure 4: Adsorption capacity of zeolites in meshes.

Figure 3: SEM imaging of fibers.

Results and Conclusions:

Different types of polymer fibers without 
zeolites were first characterized with a 
scanning electron microscope (SEM), to 
determine which would be better suited for 
the meshes. Two different EVOH polymers 
were selected: A4412 and D2908 (44% and 
29% ethylene content, respectively). We 
tested 5, 7, 9, 10 and 15 w/v% and found that 
the lower concentrations produced “beading 
effects” that may affect the adherence of 
zeolites to the fibers. Similarly, the highest 
concentration (15%) produced fibers that 
were deformed and inconsistent in their 
diameter. Therefore, we chose 9 w/v% as 
the ideal concentration for larger, visually 
consistent nanofibers. The difference in 
ethylene content did not appear to have an 
effect on fiber morphology. These fibers 
may be observed in Figure 3.

Nine different types of zeolites were tested 
for their creatinine adsorption capacity UV 
absorption. These zeolites were 980HOA, 

690HOA, 720KOA, 940HOA, 840HOA, 640HOA, 320HOA, 
and 500KOA. Three different experiments using varying mass 
of zeolites (10, 25 and 50 mg) in 200 µM concentrations gave 
us an idea of which zeolites adsorbed the most milligrams of 
creatinine per gram of zeolite. The most adsorbant zeolites 
were chosen for the meshes and were determined to be 
940HOA, 840HOA and 640 HOA, with average adsorbance 
capacities of 5.56, 5.67, and 5.68 mg/g, respectively.

Six zeolite-polymer nanofibers were made, combining each of 
the selected zeolites and 9 w/v% solutions of both types of 
EVOH in a 10 w/w ratio. These fibers were also tested using 
UV absorption by dipping them in of 40, 120, and 200 µM 
creatinine-water solutions. The amount of creatinine adsorbed 
was adjusted to per gram of fiber and per gram of zeolite basis. 
These results are shown in Figure 4. 

The most adsorbant zeolite polymer combinations were 
the ones containing the 940HOA zeolites, specifically the 
940HOA-D2908 combination that had an adsorption capacity 
of 5.20 mg/g of fiber and 57.43 mg/g of zeolite. The ethylene 
content of the polymer did not seem to make any significant 
difference. These results are encouraging for the possible use 
of these fibers in a wearable device.
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Abstract:

Cytotoxins are agents toxic to cells. To infect, cytotoxins must overcome the cell membrane, the primary defense 
of the cell. Membranes, however, are highly heterogeneous, containing many distinct domains differing by lipid 
content. For most cytotoxins, it is unknown if individual species differentiate between lipid compositions or if some 
domains act as nucleation sites for aggregation. Using microfluidic techniques, we studied the binding affinity of 
inert Amyloid-Beta 40 and toxic Amyloid-Beta 42, a primary suspect that exhibits neurotoxic activity leading to 
Alzheimer’s dementia, and the membrane binding portion of the anthrax toxin, to a variety of lipid domains. By 
introducing the cytotoxins to a lipid domain library we were able to examine their binding propensities to lipid 
domains; we find this to be a selective process.

Introduction:

B i o - m e m b r a n e s 
are composed of 
thousands of lipid 
species, differing in 
their alkyl chains, 
head groups and 
degree of saturation. 
Changes in lipid com-
position or even the 
absence of a single 
lipid have shown to 
lead to severe path-
ologies and death. 

The leading hypothesis that explains the role of lipids in 
membrane functionality is that the lipids segregate into distinct 
domains [1]. These lipid domains can, with high specificity, 
incorporate or exclude proteins, hence inhibiting or accelerating 
biological processes at the membrane surface. Structural 
studies of lipid membranes have shown that the lipid packing, 
distances and tilt, strongly depend on the their chain length, 
backbone, and headgroup. This suggests that lipid complexes 
may have structural and chemical complementarities with 
proteins [2]. Knowledge of protein-domain interactions is 
essential to understand membrane functionality.

The complementation of lipid domains with specific proteins 
suggests specific binding patterns of lipid membranes with 
various pathogens. Our research examined the interaction of 
amyloid-beta (Aβ) peptides and the anthrax toxin with various 
lipid domains. Aβ peptides, originally the intermembrane 
component of the amyloid precursor protein, are found in 

Figure 1: The inert amyloid-beta 40 peptide 
(left) and the toxic amyloid-beta 42 peptide 
(right). (See full color version on page xxxvi.)

high concentrations in the brains of Alzheimer’s patients. 
Aβ40 and Aβ42 (Figure 1) are the two dominant forms of the 
Aβ peptide. Due to its more hydrophobic nature, the Aβ42 is 
the most amyloidogenic (and fibrillogenic) form of the peptide 
and considered the primary toxin in Alzheimer’s. Using 
microfluidic techniques, we examined the affinity of Aβ40 and 
Aβ42 peptides to a lipid membrane library. In parallel with 
this experiment, and using similar techniques, we studied the 
binding of the anthrax toxin to the lipid library.

Experimental Procedure:

Using the largest lipid library in the world, consisting of 108 
different lipid domains, we analyzed the binding selectivities 
of cytotoxins. We used a self-designed and fabricated 108 well 
polydimethylsiloxane (PDMS) microfluidic device (Figure 2) 
to introduce cytotoxins to the lipid library. The device gave 

Figure 2: Magnifying from left to right; The 108 well microfluidic 
device; a single well; individual liposome swelling within the well. 
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us tight control over small volumes, allowing us to analyze 
multiple samples in parallel. Liposomes were grown inside 
microfluidic channels by hydrating and heating lipids that were 
seeded within the device during fabrication. After liposome 
formation, fluorescently labeled cytotoxins were flushed into 
the device and allowed to interact with the liposomes. The 
liposomes were then washed and unbound cytotoxins were 
flushed out of the device. Using confocal microscopy and 
extensive image analysis, we calculated the total fluorescence 
per unit area of the liposomes for each well. From this 
information, we were able to identify the lipid domains to 
which the cytotoxins were bound.

Results and Conclusions:

Using microfluidics, we analyzed, in parallel, the binding 
preferences of a large number of lipid domains, and created 
affinity matrices that showed the specific binding of Aβ 
peptides and anthrax toxin to lipid domains. These matrices 
show the relative fluorescence per unit area for each lipid 
domain. The different binding patterns of Aβ40 and Aβ42 
(Figure 3) reveal variation in membrane binding propensities, 
and hence, possible differences in cytotoxicity. The binding 
of the peptides to cell membranes is considered the toxic step 
in Alzheimer’s disease due to the theory that bound peptides 
induce neuron membrane permeability and plaque formation 
in the brains of Alzheimer’s patients. This in mind, it is 
important to note that Aβ42, considered the more toxic peptide, 
bound favorably to lipid domains containing cerebrosides, 
lipids found abundantly in the surface membranes of neural 
cells, while Aβ40 bound favorably to the domains containing 
phosphatidylethanolamine, lipids rarely found on the surface 

of neural cells.

We also created an affinity matrix for the binding pattern of the 
anthrax toxin (Figure 4). A series of experiments showed that 
the toxin had high selectivity to sphingomyelin-cholesterol 
complexes; these domains are considered very important 
for membrane functionality. This selective binding may be a 
useful tool, allowing scientists, for the first time, to use anthrax 
as a probe to label specific lipid domains.

Future Work:

To further this work, the affinity of cytotoxins to various 
cell lines would need to be tested. Liposomes are model 
membranes; the model must be proven by showing the binding 
selectivity of cytotoxins to various cell membranes of unique 
lipid compositions. Work of this nature would shed light on the 
toxic mechanism of Alzheimer’s disease and the possibility of 
using anthrax as a probe for lipid rafts.
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Figure 4: Anthrax affinity matrix; The toxin demonstrates high 
selectivity to sphingomyelin-cholesterol complexes shown 
left.

