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Abstract:
Though the emergence of the nanotechnology field has increased the incorporation of nanomaterials into 
commercially available products, we have limited understanding of how its widespread applications can 
affect us personally. This project focused on observing the presence of reactive oxygen species (ROS) in 
mouse fibroblast model cells when exposed to nano-titanium dioxide (nTiO2) utilizing various fluorescent 
probe assays including 4-((9-acridinecarbonyl) amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO-9-AC) 
and 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA). ROS can cause oxidative stress in cells, which 
may lead to cell dysfunction, mutation, or death. Cellular uptake of the nanoparticles was studied using 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis to correlate ROS generation 
with cellular internalization of nTiO2, followed by a commonly used cellular viability assay which showed 
insignificant difference in cell viability; the elevated uptake and increased ROS levels may have harmful 
effects on cell function of living cells. 

Experimental Procedure:
Anatase titanium dioxide nanoparticles were made by a 
sol-gel synthesis using isopropyl alcohol and titanium 
isopropoxide that were stirred and chilled for 30 minutes 
while a nitric acid catalyst was added; then the mixture was 
refluxed for 24 hours. Samples were dialyzed over a 5-10 
day period followed by aging in an acid digestion bomb for 
48 hours in a 200°C oven. Finally, the aged nanoparticle 
suspension was washed with ethyl alcohol and dried [1]. 
Nanoparticles were characterized using x-ray diffraction to 
determine their crystalline structure, dynamic light scattering 
to determine particle aggregation, and transmission electron 
microscopy to determine particle size. 

ICP-AES was performed to quantify the number of 
nanoparticles internalized by cells after incubation with 
nTiO2 at a concentration of 100 µg/ml for 24, 48, and 72 
hours. Cells were rinsed three times with PBS and removed 
from the Petri® dish using trypsin enzyme. The Petri dish 
was scraped and the trypsin-cell suspension was put in a 
centrifuge tube with 1 mL of 2:1 H2SO4:HNO3 digest solution 
in 3 mL H2O and sonicated for one hour. 

For the fluorescent assays, 3T3 mouse fibroblasts were 
plated in a clear bottom 96-well plate at a density of 104-
105 cells/well and exposed to the fluorescent probe. TEMPO 
detects superoxide and hydroxyl radical while H2DCFDA 
detects superoxide, hydroxyl radical, peroxyl radical, and 
singlet oxygen. After a one hour incubation period with the 
fluorescent probe, the probe was removed and the cells were 
rinsed once with PBS. Cells were then exposed to nTiO2 at 
various concentrations (12.5, 25, 50, 100, 200, and 400 µg/ml)  

for 24 and 48 hours. For the positive controls, malachite 
green—a superoxide and hydroxyl radical generator, and 
rose bengal—a singlet oxygen generator, were used. After 
incubation, the nTiO2 and media were removed, cells rinsed 
twice with PBS, and a uniform volume of PBS added to 
each well. Fluorescence intensity was then measured with a 
fluorescent plate reader. 

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) assay was performed in 24 well plates to 
assess cell viability. 3T3 cells were again incubated with 
the various concentrations of nTiO2 listed above, for 24, 
48, and 72 hours. Following incubation, the media and 
nTiO2 were removed, cells rinsed three times with PBS, and 
incubated with MTT in cell media for two hours. The MTT 
was removed and DMSO was added to each well to dissolve 
the formazan crystals. After 20 minutes, optical density was 
measured at l = 570 nm, and the absorbance was correlated 
to the percentage of viable cells. 

 

Results and Conclusions:
Results from ICP analysis (Figure 1) show that the longer 
the cells were exposed to nTiO2, the more nanoparticles the 
cells internalized. We hypothesized that longer incubation 
time, and more cellular internalization of nTiO2, would lead 
to more ROS generation. 

Linear regression analysis of our fluorescent probe assays 
(Figures 2 and 3) showed that there was a significant 
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increase in ROS as the 
concentration of nTiO2 
increased, leading us to 
assume greater oxidative 
stress on the cell and 
to hypothesize that this 
would lead to a decrease 
in cellular viability. 
However, statistical 
analysis (by student 
t-testing) shows that 
there is no significant 
difference between 24 
and 48 hour incubation 
times, meaning that our 
previous hypothesis 
about longer incubation 
correlating to increased 
ROS production is false. 
In the future, we would 
like to extend incubation 
times past 48 hours, as 
this might show a more 
obvious trend. 

Results from the cell 
viability assay (Figure 
4) show statistically 
insignificant change 
in cell viability. This 
means that the increased 
concentration of nTiO2, 
as well as varying 
exposure times, is not 
killing the cells, negating 
our hypothesis. 

 

Future Work:
We would like to compare these results to those of similar 
assays performed on the immortalized mast cell line rat 
basophilic leukemia (RBL) cells. Mast cells play a critical 
role in immune response, and thus are an interesting, relevant 
cell for nanotoxicity studies. 

Amperometry studies are currently underway to determine 
the effects of ROS on cell exocytosis. The results of these 
experiments will allow us to make predictions about overall 
cell health and function due to the internalization of nTiO2 
and increased amounts of ROS generated. 
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Figure 1: Cellular internalization of nTiO2 increases with incubation time. 

Figure 2: Increase in fluorescence intensity indicates an increase in ROS production as nTiO2 concentration increases. 

Figure 3: Linear regression analysis shows significant increase in fluorescence intensity as nTiO2 concentration increases. 

Figure 4: There is no significant decrease in cell viability over time or as concentration of nTiO2 increases. 
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Abstract:
Single-cell resolution assays incomparably increase the power of drug screens over conventional colorimetric 
assays by providing quantitative data. Assays of this class avoid cell-to-cell interactions present in traditional 
bulk sampling procedures; these interactions can mask nuances where individual cells are concerned, 
invariably causing rich amounts of information to be overlooked. Advances in microfluidic technology have 
allowed high throughput single-cell drug screens to be performed while exercising precise control over cell 
loading and culturing conditions with relatively insignificant amounts of expensive samples and reagents 
used. This project focused on optimizing the design and operation of our drug screening platform for single-
cells and neurospheres. Microfluidic chips were fabricated via polydimethylsiloxane (PDMS) replication and 
bonding. Glioblastoma multiforme (GBM) cells—stained with green fluorescent protein (GFP)—were then 
introduced to the devices and, upon their capture within individual microwells, cultured to the neurosphere 
stage while being subjected to drug screens alongside control groups. Significant statistical data of cell viability 
can be obtained when the starting single-cell number in the chip is greater than 100 and after these cells have 
been cultured in the chip for at least five days. 

Introduction:
Cell-based biological assays, such as drug screens, are 
notorious for frequently providing the mean data across 
an entire population of cells, despite the now ubiquitous 
knowledge that isolated cells, even those belonging to 
related cell lines, portray extremely diverse properties [1]. 
Advancements in microfluidic single-cell assay technologies 
provide biologists with a media through which they can 
tackle the most adamant challenges. 

The quest for finding the cure to cancer is as much a race 
against time as it is against money, but by utilizing the 
properties of microfluidic PDMS chips the burden on 
humanity and on its coffers can be significantly reduced. 
These inexpensive chips can be used to segregate cells into 
discrete compartments, allowing many types of quantitative 
assays to be performed. This project focuses on optimizing 
the design and operation of a microfluidic single-cell drug 
screening platform for GBM cells. 

Currently, GBM is the most common type of primary brain 
tumor and only palliative treatments exist. With this design, 
it is possible to culture single GBM cells to the neurosphere 
stage, allowing drug screens to account for the aging of cells, 
something previously unaccomplished. This design further 
prevents cell-to-cell interactions by providing a constant 
flow of fresh medium over the cells. 

Microfluidic Chip Fabrication and Preparation. Photo-
lithography of SU-8 on silicon wafers was used to create Figure 1, top: Microfluidic PDMS chip fabrication. 

Figure 2, bottom: Microfluidic PDMS chip. 
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master molds for the channel (top) and microwell (bottom) 
halves of the PDMS chips (Figure 1). Input and output holes 
were punched into the channel half of a PDMS chip and then 
the two halves were treated with oxygen plasma and bonded 
(Figure 2). Cell-free medium was inserted at the input  
(80 µL) and output (40 µL) wells of the chip which was then 
degassed in a vacuum chamber to flush air bubbles from the 
channels. 

Results and Discussion:
The cell-loading procedure was first optimized using 
microbeads (15 µm) of similar size to GBM cells (Figure 
4). The microbeads were most efficiently captured with 
the following: channel height, 22 µm; microwell diameter,  
20 µm, microwell depth, 26 µm; bead concentration, 2.75 
× 106 beads/mL. For the GBM cells, slight dimensional 
tweaking was required to compensate for the cells’ affinity 
to each other: channel height, 37 µm; microwell diameter, 
30 µm; microwell depth, 26 µm. As in the microbead 
experiments, the cell-loading procedure was most efficient 
when a high concentration of cells (greater than 106 cells/mL)  
was used, with which capturing over 100 cells became 
trivial. Preliminary drug screenings were unsuccessful at 
distinguishing a significant difference between viability 
in control (34.74%) and treatment group cells (34.84%). 
More frequent medium changes may be necessary for future 
screenings. 
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Figure 3: GBM single-cells.

Cell-Loading Procedure. The GBM neurospheres in the 
cell-containing medium were then manually disassociated to 
single-cells using a micropipette. The cell-free medium was 
removed from the input and output wells of the chip; cell-
containing medium (80 µL) was then inserted at the input 
well. The medium was allowed to flow for 10 minutes before 
being removed from both wells; the cells in the microfluidic 
chip were allowed to settle for three minutes. The chip was 
then inspected with ultraviolet light (10X magnification) for 
neurospheres stuck in the channels, which were removed by 
providing negative pressure at the output well via pipette 
bubble suction. The single-cell captures were then 
counted manually (Figure 3). If the chip contained 
less than 100 single-cell captures, more cell-
containing medium (80 µL) was inserted at the input 
well and the process was repeated until at least 100 
cells were captured. 