Figure 3: Amyloid-beta affinity matrices; Each square corresponds 
spatially to the wells on the microfluidic device. Note the distinct 
variations in the binding specificities the two amyloid-beta 
peptides. 
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Figure 1: This image from “Beyond sequencing: optical mapping of DNA in the 
age of nanotechnology and nanoscopy,” shows the act of straightening DNA, 
as well as the optical barcode that can be derived from the fluorescent markers. 
Reprinted with permission from [1] Levy-Sakin, M. and Ebenstein, Y. (2013). 
Current Opinion in Biotechnology. 24, 690-698.

Introduction:

Optical mapping of deoxyribonucleic acid (DNA) has emerged 
as a viable alternative to help with read length restrictions 
in conventional sequencing. Rather than attempting whole 
genome sequencing, which often has errors and gaps, optical 
mapping uses fluorescent imaging of large (~ 10 kilobase pair 
-1 megabase pair), linearly arranged, individual DNA strands 
in order to view large scale patterns that would be difficult 
to obtain by sequencing [1]. As shown in Figure 1, points 
of interest on the DNA are marked, and a unique barcode 
characteristic of the features present in the sequence is created. 
The optical mapping technique requires forcing the DNA 
to be in a linear state, which isn’t preferred, as the polymer 
has maximum entropy in a random coil state. Nanochannel 
devices alleviate this problem by confining the DNA molecule 
to a one dimensional space, where the polymer will have no 
choice but to exist linearly. The focus of this project was to 
study the dynamic behavior of an individual, isolated DNA 
molecule in confinement which can be directly deduced from 
its diffusion properties in response to the variation of the width 
of the channel.

Experimental Procedure:

Four-inch fused silica wafers were used as preferred substrate 
for device fabrication because of their non-positive charge, 
to avoid sticking of negatively charged DNA backbone, and 
low autofluorescence, to achieve higher signal to noise ratio as 
compared to silicon in imaging process. 

The basic structure of 
the device is shown in 
Figure 2, and consists 
of four DNA feeder 
holes (1-4) to pipet 
DNA dissolved in 
buffer solution into 
the device. 

These holes connect to 
micro channels (A&B) 
approximately 50 µm  
in width, which ease 
the entropic jump be-
tween a bulk coil state and a linearly confined nanoscale state. 
The nanochannel (C&D) region of the device vary in width 
from wafer to wafer, as the effects of varying confinement 
widths on the extension and diffusivity of the DNA is desired 
[2]. However, despite the varying widths of the device 
channels, each device sought to have the same depth as its 
width. The nanochannels in the devices were created using 
electron beam lithography. A conductive layer, usually gold 
or aluminum, was added on top of the 950 poly(methyl 
methacrylate) (PMMA) e-beam resist because the substrate 
was nonconductive. Without a conductive layer, the electron 
beam spot size would be bigger than desired, leading to 
lower resolutions. Photolithography with AZ9260 resist was 
used to create the microchannel and reservoir regions, where 
the highest possible write resolution is not necessary. After 
creating patterns on the resist, reactive ion etching was used to 
etch the patterns into the surface of the substrate. Afterwards, 
fusion bonding was done at 1000°C to seal the device with a 
fused silica coverslip.

To study the diffusion of DNA at equilibrium, fluorescence 
microscopy was employed. Lambda-DNA (New England 
Biolabs, ~ 48 kbp) marked with YOYO dye was imaged using 
a laser, and a snapshot was taken every five seconds. It could 
be assumed that the mass at a given point was correlated to the 

Figure 2: This figure is a basic overview of the 
device, with the design belonging to Gupta, et 
al. Reprinted with permission from [2] Gupta, 
D., et al. (2014). Mixed confinement regimes 
during equilibrium confinement spectroscopy 
of DNA. J. Chem. Phys. 140, 214901-214913.



•2014•NNIN•REU•Research•Accomplishments• 25

B
I
O
L

intensity of emitted light, as the DNA was labeled with dye in 
even intervals, so a mass profile based on the light intensity of 
a given point was created. From this data, the center of mass 
can be established for each frame, and the movement of the 
center of mass was calculated. Mean squared displacement 
(MSD) can be found from the movement of the center of mass, 
and since MSD = 2Dt for one dimension random walk, the 
diffusion coefficient D can be found by plotting MSD vs. time, 
t. Diffusivity was expected to decrease with the confinement 
size, because of the greater amount of monomer-environment 
interaction.

Diffusion data was gathered with a 100×100 nm device. 
Our preliminary diffusion results in Figure 4 agree with the 
expectation that increased confinement would lead to a lower 
diffusion coefficient, as the diffusivity of DNA at 100 nm 
confinement is 0.08485 ± 0.005 µm2/s (E). Comparatively, 
Dbulk = 0.46 ± 0.03 µm2/s [4], which is significantly higher. We 
can conclude that DNA does experience lower diffusivity at a 
much more restrictive confinement.

Future Work:

For future work, an array of devices will be made, spanning 
widths from 60-300 nm, and diffusion data will be gathered 
from all of them. This data will then be used to probe 
confinement regimes of DNA.

Acknowledgments:

This material is based upon work supported by the National 
Science Foundation under Grant No. ECCS-0335765. Special 
thanks to Professor Kevin Dorfman, Damini Gupta, the 
National Nanotechnology Infrastructure Network Research 
Experience for Undergraduates Program, and the Minnesota 
Nano Center.

References:
[1] Levy-Sakin, M. and Ebenstein, Y. (2013). Beyond sequencing: 

optical mapping of DNA in the age of nanotechnology and 
nanoscopy. Current Opinion in Biotechnology. 24, 690-698.

[2] Gupta, D., et al. (2014). Mixed confinement regimes during 
equilibrium confinement spectroscopy of DNA. J. Chem. Phys. 
140, 214901-214913.

[3] Lam, E.T., et al. (2012). Genome mapping on nanochannel 
arrays for structural variation analysis and sequence assembly. 
Nature Biotechnology. 30(8), 771-776.

[4] Balducci, A., et al. (2006). Double-Stranded DNA Diffusion in 
Slitlike Nanochannels. Macromolecules. 396273-6281.

Figure 4: This graph was created by plotting the mean squared 
displacement of four different DNA molecules vs. 2*time while 
confined to a 100 nm channel.

Figure 3: These devices were fabricated over the course of the project, with the 
nanochannel feature designs from Lam, et al. [3].

Results and Conclusions:

Figure 3 is a collection of scanning electron microscopy 
images that depict two different devices which were fabricated 
as a part of this project: a 90 nm device (left column), and 
a 60 nm device (right column). They show the three main 
features of the nanochannel region of the device. The top 
images show the pillar region, a gradient of hexagonally close 
packed protrusions which help linearize the DNA. They act 
like the bristles of a comb to untangle the DNA from its bulk 
state. The middle images show the concentration channels. 
These act like a funnel and collect the DNA at its interface 
with the nanochannels (pictured) so that more polymers will 
be captured in a single image. Finally, the bottom images show 
the nanochannels where the DNA was confined at equilibrium. 
Nanochannel region was based on designs used by Lam, et al. 
[3].
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Abstract:

Surface enhanced Raman spectroscopy (SERS) of plasmonic nanostructures can be useful in biomedical practices, 
including cancer detection, because of these particles’ low detection limits. Lasers at certain wavelengths excite 
localized plasmon resonances that enhance local electric fields and result in higher Raman intensities — this makes 
the particles easier to detect. Electron energy loss spectroscopy (EELS) spectra of these nanostructures taken with 
a transmission electron microscope (TEM) have peaks at energies corresponding to plasmon resonances. Previous 
work with gold nanostructures has shown that Raman wavelengths with energies corresponding to EELS energy 
peaks result in higher Raman enhancement. We fabricated silver plasmonic nanostructures via electron-beam 
lithography on silicon wafers with titanium and mercaptopropyltrimethoxysilane (MPTMS) adhesion layers. 
Raman spectra of the silver nanostructures revealed no enhancement with titanium layers and high enhancement 
with MPTMS layers, agreeing with gold results. Plasmon peaks in silver EELS spectra did not correlate with 
enhancement as well as gold EELS spectra. Further investigation is needed to determine a correlation between 
strong plasmon resonance peaks in EELS spectra and high SERS enhancement factors.

Introduction:
Metallic nanostructures that exhibit SERS properties, such 
as gold and silver, are coated with a Raman active dye and 
are injected into the bloodstream where they can then enter a 
tumor. The nano particles are detected by their Raman signal, 
which is enhanced by several orders of magnitude due to the 
properties of the metal. The enhanced Raman signals can be 
explained by the presence of surface plasmons, which are 
oscillating electron clouds on the surface of the metal. They 
can couple with electromagnetic radiation to create enhanced 
localized electric fields on the surface. The intensity of electric 
field in these regions is a superposition of the metal field and 
the incoming field [1].

Raman spectroscopy detects the Raman scattering process 
occurring at the surface of the nanostructures. Raman scattering 
is the inelastic scattering of light from a substrate. When the 
Raman dye is located in a region on the metal where there 
is an enhanced electric field, both the incoming and exiting 
photon intensities are enhanced resulting in an overall signal 
enhancement [1]. Factors that affect the Raman intensity are 
size, shape, and material of the metal nanostructures.

Another spectroscopic technique used to gain more insight 
into the location of surface plasmons and their contribution to 
enhanced Raman signals is electron energy loss spectroscopy 
(EELS). EELS is done in a transmission electron microscope 
(TEM). Electrons passing through a sample are sometimes 

inelastically scattered and lose some energy. The TEM 
measures the energy loss of incoming electrons at each point 
on the sample resulting in a data cube that can be analyzed 
in two ways. An x,y position of an EELS data cube gives a 
spectrum that shows the frequency of energy loss at that point. 
An energy range of an EELS data cube gives an image where 
bright pixels indicate a higher frequency of energy loss. Bright 
regions correspond to the excitation of a plasmon.

Experimental Procedure:

Nanostructures were fabricated via electron-beam lithog raphy 
on three-inch silicon wafers spin-coated with poly(methyl 
methacrylate) (PMMA) resist. The wafers were developed 
in a 1:3 methyl isobutyl ketone to isopropyl alcohol solution. 
A 2 nm layer of titanium was deposited with electron gun 
evaporation on one set of nanostrucures. A monolayer of 
MPTMS was deposited on another set of structures with 
vapor deposition in a vacuum chamber. A 30 nm layer of 
silver was deposited with electron gun evaporation on both 
sets of nanostructures. For Raman spectroscopy, a Raman 
active substrate 4-mercaptopyridine dye was deposited by 
submerging the wafers in a 1 mM solution of the dye. For 
EELS, the same procedure was replicated on TEM silicon 
nitride instead of silicon wafers.
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We fabricated nanostructures of varying sizes, shapes and 
spacings to demonstrate the effects of these factors on the 
Raman signal enhancement and the location of surface 
plasmons. A scanning electron microscopy (SEM) image of 
nanoapertures is shown in Figure 1.

Results:

Raman spectra for silver nanostructures taken with a 785 nm 
(1.57 eV) laser agreed with gold results. In Figure 2, we see 
there was enhancement for silver structures made with MPTMS 
adhesion layers and no enhancement for structures made with 
titanium adhesion layers. These results were consistent for all 
silver nanostructures of various sizes, shapes and spacings.

EELS spectra of the same structures were less conclusive. 
For gold nanostructures, we saw strong plasmon peaks for 
MPTMS apertures at 1.57 eV and weak plasmon peaks for 
titanium apertures at 1.57 eV. Silver nanostructure EELS 
spectra taken in between apertures are shown in Figure 3. We 
see a weak plasmon peak at 1.57 eV for the MPTMS apertures 
and strong blue shifted plasmon peak for titanium apertures. 
Since MPTMS aperture peaks align better with the Raman 
laser energy, this may be the cause for the Raman enhancement. 

Energy slices for silver nanostructures encompassing the 
Raman laser energy are shown in Figure 4. The brighter 
regions in between apertures for the titanium structure indicate 

Figure 4: EELS energy slices from 1.5-1.6 eV of 144 
nm diameter apertures with 100 nm spacing with 
MPTMS adhesion layers (left) and titanium adhesion 
layers (right).

Figure 1: 144 nm diameter apertures with 
100 nm spacing.

Figure 2: Raman spectra of 144 nm diameter apertures with 
100 nm spacing with MPTMS adhesion layers (left) and 
titanium adhesion layers (right).

Figure 3: EELS spectra of 144 nm 
diameter apertures with 100 nm 
spacing with MPTMS adhesion layers 
(solid) and titanium adhesion layers 
(dotted).

more plasmon resonance for these structures than for MPTMS 
structures. It appears that the correlation between strong 
plasmon peaks and Raman enhancement is still unclear for 
silver nanostructures.

Conclusion and Future Work:

Titanium adhesion layers have negative effects on Raman 
signals for both gold and silver nanostructures. Although 
strong plasmon peaks align with high enhancement for gold, 
further investigation is needed for silver. This includes using 
different laser energies for Raman spectroscopy to determine if 
other plasmon peaks correlate to high enhancement.

Acknowledgements:

Steven Madsen, Professor Robert Sinclair, Sinclair Group, 
Michael Deal, and Maureen Baran for their assistance. This 
research was supported by the National Nanotechnology Infra-
structure Network Research Experience for Undergraduates 
Program and the Stanford Nanofabrication Facility. We thank 
the National Science Foundation for funding.

References:
[1] Pablo G. Etchegoin and Eric C. Le Ru, Principles of Surface 

Enhanced Raman Spectroscopy, Chapter 1, 2009.



•2014•NNIN•REU•Research•Accomplishments•28

B
I
O
L

Effects of Gold Nanoparticle Size and Functional Group  
on Adipogenesis of Mesenchymal Stem Cells

Peter Su
Chemical and Biomolecular Engineering, University of  California, Berkeley

NNIN iREU Site: National Institute for Materials Science (NIMS), Tsukuba, Ibaraki, Japan

NNIN iREU Principal Investigator: Dr. Guoping Chen, Tissue Regeneration Materials Unit, International Center  
for Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba, Ibaraki, Japan

NNIN iREU Mentor: Dr. Jasmine Li, Tissue Regeneration Materials Unit, International Center for  
Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba, Ibaraki, Japan

Contact: su.peter92@gmail.com, guoping.chen@nims.go.jp, li.jasmine@nims.go.jp

Introduction:

Mesenchymal stem cells (MSCs) are extremely useful in 
generating a multitude of cell lineages for tissue regeneration 
applications. The microenvironment of these MSCs is critical 
in regulating their differentiation, including soluble factors that 
bind to various cell receptors. Meanwhile, gold nanoparticles 
(AuNPs) have shown great potential in biological research due 
to their ability to interact with biomolecules. Previous work 
has shown AuNPs of different sizes to affect the regulation 
of adipogenic (fat cell) differentiation of MSCs [1]. Thus, the 
objective of this research was to expand on previous research by 
examining the effects of AuNPs of two different sizes (20 and 
90 nm) and functional groups (citrate and β-mercaptopropionic 
acid (COOH)) on MSC growth, morphology, and degree of 
adipogenic differentiation.