Drug Screening. Once 100 cells were captured, 
the cells were subjected to drug screens. For the 
control group, cell-free medium (80 µL) was 
injected into the inlets and the cells were cultured 
for more than five days while being subjected to 
a continuous flow of fresh medium from inlet to 
outlet via gravity difference. Chips were kept in an 
incubator set at 37°C, 5% CO2 and 90% RH; fresh 
medium was replaced and cell viability recorded 
via GFP staining every 12 hours. For the treatment 
group, cell-free medium containing the drug (GSI) 
was used instead. Statistics were obtained for cell 
viability. Figure 4: Optimization of microbead capture. 
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Abstract:
Bioelectronics is a field of study that contributes to a growing intersection between nanostructures and 
nanomedicine. One application is using nanostructures for interfacing cells. This can help improve standard 
signal measurements from cells on a two-dimensional electrode array by using a nanotextured electrode 
surface instead. Nanotexturing increases the surface area to improve the adhesion of cells to electrodes and 
provides a more efficient electrical interface. We used a porous alumina membrane as a template to provide 
uniform nano-scale pores for electrodeposition of gold onto two-dimensional arrays of gold electrodes. We 
performed extensive characterization of electrodeposition parameters including, current density, deposition 
rate, nanorod uniformity, and experimental repeatability. Finally, we cultured HL-1 cardiomyocytes on the 
nanotextured gold arrays and characterized morphology, adhesion, and proliferation rate. These experiments 
confirmed our ability to culture electrically active cells on nanotextured gold electrodes. 

Experimental Procedure:
We fabricated two-dimensional electrode arrays for 
nanotexturing using standard microfabrication techniques. 
The lithography was performed on glass substrates using 
a mask with electrodes and wires leading to bond pads. A 
10 nm adhesion layer of chrome was deposited on the glass 
followed by a 100 nm layer of gold with the Edwards #2 
thermal evaporator. Lift-off, agitating the substrate in 
acetone, patterned the chrome and gold. 

The gold electrode array was modified using electro-
deposition. Our experimental setup is illustrated in Figure 2. 
The electrical parameters for the deposition were controlled 
using a potentiostat. We built this circuit on a proto-board 
using two operational amplifiers, a resistor, and three 
electrodes operated using a power supply and a computer-
controlled source measurement unit [1]. The potentiostat 
is used to monitor and control electrochemical reactions 
utilizing three electrodes. The counter electrode (CE) is used 
to apply a current, the reference electrode (RE) gives the 
solution a “chemical ground” and the working electrode (WE) 
allows for current flow. The counter and reference electrodes 
go into the solution, but they can be shorted together since 
they are at the same potential. The working electrode makes 
electrical contact with the bond pads on the patterned gold 
substrate. The glass slide patterned with gold was placed in 
between the two Teflon® cylinders, the top one containing 
CE, RE, and the ionic solution; this completes the circuit 
allowing current to flow. The electrodeposition performed 
with this setup is an electrochemical method for driving 
gold cations toward an electrode in solution. Potassium 
aurocyanide (KAu(CN)2) was the gold ion solution placed 
in the electrochemical cell. Within the solution, the current 

Figure 1, above: Process overview: lithography, deposition, 
electrodeposition, parameters characterized, and FESEM images.
 

Figure 2, below: Electrodeposition experimental setup includes: 
potentiostat circuit, three electrodes, membrane on patterned gold 
substrate, and potassium aurocyanide. 
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flow described is the movement of gold cations toward the 
patterned gold electrodes forming the deposited gold. 

A porous alumina membrane was used as a template for the 
nanorod growth. The membrane is 40 µm thick and has pores 
with a 200 nanometer diameter. When placed above the 
electrode array as shown in the Figure 2, the flow of cations 
was restricted to the pore interior. Current flows through the 
pores of membrane then to the electrodes, resulting in the 
precipitation of gold within the pores. This results in the 
deposition of the 200 nm diameter gold rods with thickness 
depending on experimental parameters. This creates free-
standing gold rods once the membrane is dissolved with 
sodium hydroxide. 

Results and Conclusion:
One of our goals for this research was to correlate many 
experimental parameters with the resulting nanorod growth 
characteristics. We were able to use a MATLAB program 
for controlling the potentiostat to systematically vary the 
following experimental parameters: voltage, time, sampling 
rate, gain, and experimental run number using our potentiostat 
control function. All of the experiments were monitored in 
real-time using MATLAB plots of voltage vs. time, current 
vs. time, and total charge vs. time. 

A wide array of experiments were performed, and we used 
an Excel spreadsheet to record the parameters described 
above, the substrate patterning and membrane use. Our 
experimental runs included deposition onto a gold surface 
with and without the membrane and gold electrodes with 
and without a membrane. Initial experiments allowed us 
to verify the complete experimental setup and determine 
the appropriate values for experimental parameters. We 
performed a total of 32 experiments, each with a different set 
of experimental conditions. 

We used a Dektak II profilometer and a field emission 
scanning electron microscope (FESEM) to verify nanorod 
thickness and appearance. The profilometer allowed us to 
measure the film thicknesses. The FESEM allowed us to 
obtain high magnification images of our nanorods. A single 
row of nanorods is shown in Figure 3; the top image has a wide 
view of the sample at 35,000X and the bottom image focuses 
on the nanorods at an increased magnification of 50,000X. 
These images verify that the nanorods have dimensions 
consistent with the pore geometry in the membranes. Since 
we had to break the substrate to obtain a sample small enough 
for the FESEM, the nanorods were damaged in the process. 

Ultimately we were able to culture HL-1 cardiomyocytes on 
the gold nanorod arrays. HL-1 cells are an electrically active 
cardiac cell line derived from rats. A transmitted light image 
was taken of the cells on the gold electrodes as seen in Figure 
4. We were able to demonstrate the growth and viability of 
the cells on the nanorod electrodes surface. In addition we 
verified excellent cell adhesion, normal morphology and 
standard proliferation rate. Further testing will be required 
for a comparative study of the adhesion characteristics. 
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Figure 3: 
FESEM images; 

single line of 
gold nanorods 

at 35,000X 
and 50,000X 

magnification. 

Figure 4: 
Phase contrast 

image of 
cultured HL-1 

cardiomyocytes  
on Au nanorods. 
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Abstract:
The goal of this project was to build a biosensor to detect low concentrations of pathogens [1]. The purity of a 
liquid depends on the pathogens that contaminate it. We used a label free technique, which uses electrochemical 
impedance spectroscopy (EIS). By keeping our methods label free, detecting pathogens is cheaper and less 
time consuming, as compared to conventional methods. We used a printed circuit board (PCB) based-device 
and an alumina membrane to generate a nanoporous surface. By overlaying the membrane on top of the 
interdigitated electrodes of the PCB, a high-density array of nanowells was formed, which facilitated nano-
confinement and allowed for size based trapping of the pathogens. We used layer-by-layer chemistry. The 
membrane was functionalized such that the cationic polymer attached to the membrane. The endotoxin, being 
anionic, bound to the cationic polymer, forming an electrical double layer. The variations in the impedance of 
the electrical double layer due to the changes in the concentrations of the pathogen were characterized using 
EIS. We have identified the performance parameters of the biosensor for pathogen detection. 

Introduction:
Testing the quality of drinking water for bacterial contamin-
ation is important because by testing for low concentrations 
of pathogens, many illnesses that are contracted via polluted 
water, such as cholera, can be avoided [2]. 

This summer we embarked on the first steps of building the 
said biosensor that would be portable, fast, and cost efficient. 
This was accomplished by using a label free technique, 
electrochemical impedance spectroscopy (EIS). In order to 
use EIS to characterize the impedance changes that occurred 
for different concentrations of endotoxins, layer-by-layer 
chemistry was used to modulate the charge in the electrical 
double layer at the solid/liquid interface, which allowed us to 
detect specific stepwise changes in impedance, that occur for 
the different dose concentrations of the endotoxin. 

Materials/Methods:
The materials used include an alumina membrane with 
a nanoporous surface, polyacrylic acid (PAA), a cationic 
polymer, and an endotoxin (Lipopolysaccaride, LPS). 
Having an alumina membrane with pores that have an 
upper diameter of 200 nm and a lower diameter is 20 nm 
was crucial because when the membrane is placed on top of 
the interdigitated electrodes, it forms a high-density array of 
nanowells, which facilitate nano-confinement of the cationic 
polymer and allow for size based trapping of the endotoxin. 
Size matching is important because it allows for an increase 
in the binding efficacy of the endotoxin, which amplifies 
the signal. Layer-by-layer chemistry [3], which was used 
to create an electrical double layer, was accomplished by 

first functionalizing the nanoporous membrane with PAA. 
PAA was used as an adhesion layer between the alumina 
membrane and the cationic polymer. The endotoxin was the 
final layer added. This is illustrated in Figure 1. 

When all the species bind together, they create an electrical 
double layer. The electrical double layer acts like capacitance. 
As the capacitance changes, so does the impedance of the 
system. Electrochemical impedance spectroscopy (EIS) 
[4] was used to characterize the system by measuring the 
change in impedance that occurred at different frequencies. 
This was accomplished by applying a voltage across a 
range of frequencies, measuring current, and calculating 

Figure 1: Layer-by-layer chemistry. 
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the impedance at each frequency. This is called frequency 
response. When the frequency response is obtained for 
different doses, it is called the dose response. Figure 2 shows 
the experimental setup. 

Results:
There were two experiments conducted, one with PEI-25, 
and the other with NPGDE 1,5 BIS. PEI-25 is a commercially 
available polymer, which was used to establish the concept. 
NPGDE is a polymer that was synthesized specifically for 
our experiment. 