Experimental Procedure:

Gold nanoparticles were synthesized via the citrate reduction 
method. Trisodium citrate was added to a 100 mL solution 
of 0.29 mM tetrachloroauric acid in a reflux setup, heated at 
110°C, and stirred at 700 rpm for thirty minutes. AuNPs of 
diameters 20 nm and 90 nm were produced by varying citrate 
concentrations [2]. After synthesis, the AuNPs were purified 
via centrifugation. Then, they were characterized for size via 
dynamic light scattering (DLS) and ultraviolet-visible light 
(UV-vis) spectroscopy, charge and stability via zeta potential 
measurements, and morphology using scanning electron 
microscopy (SEM). Finally, to functionalize the AuNPs with 
β-mercaptopropionic acid, a ligand-exchange reaction was 
performed at pH 11 in dark conditions for twenty-four hours. 
These AuNPs were then characterized as well.

Table 1: AuNP synthesis and characterization results.

Figure 1: SEM images of the AuNPs (platinum-coated) showing 
morphology and size distribution.

MSCs were seeded in four 24-well plates at a density of 5 × 
103 cells/cm2. Three biological replicates of each condition 
were used. After one day of culture, 1 mM of AuNPs were 
added in, along with adipogenesis induction media for two 
plates (the other two plates were negative controls). Media 
was changed once every three days. After seven days, growth 
and morphology were examined via optical microscopy, and 
adipogenic differentiation was quantified via an alkaline 
phosphatase (ALP) activity assay and an Oil Red O staining 
assay. ALP activity was measured using the Anaspec Sensolyte® 
kit. Oil Red O staining was carried out by fixing then staining 
the cells with Oil Red O. Cells were then imaged before the oil 
was eluted and measured for absorbance at 500 nm. Cells were 
counted using a hemocytometer under an optical microscope.

Results and Discussion:

Table 1 summarizes nanoparticle synthesis and characterization. 
Zeta potentials were below -20 mV, showing the AuNPs to be 
stable, while size and morphology of the AuNP (Figure 1) using 
both high and low concentrations of citrate was consistent with 
literature [3].
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Figure 2 shows undifferentiated MSCs, while Figure 3 
shows Oil Red O images of MSCs with adipogenic media. 
Adipogenesis was evident by rounding of the MSCs as well as 
formation of lipid droplets, but in all cases no morphological 
changes were visible compared to the controls. Additionally, 
the 90 nm AuNP-citrate condition seemed to show the most 
cellular uptake. Cell number data (Table 2) clearly shows that 
growth was inhibited by the 90 nm AuNPs functionalized with 
β-mercaptopropionic acid.

ALP activity results (Figure 4) demonstrated a significant 
increase in ALP activity for the two 90 nm AuNPs, more so for 
the 90 nm COOH AuNP. Additionally, Oil Red O absorbance 
readings showed an increase in lipid droplet formation per cell 
for all AuNPs, but significantly more so for 90 nm AuNPs.

These findings indicate that larger AuNPs-COOH seem to not 
only inhibit growth, but also favor adipogenesis simultaneously. 
Additionally, there was also less uptake of the 90 nm AuNPs-
COOH, indicating that the functional group on this larger 
AuNP has strong biological implications. These AuNPs may be 
interacting with a variety of receptors both on the cell surface 
and inside the cytoplasm. One possible cause of such behavior 
is that the AuNPs may disrupt F-actin cytoskeleton filaments 
inside the MSCs, an early step in adipogenic differentiation.

Conclusions and Future Work:

We have demonstrated the successful synthesis of two different 
sizes and functional groups of AuNPs, and shown that larger 
AuNP tend to help MSCs favor adipogenesis while inhibiting 
growth. Although the mechanism of interaction still remains 
to be elucidated, these findings show interesting implications 
of β-mercaptopropionic acid functionalized gold nanoparticles 
with a diameter of around 90 nm.

For future studies, examining expression levels of genes related 
to adipogenesis would be useful. Additionally, a more exact 
concentration of AuNPs before treatment and after culture 
can be taken in order to quantify cellular uptake. Finally, 
exploration of other biologically active functional groups on 
the AuNP surface is already being conducted in our laboratory, 
which can give further information about their effects on MSC 
adipogenesis.
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Table 2: Cell number data after seven days of culture.

Figure 2: Undifferentiated MSCs grown in growth media after seven 
days. The arrows indicate AuNPs internalized by the MSCs.

Figure 3: Oil Red O staining of MSCs cultured with adipogenic media 
after seven days. Arrows indicate AuNPs and lipids inside the MSCs.

Figure 4: ALP activity assay results (top) and Oil Red O 
absorbance measurements (bottom) for each condition. 
Statistics were determined using a one way analysis of 
variance (ANOVA) with Tukey’s Multiple Comparison Test.



•2014•NNIN•REU•Research•Accomplishments•30

B
I
O
L

Label-Free Detection of Escherichia coli using  
Silicon Nanophotonic Biosensors

Emily Thompson
Biomedical Engineering, Arizona State University

NNIN REU Site: Washington Nanofabrication Facility & Molecular Analysis Facility, University of Washington, Seattle, WA

NNIN REU Principal Investigator: Daniel M. Ratner, Ph.D., Bioengineering, University of Washington

NNIN REU Mentors: Shon Schmidt and Pakapreud Khumwan, Bioengineering, University of Washington

Contact: erthomp2@asu.edu, dratner@uw.edu, shons@uw.edu, pakapreud@gmail.com

Abstract:

Medical diagnostics influence 60-70% of patient treatment decisions [1], yet sophisticated, sensitive diagnostics 
are still largely confined to hospitals and laboratories, limiting their impact in point-of-care settings. The growing 
field of nanophotonic biosensors has the potential to bring clinically relevant and sensitive medical diagnostic 
capabilities to the patient bedside. These silicon-based sensors utilize light to detect biomolecular interactions and 
are compatible with today’s established complementary metal-oxide-semiconductor (CMOS) foundry processes for 
high-volume, low-cost fabrication. The goal of this project was to demonstrate the potential application of silicon 
photonic biosensors to bacterial detection and compare their performance with that of a competitive technology, 
surface plasmon resonance (SPR). We first verified and optimized binding of Escherichia coli (E. coli) with SPR, 
developing an assay suitable for use on two different silicon photonic systems (transverse electric and transverse 
magnetic mode ring resonators). The results were compared to show the viability of bacterial detection using 
silicon photonic biosensors, and binding was characterized with scanning electron microscopy (SEM).

Introduction:

We employed SPR imaging to validate our bacterial binding 
methodology due to its well-established reputation as an optical 
biosensing platform [2] and its similarity to silicon photonics. 
In SPR, a beam of visible-spectrum light is guided through 
a prism onto a gold chip, and the intensity of the reflected 
beam is detected. Light directed at a certain resonant angle, 
dependent upon the refractive index of the chip, excites the 
surface electrons, or plasmons, causing them to oscillate. In 
biosensing applications, the chip is functionalized with ligands 
that bind to a target analyte, which shifts the resonant angle 
of the light [2]. This shift can be measured, enabling direct 
detection of analyte binding.

In silicon photonics, light is directed through a linear silicon 
wire known as a waveguide, which allows for coupling of the 
light into a resonator. Binding of bacteria at the resonator’s 
functionalized surface changes the local refractive index and 
shifts the resonant wavelength, the wavelength of input light at 
which signal intensity is minimal due to interference [4].

The polarization of light traveling through the ring resonators 
determines the sensing region at the rings’ surface, where 
binding occurs. We studied two types of ring resonators: rings 
using transverse electric (TE) mode light and rings using 
transverse magnetic (TM) mode light. The TM mode rings 
have a larger sensing region extending beyond their surface, 
so we hypothesized that TM mode rings would be better suited 
than TE mode rings for detection of large molecules like 
bacteria.