Experiment 1: As seen in Figure 3 (dose response), the 
impedance normalized to a phosphate buffered saline 
(PBS) baseline was plotted across dose concentrations in 
micrograms per milliliter (µg/ml). We took measurements 
for seven concentrations from 1-100 µg/ml. Higher 
concentrations are not applicable for future applications as 
they are not clinically relevant. 

Experiment 2: After the establishment of concept with PEI-
25, NPGDE was used. Data was plotted in the same way as 
PEI-25, as shown in Figure 4. This time there were 11 LPS 
concentrations from 1-500 µg/ml. Higher concentrations 
were tested for this run because less information is known 
about how this polymer interacts, and thus, performance 
parameters could be determined. 

Conclusion:
The device was shown to be capable of detecting endotoxins 
in the lower µg/ml regime. An increase in the measured 
impedance was observed for increasing concentrations of the 
endotoxin. There also appeared to be a significant increase 
in the impedance changes associated with endotoxin binding 
with the polymer NPGDE which indicated that NPGDE was 
more effective than PEI-25 at detecting endotoxins. 

Future Work:
Future plans involve screening a library of polymers to 
identify the polymer that will be the best match for endotoxin 
detection. Eventually this will lead to the development of a 
portable water quality monitoring device. 
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Figure 2: Experimental set-up. 

Figure 3: Dose response of PEI-25. 
Figure 4: Dose response of NPGDE 1,5 BIS. 
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Abstract:
Polymeric nanofiber scaffolds with both random and aligned fiber orientations were fabricated through the 
process of electrospinning. A linear gradient of the bone mineral hydroxyapatite was successfully deposited 
onto the surface, and the bone mesenchymal stem cells of rats were then cultured onto the scaffolds. 
Preliminary results illustrate that a higher cell density was found on areas of low mineral content. 

Introduction:
One of the current challenges to successful implementation 
of tissue regeneration techniques into mainstream modern 
medical practice is the lack of the essential extracellular 
structure that promotes proper cell attachment, migration, 
proliferation, and differentiation. Nanofibers fabricated 
through the process of electrospinning the synthetic 
biodegradable polymer poly(lactic-co-glycolic acid) (PLGA) 
offer a promising prospect for this necessary scaffold in 
repairing damaged tissue because of their high porosity and 
large surface area [1]. 

In particular, when coated with a gradient of the bone mineral 
hydroxyapatite, these nanofibers can potentially mimic the 
tendon-to-bone attachment site, which is a place of much 
localized stress due to its non-uniform tissue composition 
as it changes from soft tendon to hard bone. The objectives 
of this project, therefore, were to fabricate PLGA nanofiber 
scaffolds with both random and aligned orientations of the 

fibers, deposit hydroxyapatite onto the surface of the scaffolds 
in a gradient-like fashion, culture bone mesenchymal stem 
cells of rats onto these scaffolds, and finally characterize the 
cell activity in response to both varying concentrations of 
hydroxyapatite and orientations of the nanofibers in an effort 
to determine if these biomineralized scaffolds will be useful 
in the regeneration of damaged tendon-to-bone attachment 
sites. 

Experimental Procedure:
Electrospinning, the process by which a solution of dissolved 
polymer is turned into nanofibers, was used to fabricate the 
scaffolds. An electric current was applied to the tip of a 
syringe in order to induce a charge on the outgoing droplet, 
creating an electric field that stretched the dissolved PLGA 
into thin nanofibers as the solvent evaporated. The fibers 
were deposited on a uniform piece of aluminum foil to obtain 
a random orientation but were collected in the empty space 
between two pieces of metal to achieve a parallel formation 
of the nanofibers. 

Figure 1: Scanning electron microscope (SEM) image of an 
unimineralized scaffold with random nanofiber orientation. 

Figure 2: Schematic of the biomineralization process. 
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Once the nanofibers were fabricated, the scaffolds were 
mounted onto copper wire frames and placed into glass vials. 
A gradient of hydroxyapatite was created by dripping 8 mL 
of a solution of ten times concentrated simulated body fluids 
and sodium bicarbonate over the course of an hour into the 
vials via a syringe pump. Since deposition is directly related 
to immersion time, the bottom of the scaffold obtained a 
higher concentration of mineral than the top, resulting in a 
linear gradient. 

Once dried, the nanofiber scaffolds were mounted onto glass 
slides and prepared for cell culture. The bone mesenchymal 
stem cells (BMSC) of rats were grown onto the scaffolds 
using standard cell culture techniques using both 
proliferating and differentiating media. The scaffolds were 
monitored throughout the growth period for their attachment, 
proliferation, and differentiation characteristics in response 
to varying mineral content and nanofiber orientation. 

Results and Conclusions:
The calcium ion concentration was measured with both 
inductively coupled plasma mass spectroscopy (ICP-MS) and 
energy dispersive x-ray spectroscopy (EDX) to determine 
hydroxyapatite content. The results indicate a relatively linear 
deposition pattern corresponding to immersion time. After 
seven days of cell culture on the scaffolds with gradations 
in mineral content, preliminary results suggest that cell 
proliferation was greater in areas of lower mineral content. 

This outcome can possibly be attributed to the fact that the 
scaffolds retain a higher porosity in regions of lower mineral 
content, and thus there are more sites to which the cells can 
attach. This result was surprising, however, because of its 
apparent contradiction with previous work, but it could be 
due to variations in the cell culture process, such as the use 
of different cell types [2]. Rat bone mesenchymal stem cells, 
for example, could possibly retain a fibroblast phenotype and 
thus tend to attach on a site with lower mineral content. 

Alkaline phosphatase staining was used to determine the 
differentiation characteristics of the bone mesenchymal stem 
cells in differentiating media. Fluorescence micrographs 
indicate that there was a higher concentration of osteoblasts 
in areas of low mineral content, which can be attributed to 
the fact that there was an overall higher cell concentration in 
these regions. 

The result of immunohistochemistry tests indicate that bone 
mesenchymal stem cells secreted type I collagen on both the 
high and low mineral content regions, while they secreted 
very little type II collagen anywhere on the scaffolds. 
This outcome indicates the development of cells with 
characteristics of tendon and bone cells. If type II collagen 
secretion was desired to mimic the fibrocartilage found 
between tendon and bone, alterations in the cell culture 
process could be performed. 

Future Work:
The preliminary results indicate that nanofiber scaffolds 
coated with a non-uniform layer of hydroxyapatite hold much 
promise for the regeneration of the tendon-to-bone interface 
due to their ability to yield a gradient of cell proliferation 
and behavior, which is critical to the structural integrity of 
the attachment site. Further research includes current in 
vivo experimentation of rat rotator cuffs that will attempt 
to determine the full extent of nanofiber scaffold utility in 
modern regenerative medicine. 
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Figure 3: Graph of the mineral gradient. 

Figure 4: SEM of aligned nanofibers coated with mineral. 
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Abstract and Introduction:
In a world of emerging nanotechnology, one of the primary 
concerns is the potential environmental impact of nano-
particles (NPs). An efficient way to estimate nanotoxicity 
is to monitor the response of bacteria exposed to these 
particles [1]. This experiment explored the antimicrobial 
properties of nickel oxide, cobalt (II,III) oxide, zinc oxide, 
copper (II) oxide, iron (III) oxide, titanium dioxide, and iron 
(II,III) oxide against a model microorganism, Escherichia 
coli. The toxicity of these metal oxide NPs was tested using 
two methods: culturing in liquid media containing NPs, and 
electrospraying the NPs directly onto bacterial surface. 

Aqueous exposure mimics the natural interaction between 
microbial species as NPs diffuse in the environment [2]. 
During these tests, there was noticeable aggregation, 
preventing effective interaction between the particles and the 
bacteria. The limited growth inhibition observed from this 
form of exposure to metal oxide NPs was therefore attributed 
to their ionic species. 

On the other hand, the electrospray technique allows direct 
interaction between the NPs and cells. This exposure method 
grants insight into how “nano” associated properties from 
metal NPs affect the environment [2]. This method observed 
a higher death rate when the bacteria were exposed to 
oxidized nickel, zinc, and cobalt species; but no antimicrobial 
properties from titanium or iron. The disparity in the results 
of the two exposure techniques indicates that toxicity is 
dependant both upon the exposure method and the size of 
the particle. 

 

Experimental Procedure:
Escherichia coli (E. coli) were cultivated in M9 minimal 
media at 37°C. Optical density was measured at 600 
nm (OD600) using a UV spectrometer (Genesys, Thermo 
 -Scientific, USA). Experiments began with a 5 mL E. coli 
culture with OD600 = 0.05 in M9 minimal media. The aqueous 
exposure method tracked the growth rate of E. coli with 2, 

20, and 100 mg/L NPs. OD600 was recorded at 3, 6, 9, 21, 24 
hours. The experiment was also performed using equivalent 
amounts of soluble chloride salt of the metals to test ionic 
toxicity. 

For electrospray exposure experiments, the aliquot of E. 
coli was first filtered onto a polyvinylidene fluoride (PVDF) 
membrane (0.22 µm pore size, 1.25 cm × 1.25 cm, Millipore, 
US) to form a biofilm, which was then electrosprayed with 
NPs. The electrospray system was kept at a flow rate of  
5 µL/min and a current of ~ 7 kV to maintain a cone shaped 
spray; the particles were suspended in 1.0 M sodium 
phosphate (Na2HPO4, pH 7) buffer. Then the biofilm was 
washed from membrane using minimal medium and the total 
living cells after electrospray exposure was measured based 
on the colony forming unit (CFU) using LB agar plates. 
Colonies were counted after the plates were incubated in 
37°C for ~ 24 hours. Meanwhile, the cells from biofilm will 
be resuspended in the M9 minimal media and the recovery 
of growth was monitored by OD600. Scanning electron 
microscopy (SEM) was used to observe changes in cell 
morphology after exposure to NPs. 

 

Table 1: Summary of results. T= toxic, NT = non-toxic.
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Results and Conclusions:
The growth curves from the aqueous exposure method 
displayed no growth inhibition from NPs, because all NPs 
aggregated. All ionic species, excluding iron and titanium, 
were inhibitory above 2 µg/L. Growth curves show that the 
electrospray exposure method was able to cause significant 
cell death when E. coli was exposed directly to nickel oxide, 
cobalt (II, III) oxide, and zinc oxide (nickel oxide shows 
highest toxicity). The E. coli grew more efficiently and 
consistently when electrosprayed with iron oxide NPs, were 
unaffected by titanium dioxide NPs, and copper (II) oxide 
was unclear. These results are summarized in Table 1. Figure 
1 compares an undamaged E. coli cell with one that has been 
electrosprayed with nickel oxide. 

Zinc oxide exposure was tested more thoroughly than the 
other metal oxides and the inhibition from electrospray 
exposure was clearly observed as function of doses and 
sizes. Figure 2 shows the increase in recovery time after 
electrospraying (solid square), as opposed to recovery from 
aqueous exposure (diamond), and uninhibited growth (open 
square). The complete results from zinc oxide testing can be 
seen in Figure 3. From left to right, the non-sprayed bacteria 
show a similar CFU to those electrosprayed with water, zinc 
chloride, and sodium phosphate buffer. This confirmed the 

Figure 1: Comparison of an undamaged E. coli cell  
with one that has been electrosprayed with nickel oxide. 

electrical field, ionic zinc, and 
buffer were nontoxic. The next 
two bars show the inhibition 
when electrosprayed with 4 µg/L 
and 20 µg/L zinc oxide NPs. 
This confirmed concentration has 
direct effect on toxicity. Next, the 
CFU after electrospraying with 
4 µg/L zinc oxide microparticles 
(480 nm diameter) confirms 
toxicity increases as particle size 
decreases. Finally, the CFU of E. 
coli exposed to titanium dioxide 
was used as a reference between 
zinc oxide and a nontoxic metal 
oxide. 

 
Future Work:
The CFU data collected from some metal oxide NPs was 
too inconsistent for conclusions. We will repeat these 
experiments and collect CFU data after electrospraying. 
Tunneling electron microscopy (TEM) images have been 
suggested to identify whether NPs entered into cells after 
electrospraying. 
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Figure 3: Complete results from zinc oxide testing. 
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Abstract:
Understanding the dynamics of blood clotting, or thrombosis, is critically important to clinical evaluations 
of patients and to research laboratories studying diseases and drug effects. Particularly, the necessary 
conditions for late-stage acute thrombus formation are not well understood, and instrumentation has been 
limited in this context. The emerging field of microfluidics has led to significant advances in examining 
thrombus formation in vitro, allowing biologically relevant geometries and the measurement of volumetric 
growth rates in real time. However, current techniques (antibody binding, microscopic imaging) produce 
data with poor temporal and spatial resolution for accurate rate measurements. We present a method for 
detecting thrombus formation within a microfluidic device using a helium-neon laser, taking advantage of the 
low optical absorbance of platelets relative to erythrocytes. This method provides sub-second time resolution 
and a smaller instrument footprint compared to existing art. Our method is also capable of measuring the 
hematocrit of the blood being tested, as established in previous art [1], and which has been shown to affect 
thrombus growth in the past [2]. 

Introduction:
The optical properties of blood have been well defined in 
existing literature. The most pertinent of these in our efforts 
is the transmissive properties of erythrocytes and platelets 
within the visible spectrum, since these are the primary 
constituents of thrombi. In the red portion of the spectrum, 
erythrocytes exhibit minimal transmittance, while platelets 
exhibit significant transmittance [3]. Under high blood shear 
conditions, which are analogous to those present within 
mammalian hearts, thrombus forms primarily composed 
of platelets. Thus as the thrombus grows, its transmittance 
increases measurably in relation to the surrounding blood. 

Construction:
Our research group had previously designed and manufactured 
a low-volume, high-throughput microfluidic device with 
several stenoses that exhibited shear rates between 4000s-1 
and 7500s-1 (modeled through Poisuelle Flow and Particle 
Image Velocimetry). Porcine blood of known hematocrit 
(determined through centrifugation) was delivered via 
gravity pump into the microfluidic device which was placed 
upon an x-y stage for positioning. 

Light from a 0.7 mW 632.8 nm helium-neon laser was passed 
through a series of mirrors and illuminated a single stenosis 
as shown in Figure 1. The transmitted light was measured 
by a photodiode and accompanying circuit, which provided 
a variable gain between 3E+5 and 1E+7. The output was 

read by a National Instruments Data Acquisition Device into 
LabVIEW where a butterworth bandpass filter was applied 
and a moving average was taken. 

However, the aforementioned construction was only 
able to measure a transmittance function within a single 
channel. Desiring to measure thrombus formation within 
multiple stenoses simultaneously, our construction was 
modified accordingly. To accomplish this, the incident light 
was diverged in one dimension utilizing a BK7 uncoated 
cylindrical lens. This light was then passed through an 
acrylic aperture plate placed on top of the microfluidic 
device, which contained four 1000 µm apertures separated 
to match the channel spacing. The transmitted light was 

Figure 1: Schematic of the instrumentation 
for the single channel thrombosis measurement.
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measured by a line CCD camera and read into LabVIEW for 
post-processing, as shown in Figure 2. 

Results:
Thrombus growth was successfully measured in individual 
channels of the microfluidic device and was verified by 
comparison with microscopic imaging methods using 
identical blood samples and measuring at equivalent shear 
rates, as shown in Figure 3. Our method was able to measure 
the three distinct phases of thrombus formation: adhesion, 
acute growth, and occlusion, as shown in Figure 4. Volumetric 
thrombus growth could be measured with a sampling rate 
of up to 10 kHz, compared to microscopic imaging which 
operates at sub-hertz acquisition speeds. 

Our method also provided a method of determining the 
hematocrit of the blood being measured. The initial intensity 
of the transmitted light is proportional to the concentration of 
erythrocytes, and thus can be related to the blood hematocrit 
with an error of approximately 2%. 

Utilizing the high-throughput construction, growth has been 
observed in four stenoses simultaneously in addition to 
spatial localization of the growth within each stenosis. 

Discussion:
Utilizing this method, differential thrombus formation has 
been observed under various blood parameters, such as 

varying hematocrit, shear rate, and 
dosage of acetylsalicylic acid, an 
anti-thrombotic drug. However, 
more data is required before 
definitive analysis can be performed 
from a biological viewpoint. 

The methods described above 
provide a superior method of 
detection over current art that can be 
expanded to perform large numbers 
of trials simultaneously. Additional 
tests are being conducted to validate 
the accuracy of the high-throughput 
instrumentation in comparison to 
the single-channel measurements. 
However, initial data indicates that 
it will be as accurate, in addition to 
providing previously unavailable 
spatial resolution. 

Conclusion:
Described is a method of quanti-
tatively analyzing acute volumetric 
thrombus growth. The method 
described provides not only a 
high time resolution, but also a 

Figure 2: Photodiode output with three 
stage of thrombus formation labeled.

Figure 4: Schematic of the instrumentation 
for multi-channel thrombosis measurement.  

Figure 3: Comparison of laser detection with existing microscopic 
imaging (high frequency data corresponds to laser output).

smaller laboratory footprint and data load than existing 
art. The presented method is multifunctional, allowing an 
assessment of acute thrombus growth rate, time to occlusion, 
and the hematocrit of the blood being analyzed. Additional 
functionality can be added such as measuring hemoglobin 
concentration by observing the blood’s optical scattering. 
Utilizing the presented method, the effects of drugs such 
as acetylsalicylic acid can be examined under different 
conditions, such as varied shear rates that simulate individuals 
with various stages of heart disease. 
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Abstract:
The misfolding and aggregation of the prion protein have been implicated in several fatal neurodegenerative 
diseases. Misfolded prion proteins first aggregate into toxic, infectious protofibrils before forming fibrils. We 
constructed different protofibril models from molecular dynamics simulations of the human prion protein 
under misfolding conditions. These protofibril models were compared with experimental data to assess if they 
are reasonable models for the toxic intermediates. 

Introduction:
Aggregates of an abnormal form of the prion protein (PrP) are 
responsible for a group of fatal neurodegenerative conditions 
known as prion diseases, which include bovine spongiform 
encephalopathy (mad cow disease) and Creutzfeldt-Jakob 
disease. Prion diseases are caused by the misfolding and 
aggregation of PrP, which may be triggered by low pH 
or mutations. The structures of misfolded PrP cannot be 
determined experimentally, so our group used molecular 
dynamics to simulate the misfolding of PrP at various pH 
levels and with different mutations. 

Misfolded prion proteins first assemble into soluble 
protofibrils before forming insoluble fibrils (Figure 1). 
There is evidence that protofibrils are toxic and infectious, 
and knowing the structure of these protofibrils can help us 
understand and combat prion diseases. Currently there is no 
high-resolution experimental data on protofibril structure, 

but experiments have shown that misfolded PrP aggregates 
have significantly more b-structure and less a-helical content 
compared with the natively-folded PrP. Experiments also 
indicated that residues 98-110 and 136-140 are important for 
aggregation and are likely on the binding interface between 
monomers [1]. 

Building on previous work [2], this project aimed to construct 
alternative human protofibril models with increased b-sheet 
content. We have built several models that are consistent 
with many available experimental data. (See Figure 1)

Methods. Misfolded conformations were selected from 
molecular dynamics simulations of PrP under misfolding 
conditions and docked manually to create models with cross-
monomer b-sheets [2]. All models were constructed using 
PyMOL [3]. Figure 1: Left: Misfolded human PrP at pH 5. Right: Side 

view of a protofibril model. The dotted line indicates the rise 
per turn, while the solid line indicates the diameter of the 
model.