Experimental Procedure:

In our SPR experiment, a gold chip was spotted with RNase B, 
a ligand to which E. coli fimbriae bind [3]. The rest of the chip 
was blocked in bovine serum albumin (BSA), which served 
as a negative control. E. coli were flowed across the chip 
using a fluidic channel. To validate specific bacterial binding, 
we mixed the E. coli with alpha-phenyl mannoside, which 
contains the D-mannose moiety and inhibits the bacteria FimH 
receptors, preventing binding to RNase B.

The TE mode ring resonators were tested using the Maverick 
Detection System (Genalyte, San Diego, CA). Bacteria were 
flowed across a chip functionalized with RNase B and no shift 
in resonant wavelength was observed, indicating that there was 
no binding. We developed a custom test platform and software 
in order to test bacterial binding on TM mode ring resonators.

First, a phosphate buffered saline (PBS) baseline was 
established, after which RNase B was flowed across the chip 
for functionalization. Bacteria were then flowed across the 
chip.

Results and Conclusions:

The SPR experiment shows a shift in intensity for the RNase 
B regions of the chip as more bacteria are flowed across, 
indicating bacterial binding (Figure 1). The PBS wash at 1100 
seconds removed any weakly bound molecules. Additionally, 
our experiment to validate specific bacterial binding was 
successful (Figure 2). Bacteria mixed with FimH inhibitor did 
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not bind to the RNase B, while bacteria without the inhibitor 
did bind. This verifies that the signal response detected was 
specific binding of E. coli.

The TE ring resonators showed no discernible binding, in part 
because of their lower level of sensitivity and their smaller 
resonator size relative to the large cell bacteria. This size 
disparity can be seen by SEM imaging of a ring resonator chip 
spotted directly with bacteria (Figure 3). We hypothesize that 
the protective fluoropolymer cladding makes binding of the 
bacteria to the smaller resonator difficult when the bacteria are 
flowed across the chip.

By comparison, the TM ring resonators did show bacterial 
binding (Figure 4). The shift in resonant wavelength when 
bacteria were flowed across the resonators indicates bacterial 
binding.

Future Work:

Future work with silicon photonic devices will focus on 
repeating and validating our results with the TM mode chips 
using various on-chip controls, as well as improving the 
devices’ biocompatibility so that they can process undiluted 
clinical samples. Silicon photonic sensors will likely be 
expanded into many other diagnostic applications, especially 
at the point-of-care.

Figure 4: Bacterial binding curve using TM ring resonator.

Figure 1: Bacterial binding curve using SPR.

Figure 2: SPR bacterial binding curve using alpha-phenyl 
mannoside inhibitor.

Figure 3: SEM of a Genalyte TE ring resonator spotted with E. coli.
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Abstract:

Body-on-a-chip devices are devices that contain in vitro tissues of multiple organs of the human body. The devices 
mimic part of the human body in a scaled down fashion on a silicon or polymer chip. They are used to carry out 
experiments in which the efficacy and safety of new drugs is tested in an inexpensive way and without the need of 
animal experiments. Here, we aimed to combine a barrier tissue, the gastrointestinal (GI) tract, with liver tissue 
within one system. Barrier tissues are important because they allow us to simulate the uptake and bioavailability 
of drugs. Here we microfabricated highly porous membranes that we inserted into body-on-a-chip devices for 
the purpose of growing GI tract epithelial cells. We also fabricated polymer chips and the corresponding housing 
for the devices. Finally, we carried out cell culture tests with Caco-2 cells (gastrointestinal epithelial cells) and 
evaluated the suitability of the devices to support the culture of these cells, providing physical stimulation through 
fluidic flow and enough oxygen to support cell function. The developed model will be used to test the bioavailability 
of drugs and nano-scale drug carriers.

Introduction:

Microfluidic body-on-a-chip systems that contain barrier 
tissues can be used to study the travel of drugs across such 
tissues and their bioavailability at the target organ. Barrier 
tissues consist of epithelial cells that grow on a basement 
membrane. The basement membrane consists of extracellular 
matrix components such as collagen and laminin. It is difficult to 
construct such natural membranes in vitro, making it necessary 
to fabricate an equivalent membrane using nanotechnology. 
The growth of epithelial cell on such an artificial, porous 
membrane allows us to access both sides of the barrier tissue 
during drug uptake studies.

At present, commercially available products only provide a 
porous area of 10% or lower. We have previously developed 
a fabrication protocol that allows us to microfabricate 
membranes that are 2-3 µm thick and up to 40% porous [1]. 
Here, we developed this protocol further, creating a frame 
around the membrane that allows us to handle it with tweezers 
to place the membrane into any cell culture system.

In this study, we fabricated highly porous membranes, 
integrated them into a GI tract/liver system, and cultured 
Caco-2 cells in the system to validate the proposed device.

Experiment Procedure:

Membrane Fabrication. Figure 1 shows the fabrication process 
of the membrane. This membrane was made of SU-8 50. SU-8 
is a negative photoresist that provides biocompatibility. In this 
fabrication process, we first spun an SU-8 layer on Si substrate 
using a spin-coater. We then exposed the frame pattern. After a 

Figure 1: Fabrication process.

post exposure bake (PEB), the membrane pattern was exposed. 
The thickness of the membrane was about 2 to 3 µm. After the 
sacrificial SU-8 was removed, we released the membrane from 
the Si substrate. The geometry of the membrane was round 
with the porous area being of a diameter of 6 mm. The frame 
extended beyond the membrane by 3 mm. The pores were 
square holes of 4 µm width. The thickness of the frame was 
about 40 µm. The total diameter of the membrane, including 
the frame, was 12 mm.

Chip and Housing Construction. This cell culture device 
consisted of two polymer chips with 6 mm holes between 
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We also printed the described polymer chips and the cell 
culture housing (Figure 3). We tested the volume flow rate in 
top and bottom fluidic circuit, finding that it was 13.55 µL/min 
in the top circuit and 23.56 µL/min in the bottom circuit.

We also seeded Caco-2 cells onto the porous membranes, 
cultured them for 14 days in the incubator, and then inserted 
the chip with membrane and cells into the cell culture device. 

Figure 4 shows 
Caco-2 cells after 
the 14-day culture 
on the membrane, 
showing that the 
entire membrane 
was covered with  
cells. 

After inserting the 
mem brane into the 
cell culture device, we measured the transepithelial resistance 
(TER). Right after the device was assembled, we measured a 
high resistance, confirming that the cells had established the 
tight junctions necessary to reliably test the uptake of drugs. 
However, the resistance dropped on the following day to values 
that indicated a damaged cell layer. Further experiments need 
to be done to determine the cause of this drop in resistance and 
to enable us to culture Caco-2 cells in the devices for more 
than one day.

Conclusion:

We have fabricated porous membranes with a frame that 
makes it possible for us to handle the membrane with tweezers 
and place it between two 3D printed polymer chips. The 
membrane supported the culture of Caco-2 cells in a Petri® 
dish for 14 days. Culture inside the microfluidic device was 
only successful for one day, as indicated by a high TER on 
the first day, but a subsequent drop to lower values, indicating 
the loss of barrier function. To extend the cell culture period 
of Caco-2 cells inside the devices we will conduct further 
experiments.
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which we sandwiched the membrane. The chip was placed into 
a polymer housing that contained an inlet and outlet for each 
of the two microfluidic circuits, which allowed us to access 
the top and the bottom side of the membrane. The device was 
3D printed using an OBJET30 Pro (ALTECH, Israel) and 
cleaned before adding cells for cell culture. To culture cells, 
we seeded them into the devices at a concentration of 100,000 
cells per cm2. We then placed the device on a rocker platform 
that tilted back and forth by 12°, creating gravity-driven fluidic 
flow. We constructed the devices so that we would achieve the 
equivalent fluid residence time as seen in the GI tract and liver 
in vivo. 

To achieve this, we constructed the microfluidic circuits so that 
we would achieve a flow rate which of 12 µL/min. We also 
constructed electrodes that were set into the hole of the top 
and the bottom parts. We used these electrodes to evaluate the 
condition of the Caco-2 cell layer. Figure 4: Time response of the resistance.