Figure 2: Top views of the left-handed spiral models. 
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Prion Protofibril Models. The human protofibril models we 
constructed are named according to the number of strands 
in the cross-monomer b-sheets. 4-sheet, 5-sheet, and 6-sheet 
L are left-handed spiral models built from misfolded wild-
type PrP at pH 5 (Figure 2). All models have a repeating 
unit of three monomers. 4-sheet is similar to the previous 
protofibril models because each b-sheet has four strands. We 
were interested in building models with more b-structure, so 
we modeled one and two extra strands in the N-terminus to 
get 5-sheet and 6-sheet L, respectively. 

While 6-sheet L has more b-structure, it also has more gaps 
in between monomers, which may make the model unstable. 
To make the model more compact while maintaining 
b-structure, we adjusted the 6-sheet conformations and fitted 
them into a right-handed spiral model, 6-sheet R, which has 
fewer gaps than its left-handed counterpart. 

5-sheet D178N, whose cross-monomer b-sheet consists of 
five strands, was built from misfolded PrP conformations 
with the disease-causing mutation D178N. The mutated 
conformations only fit into a right-handed spiral, whereas the 
wild-type conformations fit readily into left-handed spirals. 

To compare the different models, we measured the diameter 
and the rise per turn (Figure 1). The diameter increased with 
the increasing number of b-strands, but the rise per turn does 
not show a clear trend (Figure 3). 

Finally, all our models can accommodate glycans at the 
known glycosylation sites, Asn-181 and Asn-197, and all 
have exposed proteinase K digestion sites at Gly-127. 

Conclusions and Future Work:
Structures representing misfolded PrP can be fitted into 
continuous spiral models with 4, 5, or 6 b-strands. Two spiral 
conformations, left-handed or right-handed, are possible 
with 6 b-strands. However, the models with 6 b-strands 
show significant gaps, which may mean that these structures 
are unstable. Misfolded PrP with disease-related mutation 
D178N resulted in a different spiral model than wild-type 
misfolded PrP. Most of our models agree with available 
experimental data, indicating that the models are reasonable. 
More experimental data is needed to further assess if our 
models are representative of prion protofibrils. 

Acknowledgements:
I thank my PI Prof. Valerie Daggett, mentor Dr. Marc van 
der Kamp, and site coordinator Dr. Ethan Allen, for their 
assistance. I also thank the National Nanotechnology Infra-
structure Network Research Experience for Undergraduates 
(NNIN REU) Program and National Science Foundation for 
funding. 

References:
[1] Abalos G.C., Cruite J.T., Bellon A., Hemmers S., Akagi J., Mastrianni 

J.A., Williamson R.A., Solforosi L. (2008) Identifying key components 
of the PrPC-PrPSc replicative interface, J. Biol. Chem. 283, 34021-
34028. 

[2] DeMarco M.L. and Daggett V. (2004) From Conversion to Aggregation: 
Protofibril Formation of the Prion Protein, Proc. Natl. Acad. Sci. 101, 
2293-2298; Scouras A.D. and Daggett V. (2008) Species variation in 
PrPSc protofibril models, J. Mater. Sci. 43, 3625-3637. 

[3] DeLano, W.L. (2002) The PyMOL Molecular Graphics System (Palo 
Alto, CA, USA, DeLano Scientific). 

Figure 3: Comparison of protofibril models. 

Comparison with Experimental Data:
To check if known antibody binding sites are accessible 
in our models, mapped epitopes were projected onto them 
(Figure 4). All models are accessible to the ICSM18 and H3:2 
antibodies and, after some adjustments, also to R1. These 
three antibodies can bind to both native PrP and misfolded 
aggregates. 

I5B3 and H3:3 bind selectively to misfolded PrP aggregates, 
and most of our models are accessible to them. Since I5B3 
binds to three separate regions at once, the three regions 
must neighbor one another. This is indeed the case in our 
models (Figure 4). Furthermore, H3:3 binds to a region that 
is significantly altered during the misfolding simulations of 
PrP. The differences in the H3:3 binding region in native and 
misfolded PrP may explain the selectivity of H3:3 for PrP 
aggregates. 

Figure 4: Left: I5B3 binding regions in the 4-sheet model. 
Right: Changes in the H3:3 binding region in native PrP 
(light gray) and misfolded PrP (dark gray). 
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Introduction:
Gold surfaces functionalized with deoxyribonucleic 
acid (DNA) are used in biomedical applications such as 
biosensing. When biosensors and other biomedical devices 
are placed in a biological environment, various reactions 
(analyte sensing, protein adsorption, etc.) will occur at their 
surface. For nanoparticles, where the surface-to-volume ratio 
is high, these surface properties are crucial and often unique 
from their larger scale counterparts [1]. 

Our work included functionalizing and characterizing 
gold nanoparticles (AuNPs) with thiolated single-stranded 
DNA (SH-ssDNA) in various buffers with different salt 
concentrations. We performed detailed surface analysis of 
the functionalized AuNPs using x-ray photoelectron spec-
troscopy (XPS). The SH-ssDNA functionalized AuNPs were 
then backfilled for varying amounts of time with hydroxyl-
terminated alkylthiols to hinder DNA base-gold binding. 
Control flat Au surfaces were also functionalized with SH-
ssDNA for comparison to the functionalized AuNPs. 

Experimental Methods:
Materials. The 40-mer SH-ssDNA [5’(C5-Thiol) AGC TGC 
CCT GGT AGG TT TCT GGG AAG GGA CAG ATG ACA G 
3’] was purchased from Trilink Biotechnologies (lot U17-
0209-AC1A-A). Ultrapure water (resistivity >18.0 M Ω cm) 
used for preparing all aqueous solutions was purified by a 
Modulab Analytical research grade water system. Spectra/Por 
molecular porous membrane dialysis tubing was purchased 
from Sigma-Aldrich. Tubing-type 1 had a molecular weight 
cut off of 12-14,000 and tubing-type 2 had a molecular 
weight cut off 50,000 (wet in 0.1% sodium azide). All other 
chemicals were also purchased from Sigma-Aldrich. 

Gold Nanoparticle Stability. UV/VIS measure ments were 
performed to determine which buffer and salt conditions 
provided a stable environment for the AuNPs. A stable 
environment was considered one that did not cause the 
AuNPs to aggregate as identified by a change in color.

Thiol-DNA Assembly. Water, buffer, and SH-ssDNA were 
combined at the desired concentrations in a glass scintillation 

vial and mixed for 30 seconds. AuNPs were added, and when 
relevant, solution was mixed for 30 minutes before adding 
salt. The AuNPs were functionalized for 24 hrs before 
purification. Samples were dialyzed 2x in tubing-type 1 and 
10x in tubing-type 2 (see materials) in 3500 mL water. 

Backfilling Procedure. 97.55 µL of 9.0M hydroxyl-term-
inated alkythiol were added to 4 ml purified functionalized 
AuNPs. Samples were backfilled for varying amounts of 
time before being dialyzed 10x in tubing-type 2. 

XPS Analysis. XPS measurements were performed on 
Surface Science Instrument S-Probe spectrometer with a 
monochromated Al-Ka x-ray source. Compositional survey, 
detailed scans (Au4f, C1s, O1s, P2p, S2p and N1s) and 
high resolution scans (C1s and N1s) were acquired. All 
measurements were taken at a 55° photoelectron takeoff 
angle. The computational data are averages of values from 
two samples, three spots per sample. Data analysis was 
performed on the Service Physics ESCA 2000 Graphics 
Viewer data reduction software. 

 

Results and Discussion:
Stability of AuNPs. Adding SH-ssDNA to buffer before 
adding AuNPs helped decrease aggregation. Using this 
procedure, the highest stable salt concentrations in 1× Tris  
and 1× PBS were 1 mM NaCl and 100 mM NaCl, respect-
ively. In both buffer systems, adding NaCl last allowed for a 
higher final salt concentration. 

UV/VIS Absorbance of AuNPs (Graph 1). SH-ssDNA 
peaks appeared at 260 nm and gold peaks appeared around 
525 nm. There was no SH-ssDNA peak in the AuNP solution 
before functionalization, as expected. The broadening of the 
gold peak in the functionalized samples indicated particle 
growth. This combined with the noticeable SH-ssDNA peaks 
suggested that SH-ssDNA had been attached to the AuNPs. 

Surface Chemical Composition of AuNPs (Graph 2). 
Increasing the salt concentration of a sample was previously 
shown to increase the SH-ssDNA loading onto the surface by 
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shielding the DNA-DNA repulsion forces [2]. However, SH-
ssDNA loading on the AuNPs was not significantly affected 
by the salt concentration. An increase in loading would result 
in a lower percentage of gold seen on the surface [3]. This 
was not the case in Tris buffer (Graph 2.A) or PBS (Graph 
2.B). 

It is possible the SH-ssDNA concentration was too low to 
be affected by the repulsion forces. However, increasing 
the SH-ssDNA concentration by 3x (Graph 2.B) did not 
significantly change surface composition. In PBS, AuNPS 
exhibited similar nitrogen composition compared to flat 
surface. In Tris, there were similar phosphorus compositions. 
Some samples also had high amounts of sulfur. This was 
most likely due to minor contamination. 

Graph 2.C shows the chemical surface composition of 
functionalized AuNPs backfilled with 6-mercapto-1-hexanol 

for 0, 3, and 24 hrs. The time allowed to backfill 
had little effect on alkythiol coverage on AuNPs. 
That is, the 3 hrs time range was long enough for 
the backfilling to be equilibrated; therefore, shorter 
times (< 3 hrs) are recommended for future studies. 
The flat surface comparison is also shown on 
Graph 2.C. Both the AuNPs and flat gold exhibited 
an increase in percentage of gold on the surface as 
backfilling occurred. This seems counter intuitive, 
but the hydroxyl-terminated alkylthiols being 
added were significantly shorter than the 40mer 
SH-ssDNA. Hence, the alkylthiols attenuated the 
gold signal less than the SH-ssDNA [3]. 