Figure 2: Fabricated membrane. (a) Photograph. (b) SEM image.

Figure 3: Fabricated device.

Results and Discussion:

Figure 2 shows a photograph and an SEM image of one of the 
fabricated membranes. The membrane consisted of a frame and 
a porous inner circle. We were able to pick up the membrane 
and place it in between the two polymer chips we constructed 
with 3D printing. The pores of the membrane, however, were 
only partially open, so that the overall porous area was about 
10%. To achieve a greater number of open pores, we need 
to further optimize the fabrication protocol, balancing the 
exposure time, so that the membranes are thick enough to be 
handled, but at the same time, keeping the exposure time low 
to that a larger number of pores stay open.
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Abstract and Introduction:

Direct writing is an alternative method of patterning that is 
gaining popularity in many fields, particularly in biological 
applications. This alternative to conventional lithography can 
have many applications in biology, in which there are many 
cases where the ink, or substances to be jetted (patterned) cannot 
be exposed to the radiation, solvents, or temperatures needed 
for lithography. We will present two different applications of 
this technique.

Patterning cells is a practice that mimics a cell’s natural 
environment. This allows different tests to be performed 
to see their natural response, such as cell-cell interactions, 
signals, and responses to new biotechnologies [1]. Two-phase 
cell patterning makes the process less harmful to cells than 
previous methods because it allows the cells to be patterned in 
a completely aqueous environment. 

Two solutions of immiscible polymers, dextran and 
polyethylene glycol (PEG), were prepared for this experiment. 
Dextran was deposited onto a substrate, allowed to dry, and 
then rehydrated by PEG. In two-phase cell patterning, one of 
these solutions would contain cells, and because of PEG and 
dextran’s interfacial tension, the cells would move to either 
fluid based on affinity [2]. One goal of this project was to 
show that dextran printed by the ink-jet method could provide 
similar results in microfluidic channels.

Another goal of this project was to use the ink-jet method 
to print fluorescent nanoparticles on a patterned substrate. 
Intracranial pressure (ICP) is the pressure exerted on the inside 
of the skull, and is generally measured after a surgery or head 
trauma to decrease chances of additional harm. Because this 
is usually measured by inserting a catheter into the brain, a 
more comfortable solution using microelectromechanical 
(MEMS) systems was recently developed [3], where quantum 
dots (QDs) are patterned onto small pillars and implanted in 
the skin. Depending on the pressure inside the head, shining 
infrared light on the skin will cause one layer of QDs to emit 
a more intense wavelength than the other, which allows ICP to 
be read [3]. Previous methods of patterning QDs — in which 
QDs were mixed into the pillar materials during lithography 
— were inefficient. The goal of this project was to direct-print 
the QDs onto the patterned pillars to increase the fluorescent 
signal of the pillars.

Methods:

For printing with 500 kDa dextran, 5% and 12.8% dextran by 
volume solutions were prepared in deionized water with a small 
amount of rhodamine B for fluorescence; 5% 35 kDa PEG was 
also used. The 12.8% solution was used to test the relationship 
between dextran and PEG. The 5% dextran was printed 
on microfluidic channels made with polydimethylsiloxane 
(PDMS) using the Dimatix inkjet printer (Fuji). Upon printing 
in the channels, the PDMS was activated and bonded to a clean 
glass slide. PEG was run through the channels and observations 
were made using the Olympus BX-51 fluorescent microscope.

For printing with QDs, a solution of toluene and rhodamine 
B was prepared for testing, along with a wafer covered in 
SU-8 pillars 250 µm in diameter. After the toluene was able 
to be printed on the pillars, a 1:1 solution of toluene:QDs was 
prepared and printed onto the pillars. 

Printing on pillars also required alignment of the stage, in 
order to print them exactly in the center of the pillar.

Results and Conclusions:

For ink-jet printing with dextran, high voltages were used with 
the printer in order to get the viscous polymer to jet. Cleaning 
cycles on the Dimatix printer that jet fluid through the nozzles 

Figure 1: Dextran’s contact angle on PDMS is 
around 88.8 degrees.
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were used before the start in order to assure jetting. Printing 
dots of dextran 40 µm apart in a line resulted in drops 13-17 µm 
in diameter, small due to the near 90 degree contact angle of 
dextran on PDMS (see Figure 1). Upon running PEG through 
the channels and using a background subtraction effect on the 
microscope, we were able to see that the dextran still existed 
in its original pattern on the channels. Larger dots were printed 
in the channels to further illustrate this effect (see Figure 2). 

This shows that direct printing with the Dimatix Inkjet is a 
possible solution for two-phase cell patterning.

For toluene, a high vapor pressure liquid, printing was achieved 
by using low voltages. A pattern of 3×3 drops was printed 
on the pillars, as it contained the most area while still being 
somewhat consistent. Two layers were printed on the pillars, 
as any more did not show a significant increase in diameter. 
Figure 3 shows the results of toluene drops on SU-8 pillars. 
The diameters range from 140-180 µm. Mixing QDs in the 
toluene unfortunately did not achieve the desired fluorescence 
for this project. As shown in Figure 4, the light intensity of the 
QDs in toluene is around 1040 units, whereas in a previous 
experiments using QDs and poly(methyl methacrylate)

Figure 4: Top; QDs in toluene fluoresce around 1040 units. 
Bottom; Quantum dots in PMMA fluoresce around 3340 units.

Figure 2: Top; Dextran in microfluidic channel after PEG was 
introduced. Bottom; Dextran in microfluidic channel before 
PEG was introduced.

Figure 3: Toluene printed on 250 µm-wide pillars are around 
140-180 µm in diameter.

(PMMA), fluorescence was around 3340 units. This meant that 
the use of Dimatix printing would not be used further in this 
project.
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Abstract:

Understanding the electrical activity of biological cells and tissue is important for medical diagnostics and 
bioengineering. Electrophysiology is employed to measure the electrical behavior of biological materials ranging in 
size from single ion channel proteins to entire organs. In order to measure the electrical properties of cells, they must 
be attached to a surface that is conductive and biocompatible. Silicon carbide (SiC) was used in this study because 
in addition to having these properties, its surface can be functionalized for protein attachment, which subsequently 
renders the surface amiable for cell attachment. SiC was exposed to oxygen plasma to render hydroxyl (OH) groups 
on its silicon (Si) face. The terminal OH groups were covalently bonded to 3-aminopropyltriethoxysilane (APTES). 
Raman spectroscopy measurements confirmed peaks for SiC and both oxidized and APTES functionalized SiC. 
The addition of APTES to SiC provided a reactive surface ready for antibody attachment and capable of supporting 
an antibody antigen reaction.

Introduction:

In recent years there has been an increased focus on the 
electrochemical properties of biological materials. Research 
in this field has led to significant developments in cancer, 
biosensor, and bioengineering research [1]. As this field of 
research has grown so has the need for substrates capable of 
greater sensitivity and selectivity. Due to its biocompatibility, 
electrical properties, chemical inertness, and thermal 
stability, SiC has proven to be an exemplary material for 
electrophysiological research. The process of constructing 
SiC-based apparatuses begins with developing an analyte-
specific functionalization of SiC. In this experiment, surface 
chemistry of SiC was used to achieve this goal.

Experimental Procedure:

Commercially purchased 6H highly doped SiC was used in 
this experiment [2]. All reactions were performed on the Si 
face of the substrate. To begin the functionalization process, T 
= the samples were submerged for 5 min in trichloroethylene, 
succeeded by acetone, and then isopropanol. They were further 
cleaned using a 5:1:1 mixture of deionized water, hydrogen 
peroxide, and ammonium hydroxide in an 80°C environment 
for 10 minutes, also known as an RCA cleaning procedure.

To further remove organic contaminants and increase reactivity 
of the SiC surface, the substrates were then oxygen plasma 
cleaned using a Plasma-Therm model 790 plasma enhanced 
chemical vapor deposition system using a 20% oxygen/80% 

argon gas mixture for a one minute period [3]. This process 
deposited a thin oxide layer on the surface of the SiC substrates. 
After oxygen plasma treatment, the substrates were placed 
under a fume hood and exposed to air for approximately 3 h 
to ensure surface chemisorption of water molecules [3]. This 
was done to aid APTES hydrolysis in the next step of the 
experiment.

APTES functionalization was performed in a class 100 clean 
room in a nitrogen environment. The silanol-terminated 
SiC samples were immersed in a 49:1 volume fraction (v/v) 
solution of APTES in toluene for a duration of approximately 
10 minutes [3]. The substrates were then dried using N2 gas 
to remove any loosely attached APTES molecules from the 
surface [3].

Results:

Raman spectroscopy was used in order to confirm the presence 
of the expected functional groups after each functionalization 
step. The technique has not been widely used in this fashion, 
though its ability to determine the presence of functional 
groups by detecting slight shifts in laser energy caused by 
interactions between the incident laser and vibrational energy 
levels of the molecules in the sample make it a suitable and 
perhaps even preferable methodology for confirming the 
presence of functional groups. 



•2014•NNIN•REU•Research•Accomplishments• 37

B
I
O
L

inset is the cleaned substrate) 
and Figure 4 corresponding 
to the APTES functionalized 
surface. After the APTES 
functionalization, the peaks 
at 1620 and 1390 reciprocal 
centimeters indicate the 
presence of amines on the 
surface [4].

Conclusion and 
Future Work:

Raman spectroscopy’s ability 
to identify the presence of 
added functional groups was 
key to the success of this 
project. Now that an APTES 
functionalized surface has 
been confirmed, the focus 
of this project will be to 
determine a methodology for 
antibody attachment, which 
will either be accomplished 
via direct attachment using 
a carboxyl-amine reaction 
involving the constant end 
of the antibody and the 
APTES surface of SiC, or 
via indirect attachment by 
utilizing intermediate layers 
of compounds to achieve antibody attachment. After this, the 
next important benchmarks will be the selective attachment of 
cells and the determination of their electrical properties using 
scanning tunneling microscopy (STM).
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In Figure 1, which displays the spectrum for the pre-oxygen 
treated substrate, peaks at 745 and 760 correlate to Si-C bonds, 
while the peak at 960 correlates to SI-Si [4]. In Figure 2, 
which displays the spectrum of the same sample after oxygen 
plasma treatment, the peak at 1120 increases significantly, 
indicative of the augment in Si-O bonds [4]. Figures 3 and 4 
display the before and after of the APTES step, with Figure 
3 corresponding to the oxygen plasma treated substrate (the 

Figure 4: A schematic of the 
device. The region between 
the APTES functionalized SiC 
and the antibody layer depicts 
the uncertainty involved in 
how to attach the antibodies 
to the surface.

Figure 1: (a) Raman spectrum from 0 to 1500 wavenumbers 
of a cleaned SiC sample. (b) Raman spectrum from 0 to 
1500 wavenumbers of the same sample after oxygen plasma 
treatment.

Figure 2: Raman spectrum from approximately 1100 to 2750 
wavenumbers of a cleaned (refer to inset) SiC sample and 
the same sample after oxygen plasma treatment (larger 
image). A silanol terminated SiC diagram is included.

Figure 3: Raman spectrum from approximately 1100 to 
2750 wavenumbers of the same sample after APTES 
functionalization. A diagram of the reaction is included.
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Abstract:

Metastasis is a complex cell migration process where a cancer cell leaves its primary tumor site to establish a 
secondary tumor site, causing greater than 90% of cancer related deaths. Traditionally, metastatic potentials have 
been quantified by individually tracking the migration of cells plated on a dish [1]. However, this method is low-
throughput and requires costly live microscopy chambers. Here, we develop a high-throughput cell migration 
assay by employing microfabrication techniques to develop a method to capture single cells and place them in an 
organized array. We quantify cell migratory behavior by quantifying the disorder of the initial organized array. 
Migration of cancerous cells depends on the interactions between the cells and their microenvironments. Thus we 
validate our device by characterizing the migration of cells on substrates of varying stiffness. Upon completion 
of this project, the device will be usable as a diagnostic tool for rapid high-throughput analysis of the metastatic 
potential of biopsied tumor cells.

Experimental Procedure:

Classic Cell Migration Assay. We plated 3T3 fibroblast cells 
on Sylgard 184 polydimethylsiloxane (PDMS)-coated cover-
slips of four different substrate moduli: 100 kPa, 300 kPa,  
500 kPa, and 1000 kPa. Each substrate was then coated with 
fibronectin using microcontact printing [2]. The 3T3 cells 
were seeded onto each substrate (100 µl; 100,000 cells/µl) 
and incubated over night at 37°C. Cells were then tracked 
using an Olympus IX81ZDC inverted confocal microscope by 
manually locating the position of cells, and obtaining images 
at 10 minute intervals, over 90 minutes. Celltracker [3] was 
used to determine the mean squared displacement of each cell, 
which is how far a cell has migrated from its original position.

Cell Array Device Assay. The design for the microfabricated 
cell array device (MCAD) was based on the work of DiCarlo,  
et al. [4] and was fabricated using standard soft photolithography 
techniques [5]. Masters were fabricated from SU-8 3025 
photoresist spun on silicon wafers. PDMS (10:1 base:curing 
agent) was poured over the master and baked at 90°C for 
three hours. The MCAD was placed in conformal contact to 
a substrate, identical to the substrate used in the traditional 
cell migration assay. The MCAD (Figure 1) functioned as 
a microfluidic device designed with an array of cell traps  
(12 µm in diameter), and bumpers used to direct cells into the 
traps. 

Figure 1: Microfabricated cell array device (MCAD) is a silicon 
microfluidic device containing an array of cell traps and bumpers.

A 3T3 fibroblast suspension (1 ml; 100,000 cell/ml) was 
flowed through the device using negative pressure, so 
that each trap became filled with one cell. The device was 
then incubated for one hour at 37°C and 5% CO2, allowing 
trapped cells to attach to the fibronectin coated substrate in 
an organized array. Following device removal, the substrate 
was placed back into the incubator for three additional hours 
to allow for cell migration. The cells were then fixed using 
4% paraformaldehyde and stained with 4’,6-diamidino-2-
phenylindole. Images of the cell arrays were obtained using an 
Olympus IX81ZDC microscope.
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Results and Conclusions:

Substrate Modulus Affects Migration. By tracking the mean 
squared displacement of a population of cells as a function of 
time, a random motility coefficient was determined for each 
substrate modulus by fitting a linear line through the MSD vs. 
time plot. The slope of the line is indicative of how migratory 
a population of cells is. The cells migrated significantly more 
on the substrate modulus of 500 kPa, shown in Figure 2. This 
biphasic result is consistent with previous experiments [6].

MCAD Assay. Images of cell arrays were analyzed using 
a custom MATLAB code to calculate a radial distribution 
function, shown in Figure 3. This is a way of characterizing 
the order of a system by calculating how the density of cells 
varies as a function of distance from a reference cell. The area 
under the second curve of the radial distribution function, 
corresponding to the 120 µm distance between each cell trap, is 
the first coordination number. A normalized first coordination 
number was determined for each MCAD substrate modulus 
and is a quantification of cell migration.

Correlation Between Assays. The results of the MCAD 
experiment were compared to the results of the traditional cell 
migration assay, as shown in Figure 4. A negative correlation 
between the assays would indicate agreement, as a low first 
coordination number corresponds to high cell migration. We 
see the trend that validates our device, but this data is very 
preliminary and inconclusive until this experiment can be 
repeated.