Conclusions:
To develop understanding of the structure-function 
relationship for biomedical devices and optimize 
their performance, their surface properties must be 
characterized. In this study, 14 nm diameter AuNPs 
were functionalized with SH-ssDNA in Tris and 
PBS buffer in varying salt concentrations. Using 
surface analysis techniques for characterization, we 
determined adding salt did not enhance SH-ssDNA 
assembly for the DNA concentration used in this 
study. Control flat gold surfaces were subjected to 
similar conditions. All AuNP samples had lower 
percentages of gold than the flat surface samples. 
The curved surface of AuNP may have enabled 
higher SH-ssDNA loading. Also, compared to flat 
surfaces, the XPS organic overlayer signals are 
enhanced relative the underlying gold signals for 
AuNPs [4]. 

Further characterization and optimization of the 
DNA coated AuNPs is currently underway. 
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Introduction:
Bioelectrochemical systems (BESs) have gathered attention 
in recent years because they convert organic material in 
wastewater into electricity and chemicals, and are applied as 
biosensors. Microbial fuel cells (MFCs) are one example of 
a BES in which anaerobic bacteria oxidize carbon sources 
using the anode as a terminal electron acceptor thereby 
generating a current. The bacteria grow planktonic as well 
as an anodic biofilm employing direct electron transfer and/
or mediators for current generation. The biofilm density 
and composition are determining factors for the efficiency 
and power generation of MFCs. This project focuses on 
developing and fabricating a micro-microbial fuel cell 
(µMFC). We believe that by reducing the overall surface 
to volume ratio the Coulombic efficiency can be increased 
subsequently leading to higher power densities. Additionally, 
the µMFC can be used as a tool to study real time biofilm 
growth and development [1]. 

 

Experimental Procedure:
Mask Design. The mask for the silicon (Si) masters and 
electrodes were design by Dr. Benjamin Steinhaus. The 
masks were printed through emulsion on transparent paper 
and the design is shown in Figures 1 and 2. 

Figure 2: Mask for electrodes. Figure 1: Mask for channels. 

Master Fabrication. Masters 
were fabricated on 100 mm 
silicon wafers. The wafers 
were coated with P20 primer 
(2000 RPM at 1000 RPM/s) 
and then S1827 resist (2000 
RPM at 500 RPM/s). Wafers 
were soft baked at 115°C 
for 90 sec, exposed for 16 
sec placed in an ammonia 
image reversal oven, hard 
baked at 115°C for 90 sec 
and developed using MF321. 
Masters were etched using 
a Unaxis 770 Si etcher to a 
depth of 100 µm. Remaining 
resist was removed using a 
resist hot strip bath. Wafers 
were finally coated with an 

inert layer of 1H,1H,2H,2H-perfluorooctyl trichlorosilane 
(FOTS) using molecular vapor deposition. 

Electrode Fabrication. Electrodes were fabricated on 100 
mm borofloat wafers. Wafers were cleaned using isopropyl 
alcohol and acetone. The wafers were coated with P20 primer 
(2000 RPM at 1000 RPM/s) and then S1827 resist (2000 
RPM at 500 RPM/s), soft baked at 115°C for 5 min, exposed 
for 16 sec, hard baked at 115°C for 5 min and developed 
using MF321. A titanium and gold layer (100/200 nm) was 
deposited using an SC4500 evaporator. Excess metal was 
removed by lifting off remaining resist using 1165 stripper. 

Microfluidic Device Fabrication. The first device was 
cast with polydimethylsiloxane (PDMS), mixed in a 10:1 
weight ratio with curing agent. The solution was degassed 
and poured over the Si master and cured for 2 hr at 90°C. 
PDMS was peeled away, and inlet and outlet holes were 
punched using 18G blunt needles. The second device was 
cast with a mixture of PDMS and zirconium n-butoxide. The 
latter chemical addition rendered the polymeric structure 
as a proton exchange membrane (PEM) [2]. Zirconium 
n-butoxide and ethyl acetoacetate were mixed in a molar 
ratio 1:1. This solution was then mixed with PDMS (95% 
PDMS by weight). The mixture was degassed and poured 
over the Si master. Solution was cured at 60°C for 2 hr and 
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annealed at 120°C for two days. The PEM remained opaque, 
rendering it unsuitable for application. 

Experimental Setup. The PDMS and the electrodes were 
exposed to plasma for 1 min and attached. Tygon tubing 
was connected to the inlets and outlets and sealed with 
epoxy. The electrodes were connected with silver wires to a 
Keithley voltmeter, which recorded the open circuit potential. 
The µMFC was operated under micro-aerobic conditions 
continuously for six days at a flow rate of 0.001 ml/min. 
The experiment setup is shown in Figure 3. A baseline 
was established by using 100 mM potassium ferricyanide 
in phosphate buffer as the catholyte and M4 media as the 
anolyte. The system was inoculated with 0.5 ml Shewanella 
oneidensis MR-I solution (grown overnight in Luria-Bertani) 
after 12 hours. 

 

Results and Discussion:
The open circuit voltage (OCV) prior to inoculation was 61 
mV. Post-inoculation the potential increased to 255 mV after 
five days (Figure 4). The potential suggests that the µMFC 
still has a high internal resistance since theoretical values of 
850 mV have been reported [3] for MFCs using the same 
catholyte and anolyte. This can be attributed to the device 
being made from PDMS, a low ionic conductor. The OCV 
was also reduced due to the device being operated under 
micro-aerobic conditions, since oxygen is a better electron 
acceptor than the anode. 

 

Conclusions and Future Work:
We successfully constructed a µMFC capable of 
operating at 255 mV. This initial prototype shows 
much promise and in the future can be improved 
by using a material with higher ionic conductivity 
such as a ZrO-PDMS mixture. Additionally, this 
potential can be increased by operating under 
anaerobic conditions, preventing the drain of 
electrons by oxygen. 
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Figure 3: Experimental Setup. µMFC lies inside anaerobic chamber connected to 
syringe pump through tygon tubing. Electrodes are connected to data acquisition 
system with silver wires.

Figure 4: Open circuit potential results. The µMFC had a baseline 
OCV of 61 mV. The potential increased to 255 mV post-inoculation 
and stabilized at 235 mV. 
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Introduction:
Single molecule deoxyribonucleic 
acid (DNA) sequencing through 
nanopores is potentially a fast 
cost effective way to sequence 
long strands of DNA. Nanopores 
have a similar diameter to DNA, 
so DNA has to unravel itself 
when it is translocated through 
the nanopore, about 10 nm for 
double stranded DNA (dsDNA) 
and about 2 nm for single stranded 
DNA (ssDNA). The individual 
DNA bases can pass the nanopore 
in a sequential manner [1]. 

To translocate DNA, a voltage is applied across a nanopore 
that separates two reservoirs of aqueous electrolyte solution. 
The nanopore essentially becomes a Coulter counter. The ions 
in the electrolytes move through the nanopore and create an 
ionic current. DNA, which is a negatively charged molecule, 
is translocated through the pore by electrophoresis. DNA 
inside the SWCNT block the ion flow so a change in the 
ionic current is detected during translocation. Ionic current, 
as well as tunneling current and optical signal may be used 
as readout signals for nanopore DNA sequencing. Nanopore 
sequencing does not include all the complicated and time 
consuming processes of cloning, polymerase chain reaction, 
and capillary electrophoresis, potentially sequencing a 
diploid mammalian genome in 24 hours for about ~$1000 
[2]. 

Currently nanopores have been created that can discriminate 
dsDNA and ssDNA by the different pore sizes used for 
the translocation. Ribonucleic acid (RNA) and DNA are 
discriminated by differences in the amplitude of the ionic 
current and the translocation duration time. The length of the 
DNA is discriminated by a change in the time length when 
the ionic current is blocked [3]. 

Single walled carbon nanotubes (SWCNTs) are well 
structured, long, and natural nanopores with atomically flat 
inner walls. SWCNTs are about ~ 1-4 nm in diameter and 
can reach the millimeter scale in length although usually the 
micron scale. The channel form of the SWCNT provides a 

way to contain DNA and potentially control the speed of the 
DNA when translocated past a base reader. In order to create 
a SWCNT translocation device, SWCNTs need to be well 
calibrated. 

This summer we investigated SWCNT calibration by growing 
SWCNTs using a chemical vapor deposition (CVD) method 
and characterizing SWCNTs using atomic force microscopy 
(AFM) and field emission scanning electron microscopy 
(FESEM). We investigated the translocation capabilities of 
the SWCNTs by measuring the ionic current through the 
SWCNT based nanofluidic device. 

 

Figure 1: FESEM and AFM with height displacement graph for marker. 

Figure 2: Schematic of DNA translocation device. 
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Methods and Materials:
The CVD method gives control over SWCNT’s orientation, 
horizontal alignment, length, and diameter. CVD-grown 
SWCNTs have been shown to have less defects than 
other methods. The catalyst was produced by a mixture of 
diblock polymer and cobalt salt. Argon and hydrogen were 
the gas carriers for the carbon source, ethanol. Ethanol 
was chosen because the OH group effectively removes 
any amorphous carbon that would cover and deactivate 
the cobalt nanoparticles. AFM and FESEM images were 
used to characterize the grown SWCNTs (Figure 1). A 
polydimethylsiloxane (PDMS) microfluidic system was 
prepared and used to introduce solution to SWCNTs. Electron 
beam lithography (EBL) was used to create reservoirs in the 
PMMA resist layer that covered on top of the SWCNTs. 
Oxygen plasma was used to remove the exposed SWCNT in 
reservoirs and open both ends of the SWCNT that connected 
two reservoirs. The SWCNT was soaked with an aqueous 
potassium chloride (KCl) solution. A voltage was applied 
across the SWCNT for ionic current (Figure 2). 