Figure 4: Correlation between the MCAD 
assay and the traditional cell migration 
assay.

Figure 2: The traditional cell migration assay 
con firms that 3T3 motility on substrates of 
varying moduli show biphasic behavior.

Figure 3: The radial distribution function of cells 
fixed immediately after MCAD removal.

Future Work:

With further study, this device could be usable as a diagnostic 
tool for rapidly measuring cancer cell metastatic potential. 
Future work will include repeating this experiment so that a 
significant correlation can be obtained, and further optimizing 
the device.
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Introduction:
In liquid environments, microorganisms have the tendency 
to create complex communities on surfaces as a means of 
survival [1]. These microbial systems consist of a variety of 
organisms that thrive within a self-assembled matrix, often 
very resilient to the external environment. This can prove to 
be a serious nuisance, as biofilm accumulation commonly 
occurs on marine vehicles, biomedical implants, and 
industrial pipelines, and can be very difficult to prevent and 
remove [2, 3]. To combat this issue, biofouling agents have 
been formulated that resist and prevent unwanted biofilm 
growth on surfaces. These antifouling agents are commonly a 
pollution risk to the outside environment, as they leak biocidal 
agents into the surrounding marine communities or water 
sources. As a competitive alternative to harmful antifouling 
agents, the effects of the semiconductive p-doped polymer 
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) on biofilm growth has been explored under 
difference oxidative states [4]. A 96-well microliter plate was 
fabricated using photolithographic techniques, consisting of 
gold lines and PEDOT:PSS pixels. A continuous ± 1 V bias 
was applied to adjacent gold lines, which were connected via 
salt solution to produce different oxidative states. Prior to 
biasing, an Escherichia coli (E. coli) biofilm was produced 
in situ to adhere to the polymer after variable times, ranging 
from 0 to 22 hours. Preliminary results optically displayed that 
biofilms adhered better to an oxidized surface after 22 hours of 
constantly applied bias, with greater surface area coverage on 
the oxidized polymer in comparison with the reduced.

Methods:

Device Fabrication. Using soft photolithography techniques 
and AZ positive photoresist, clean rectangular glass slides were 
patterned through a 10 second UV exposure and development. 
Surface activation was then achieved with oxygen plasma and 
a 50 nm layer of chromium, followed by a 150 nm layer of 
gold were deposited on top of the patterned resist. Lift off was 
then performed with acetone and isopropanol, revealing a gold 
patterned device characterized by parallel conductive lines 
with empty square pixels to allow video microscope imaging. 
After gold deposition, two methods were available to attain 
PEDOT:PSS patterning. 

Figure 1: (a) Soft 
photolithography was used 
with positive photoresist to 
create Au, layered on top of Cr, 
conductive lines. (b) A negative 
photoresist was used to 
selectively etch a layer of soap 
and parylene. PEDOT:PSS 
polymer was spun on the 
parylene, which was then 
peeled off to create the PEDOT 
pixels. (c) As an alternative to 
parylene, orthogonal positive 
photoresist was used on top 
of PEDOT:PSS to selectively 
etch the pixel pattern. (d) The 
final device included lines 
of Au conductive lines with 
PEDOT:PSS pixels used as the 
active areas for E. coli culture.

Figure 2: Three NEXTERION® MPX-96 superstructures were used atop the 
fabricated device. Glued together with PDMS, the top two silicon pieces were 
cut to allow media flow between two columns, therefore oxidizing one column 
of pixels and reducing the other when a ± 1 V voltage was applied to the 
conducting gold lines. Reduced PEDOT:PSS can be identified by a light blue 
color change. (See full color version on page xxxvi.)

The gold-patterned device was surface activated with oxygen 
plasma and spin coated at 650 rpm with PEDOT:PSS and 
soft baked for 60 seconds. Orthogonal negative resist was 
then spin coated on top of the PEDOT layer, exposed, and 
developed to protect square pixels of PEDOT:PSS. The 
unprotected PEDOT:PSS was etched through in the plasma 
machine, and the final photoresist was removed to reveal 
square pixels of PEDOT:PSS. An alternative method included 
a parylene peel off, though orthogonal resist was preferred. A 
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NEXTERION® MPX-96 superstructure was cut with a scalpel 
to allow the connection of adjacent rows with media during 
experimentation. The cut grid was then glued with PDMS to 
an in-tact grid to isolate bacteria growth on the well plate while 
still allowing oxidation/reduction to occur on the PEDOT:PSS. 
The finished device was heated to 100°C on a hotplate and 
the two-level grid was glued on, exposing PEDOT:PSS pixels, 
while preventing leakage.

Bacteria Culture. E. coli colonies were isolated on an agar 
plate and stored in the freezer for future use. A colony was 
selected from the agar plate for each experiment and cultured 
in 30 mL of LB media for 8 hr. Following three days of 
subculture in M63% media, 400 µL of the E. coli solution was 
pipetted into four wells in three rows of the device (reduced, 
oxidized, and control) and left to grow in a humidified 30°C 
videomicroscope incubator for 0, 8, and 22 hr.

Experimentation. After a biofilm was formed for the 
determined time condition, 22 hours of ± 1 V bias were applied 
to adjacent rows in the videomicroscope. A time-lapse video 
was recorded for the 22 hour condition to observe biofilm 
formation under bias. Following the bias, the device was 
removed from the videomicroscope, supernatant fluid was 
removed, and each well washed twice with deionized water. 
Cells were then imaged in the videomicroscope. Viability of 
the bacteria was assessed with Syto 9/Propidium Iodide live/
dead fluorescent dye post experimentation.

Results and Conclusions:

In conclusion, we found that conductive polymer oxidation 
affected the ability of bacteria to adhere and form biofilm, with 
the oxidized material displaying more biofilm growth. Through 
altering the oxidative state of the PEDOT:PSS, we were able 
to achieve a degree of control over biofilm growth. Reduced 
biofilm displayed a much lessened biofilm accumulation 
when qualitatively examined by microscopy. The preliminary 
images can be better quantified through surface area coverage 
calculations. 

In a time-lapse video collected during bias, it was noted that at 
0 hour, oxidized polymer displayed aggregation accumulation 
of bacteria in early development, a phenomenon very 

Figure 4: Biofilm was imaged with fluorescent Syto 9/
Propidium Iodide live/dead dye prior to DI water washing. 
Red indicates dead bacteria, while green indicates living 
bacteria. Scale bars, 50 µm. (Full color, page xxxvi.)

Figure 3: Biofilm growth was assessed under three different adhesion time 
conditions (22 hours, 8 hours, and 0 hours), and two different oxidative states 
(oxidized and reduced). Scale bars are 50 µm.

characteristic of biofilm growth. Additionally, this aggregation 
was not observed as clearly in the reduced polymer. This was 
solely noted in the 0 hour condition due to the high quantity 
of bacteria in the samples incubated for longer times prior to 
bias, making changes in biofilm layer more difficult to view. 
Fluorescent imaging was used to determine the bacteria 
viability after bias and was observed under two conditions. 

One condition included washing with de-ionized (DI) water; 
the other only included supernatant fluid removal. The justifi-
cation for washing with DI water was to avoid the crystallization 
of media when dried. When washed with DI water prior to 
fluorescent imaging, it was observed that the bacteria adhered 
to the glass were all dead, with the only living cells in the 
supernatant. When avoiding the DI water step, the adhered 
cells were not fluorescent, possibly due to a protecting layer of 
fluid and cellular components formed by the biofilm. Despite 
the bacteria no longer appearing alive, a biofilm was existent 
on the oxidated polymer, while the reduced polymer did not 
display such. These observations facilitate the preliminary 
conclusion that reduced PEDOT:PSS acts as an antifouling 
agent for the E. coli bacterial species.
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