 

Results and Discussion:
The diameters of the SWCNTs found using AFM are 
illustrated in Figure 3. The spatial distribution was found 
using FESEM. The distribution distances were taken 100 µm 
from the catalyst on four silicon dioxide (SiO2) substrates. 
Usually surface density is used when studying distribution, 
but the SWCNTs were parallel so distances were found. The 
mean was 111 µm ± 98 µm. It was common to find many 
SWCNTs close to one another and then have hundreds of 
microns before another SWCNT was found. More SWCNT 
were found in the area closer to the catalyst. The CVD method 
of growing SWCNTs was successful in respect to growing 
many SWCNTs that were long and straight, well dispersed, 
with usable diameters. If a diameter was too small, the DNA 
could not translocate and if it was too large, the ionic current 
change was not obvious. The optimal diameter was 2 nm. 

We tested the ionic current of the SWCNTs that had been 
etched by oxygen plasma and placed in a translocation 
device; the results are shown in Figure 4. Most, 67%, of the 
devices made were successful at transferring ionic current. 
Those devices that did not transfer current could have been 
contaminated, contained defects, or not opened entirely on 
each side. The SWCNTs that had successful ionic currents 
could be used for DNA translocation testing. 

DNA translocation favors high ionic current. The distribution 
of currents may be caused by the distribution in diameter. 
It would be useful to study how to increase the yield of 
SWCNTs with high currents. Research in efficient DNA 
sequencing will help the understanding of the genome and 
its applications in medical research. 
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Abstract:
Motor proteins drive essential processes in the body, including muscle movement and cell division, by 
converting chemical energy to mechanical work. Yet, the relationship between the structure and function 
of these molecular motors is not well understood. Acquiring comprehensive knowledge of these interactions 
could ultimately lead to the creation of nanoscale proteins with tunable properties. Such proteins could vastly 
improve cancer and disease research as well as provide fundamental insight into cell biology. The present study 
aims to further investigate nanomechanical properties of kinesin, a motor protein responsible for intracellular 
transport. To accomplish this, we successfully generated a recombinant human kinesin construct, labeled 
with green fluorescent protein and a histidine epitope tag, and used high-resolution imaging to characterize 
its velocity and photostability in vitro. 

Introduction:
Kinesins are one group of motor proteins that transport 
cargo and play a critical role in cell division [1]. In cells, 
kinesin molecules attach to, “walk” along, and detach from 
microtubules, one type of cytoskeletal polymer, by a series of 
chemical reactions involving adenosine triphosphate (ATP) 
[2,3]. Kinesin proteins can be expressed in bacteria cells 
and characterized in vitro. Observing this walking process 
in reconstituted systems can help to better understand the 
relationship between kinesin and microtubules, and will 
provide insight into the motor mechanism of kinesin. 

One challenge for in vitro measurements of motor proteins is 
collecting sufficiently high signals to allow for visualization. 
Total internal reflection fluorescence microscopy (TIRFM) 
provides a useful solution. In TIRFM, a laser beam is steered 
into a microscope objective at a high incident angle. Above 
a critical angle, the majority of the incident light is reflected, 
but a small portion propagates into the sample, parallel to the 
surface, as an evanescent wavefront that excites fluorophores 
on and near the surface [4]. This decreases the fluorescence 
emission from within the sample and increases the signal 
to noise ratio. By using two lasers of distinct wavelengths, 
kinesin and microtubules can be distinguished if labeled 
with two different fluorescent dyes that possess excellent 
photostability characteristics. The present study used an 
electron-multiplying charged coupled device (EMCCD) 
camera with the TIRFM system to provide fast, high-
resolution data acquisition in order to characterize the velocity 
and photo-properties of fluorescent kinesin proteins. 

Experimental Procedure:
A protein expression protocol was developed and used to 
generate recombinant kinesin proteins. Escherichia coli 
bacteria, containing a plasmid with the kif5b kinesin gene 
fused to green fluorescent protein (GFP) for visualization 
and a histidine tag for purification, were obtained and 
replicated. This multi day procedure required sterility and 
ideal temperature and chemical conditions. After growth, 
cells were lysed by sonication, releasing cellular contents 
into solution. Kinesin was column purified using a type 
of nickel resin, which had high affinity for the histidine-
tagged kinesin. Expression products were analyzed with gel 
electrophoresis. 

Gliding filament assays were used to characterize the 
recombinant kinesin. Coverglasses were coated with GFP 
antibodies to bind kinesin to the surface. Because the GFP is 
located at the tail, each motor head pointed up into solution 
and attached and detached to microtubules in solution, thus 
causing them to glide. A 532 nm laser and a custom TIRFM 
system were used to visualize microtubules labeled with 
rhodamine dye. 

For each microtubule, 200 frames were collected at a 
frequency of 10 frames per second with an EMCCD camera. 
Analysis software was implemented to locate the coordinates 
of the tip of each microtubule in the first and last frame 
(Figure 1). The distance between these points was calculated 
and divided by the elapsed time (20 seconds) to obtain 
velocity data. To assess photostability, single kinesin-GFP 
molecules were observed using a 473 nm laser. 
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Results and Conclusions:
Green protein fractions and gel electrophoresis confirmed 
that GFP-fused kinesin was successfully made. To assess 
the functionality, microtubule velocities were calculated 
via gliding assays. The velocities of 160 microtubules 
were measured to be 650 ± 80 nm/s, consistent with earlier 
reports [5,6]. The distribution (Figure 2) was slightly skewed 
toward lower velocities, perhaps indicating the presence of 
non-or partly-functional motor proteins or imperfect surface 
immobilization. 

Kinesin motors were also visualized at the single molecule 
level, and the fluorescence intensity was measured as a 
function of time to assess dye lifetime and brightness. 
The lifetime of a single GFP molecule was found to be  
~ 10 seconds, as indicated by the steep vertical drop in mean 
intensity (Figure 3). This singular drop confirmed that single 
molecule signal detection had been achieved. 

Future Work:
The robust protocol for the expression and characterization 
of kinesin motors that was developed will enable future 
analysis of a wide variety of motor proteins. In order to 
further improve the procedure, optimal conditions for 
single molecule imaging to reduce photobleaching, without 
impairing kinesin’s functionality, should be investigated. 
Significant insight into the biology of motor proteins will 
be gained, which will help develop the promising concept 
of making proteins with desirable properties for cancer and 
disease applications. 
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Figure 1: Analysis of a microtubule gliding assay video.

Figure 2, top: Distribution of microtubule 
speeds on kinesin-coated surfaces.

Figure 3, bottom: Photobleaching trace of a single GFP kinesin.
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Abstract:
Liposomes in the range of 100 to 500 nm were created using a microfluidic flow-focusing device by varying 
composition and flow rates of the lipid and sheath fluids. Due to their amphiphilic structure, liposomes can be 
engineered to encapsulate magnetic nanoparticles, forming magnetoliposomes. The project aims were to (1) 
optimize reagent parameters to modify liposome size and (2) encapsulate nanoparticles. A three-dimensional 
microfluidic focusing manifold was employed to enhance the liposomes’ monodispersity to improve in vivo 
pharmacokinetics. At flow rate ratios (FRRs)—sheath to lipid solution—from 10 to 25, increasing phos-
pholipid concentration from 0.10 to 10.0 mM decreased liposome size from 215 to 120 nm. At the same FRRs, 
increasing the concentration of potassium chloride from 0.10 to 10.0 mM in the sheath fluid increased the 
liposomes’ size from 120 to 470 nm; liposomes aggregated at FRRs less than 10.0. Magnetoliposomes were 
formed via an in situ precipitation of magnetite in the interior compartment of the liposomes. 

Background:
Monodisperse liposomes are more desirable for in vivo 
applications because they display more uniform pharma-
cokinetics [1,2]. Additionally, liposomes with diameters of 
150 to 200 nm demonstrate prolonged circulation half-lives 
and more efficient extravasation of tumor microvasculature 
compared to liposomes of other sizes [3,4]. Therefore, 
microfluidic-directed formation of liposomes is very useful 
as it allows for controlled size and more monodisperse 
liposomes over other synthesis methods [4]. 

Magnetoliposomes have been engineered to encapsulate 
magnetic nanoparticles to concentrate therapeutics at the 
delivery site [4]. An alternating magnetic field can induce 
hyperthermia, allowing a burst-release of the encapsulated 
therapeutic [2]. Magnetoliposomes have been synthesized 
using other methods [5], but we employed the microfluidic 
platform to produce more monodisperse product of controlled 
size.

Experimental Procedure:
Microfluidic Device. The microfluidic device was 
fabricated using general photolithography techniques. 
Polydimethylsiloxane (PDMS) was spun onto SU-8 
patterned wafers, and the two pieces of PDMS were aligned. 
The cross-sectional dimensions of the square microchannel 
were 125 µm; the channel was 2.0 cm in length.

Liposomes for Size Experiments. The phospholipids 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[amino(polyethylene glycol)-2000] (DSPE-PEG) were 
dissolved with cholesterol (Chol) in ethanol in a 10.1:1.0:9.9 

(DPPC/DSPE-PEG/Chol) molar ratio. The sheath fluid was 
deionized water or a potassium chloride solution. A syringe 
pump flowed the lipid solution through the center input of 
the device and the sheath fluid in the remaining four inputs. 
Product was collected at varying flow rate ratios (FRRs)—
sheath to lipid solution—with a constant bulk flow rate of 
20.39 µL/min and a Reynolds number of 2.72. 

In situ Synthesis of Magnetoliposomes (MLs). The sheath 
fluid was 5.0 mM FeCl3 and FeCl2·4H2O (2:1 molar ratio). 
The lipid solution (10.1:1.0:8.1; DPPC/DSPE-PEG/Chol) 
was pumped at 1.3 µL/min and the sheath at 4.8 µL/min 
(FRR = 14.7). NH4OH solution was added to the liposomes 
to precipitate magnetite (Fe3O4) according to the following 
chemical reaction: 

2FeCl3 + FeCl2 + 8NH3 + 4H2O ➞ Fe3O4 + 8NH4Cl

Size Determination. Hydrodynamic radii were determined 
with dynamic light scattering (DLS) at 0.010 mM 
phospholipid concentrations. Measurements were taken at 
90° with a Melles Griot HeNe 632.8 nm laser. 

Characterization by Transmission Electron Microscopy 
(TEM). A 5.0 µL aliquot of sample was pipetted onto a 
carbon-coated 200 nm mesh copper grid and stained with  
5.0 µL of sodium phosphotungstate negative stain. Images 
were taken with a Philips Tecnai T-12 scope at 120kV. 

Results and Discussion:
Monodispersity of Liposomes. The microfluidic device 
was based upon Kennedy et al. [6]. The three-dimensional 
design focused the lipid solution to the microchannel’s 



b
Io

l
o

g
IC

a
l a

p
p

l
IC

a
T

Io
n

s

The  2009 NNIN REU Research Accomplishments page 27

center. Diffusion of the lipids into the surrounding aqueous sheath 
fluid directed liposome self-assembly. Doing so narrowed the 
velocity distribution of the molecules, potentially narrowing the size 
distribution of the liposomes as well. 

Effect of FRR on Liposomes. At FRRs below 10.0, there was no 
trend in liposome size (Figure 1). An insufficient volume of sheath 
fluid in the microchannel prevented complete diffusion of the lipids, 
resulting in incomplete liposome assembly. At FRRs of 10.0 and 
above, increasing the phospholipid concentration from 0.10 to  
10.0 mM decreased liposome diameter from 215 to 130 nm. At 
the higher concentration, lipids had a shorter diffusion time before 
reaching the critical aqueous concentration at which liposomes self-
assemble, resulting in smaller liposomes. 

Increasing the sheath’s salt concentration from 0.10 to 10.0 mM 
increased the liposomes from 150 to 470 nm. At the lower salt 
concentration, the solvating action of the water molecules stabilized 
the liposomes thereby minimizing their size. With increasing ionic 
strength, water molecules increasingly solvated salt ions. The 
instability created by decreased solvation resulted in larger liposomes 
which are prone to aggregation (Figure 2). Characterization by 
TEM showed all liposomes to be generally spherical; however, lipid 
aggregates predominated most samples (Figure 3). 

Characterization of Magnetoliposomes (MLs). TEM images 
before and after addition of NH4OH verified encapsulation of 
magnetite. Before NH4OH addition, the liposomes were spherical 
with an average mean diameter of 160 nm. Precipitated magnetite 
appeared as black spots in the liposomes’ interior (Figure 4). TEM 
verified DLS size measurements. 
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Figure 1: Increasing phospholipid concentration  
resulted in smaller liposomes. 

Figure 2: Increasing ionic strength of the  
sheath fluid resulted in larger liposomes. 

Figure 3: TEM image of liposomes with a mean diameter of 240 nm.

Figure 4: TEM image of a magnetoliposome. The top liposome  
is encapsulating magnetite while the bottom liposome is not. 
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Abstract/Introduction:
Self-assembled biological molecules are being utilized in many ways to include forming hydrogel networks 
and nanoscale tubles. The goal of this project is to develop a method to preferential assembly biomaterial 
on surfaces using ionic interactions. We employ photolithography and prepare a simple pattern—an array 
of gold (Au (111)) on mica. We form a monolayer of 4, 4’-dimercaptobiphenyl on the Au (111) surface. The 
monolayer is then treated with a photoresist, followed by selective exposure leaving part of the monolayer 
inaccessible. The monolayer is exposed to a solution of mercury (II) per chlorate hydrate. The mercury (II) per 
chlorate provides a positive charge to exposed area of the patterned surface. Finally the array is introduced to 
various biomaterials with the expectation that localized ionic interactions will result in preferential assembly 
of biomaterial. The array is examined by Kelvin force microscopy (KFM) before and after their introduction 
to the biomaterial.

Experimental Procedure:
The experiment was performed under a homemade vented 
box (Figure 1). The box contained a bubbler flask that 
was connected to a nitrogen tank. It was important for the 
solutions to be in a nitrogen atmosphere in order to prevent the 
formation of dual mechanism bifunctional polymer (DMBP) 
via disulfide bonds. Therefore, all the glassware were 
cleaned using a piranha solution. Cleanliness was important 
because impurities could interfere with the formation of a 
monolayer. 

A 1 µm solution of DMBP was prepared and introduced to 
the bubbler flask. A gold sample was obtained and cleaned 
using an argon plasma. After cleaning the substrate, the 
optical constants were obtained using ellipsometry. These 
optical constants were later used to find the thickness of 
the monolayer. After measuring the optical constants, the 
substrate was put into the bubbler flask containing DMBP 
and left to self-assemble for four hours (Figure 2). After 
self-assembly, the gold substrate was rinsed with 200 proof 
ethanol and dried with a stream nitrogen gas. The monolayer 
thickness was obtained using ellipsometry.

Figure 1: Homemade vented box. The bubbler flask is connected 
to a nitrogen gas tank allowing the self-assembly to occur in a 
nitrogen atmosphere.

Figure 2: Gold substrate is put into a DMBT solution, DMBT self- 
assembles onto Au (111) substrate in a four hour period, to form a 
monolayer. Ref. http://www.ifm.liu.se/applphys/ftir/sams.html.
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A pattern of 103 µm squares was created on a gold substrate 
using photolithography. A small area was covered with 
photoresist and left un-etched, leaving that part of the substrate 
available for measuring the thickness of the monolayer. The 
previous procedure was repeated to make the monolayer, then 
positive charges were partially introduced to the monolayer 
surface using mercury (II) per chlorate. In order to have 
a partially charged monolayer surface, half of the gold 
substrate was covered with photoresist. The photoresist was 
meant to keep the positive charges absent from certain areas. 
The charges were exposed in areas with no photoresist. The 
bubbler flask contained 50 µM of mercury (II) per chlorate 
in 50/50 200 proof ethanol in distilled H2O. It seemed the 
photoresist adhered to the substrate well with 50/50 ethanol 
in distilled H2O. After the two hour duration, the partially 
charged monolayer was taken out of the flask and analyzed 
using an atomic force microscopy—Kelvin force microscopy 
method, AFM/ KFM.

The maximum scan range for the AFM/KFM is 100 ×  
100 µm while our Au substrate was 1 × 1 cm. Therefore we 
double-masked the substrate so that each 103 µm square on 
the pattern had one half with a DMBP monolayer and the 
other half with a DMBP monolayer that had been exposed to 
mercury (II) percholorate hydrate. This procedure rendered 
the sample a useful size for measuring by AFM. Biomaterial 
with inherent negative charges was then introduced to the 
partially charged monolayer surface.

Results:
After cleaning with the argon plasma, the optical constants 
obtained were Ns = 0.186 and ks =3.400. The average 
thickness of the monolayer was 14.90Å. After the two hour 
time duration of creating the partially charged monolayer, 
the substrate no longer had photoresist on certain areas. 
Using a different approach, 50/50 ethanol in distilled H2O 
was used. It seemed the photoresist adhered to the substrate 
well with 50/50 ethanol in distilled H2O. Photolithography 
was used to double mask the substrate. The size of the 
substrate was initially too big to measure by AFM/KFM. For 
this reason, a partially charged monolayer was made on each 
of the patterned squares as an alternative to using the entire 
substrate (Figure 3). The biomaterials exposed to the partially 
charged monolayer included red blood cells, cellulose, and 
sulfuric acid in cellulose. Unfortunately the biomaterials 
did not preferentially adhere to the positive charges on the 

monolayer (Figure 4). The biomaterials covered the entire 
surface of the substrate.

Conclusion:
We successfully created a patterned surface of 102 µm gold 
squares using photolithography. We were also successfully 
in preparing a single monolayer of DMBP on Au (111). In 
addition, we developed a method to selectively place charges 
on a monolayer. However, we did not show preferential 
adhesion of biomaterials to the positively charged areas of 
the monolayer. 

Future work will include using other biomaterials in proving 
preferential assembly to charged surfaces. Finally, the 
continued study of the surfaces by AFM/KFM will be pursued 
in an effort to improve the patterning of the surfaces. 
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Figure 3: Patterned monolayer substrate (on left).  
Double patterned partially charged square (on right).

Figure 4: Blood cells did not seem to have a preference on the 
partially charged monolayer when exposed to the squares on the 
surface. In the picture above, the cells adhere to the whole square. 



b
Io

l
o

g
IC

a
l
 a

p
p

l
IC

a
T

Io
n

s

  page 30 The  2009 NNIN REU Research Accomplishments

Engineering Hcp1 to Bind DNA 

Keith Olson
Biochemistry and Psychology, Beloit College

NNIN REU Site: Center for Nanotechnology, University of Washington, Seattle, WA
NNIN REU Principal Investigator(s): Dr. Joseph Mougous, Microbiology, University of Washington-Seattle 
NNIN REU Mentor(s): Julie Silverman, Department of Microbiology, University of Washington-Seattle
Contact: olsonk@stu.beloit, mougous@u.washington.edu, silverjm@u.washington.edu 

Introduction:
Proteins are appealing building blocks for nanoscale systems 
because they are inexpensive, biocompatible, and have self-
assembling properties. Specifically, protein nanotubes, such 
as viral capsids, microtubules, and tobacco mosaic viruses 
have been engineered for nanotechnological applications 
including nanowire synthesis, drug delivery, and gene 
delivery [1-3]. 

Current deoxyribonucleic acid (DNA) processing methods 
used for DNA sequencing and microarray analysis rely 
on restriction enzymes that produce oligonucleotides of 
heterogeneous lengths. Homogenous length DNA would 
be an advantage to chip based DNA analysis technologies 
as a way to reduce false positives (incorrect matches of 
complementary DNA). Nanotubes of discrete lengths could 
serve as a template for length specific DNA processing. 

Our lab has previously demonstrated that Heme Carrier 
Protein 1 (Hcp1), a homohexameric ring protein secreted 
by Pseudomonas aeruginosa, forms stable nanotubes [4]. 
Currently, our lab is focused on optimizing Hcp1 to form 
tubes of discrete length. The potential to control nanotube 
length makes Hcp1 an ideal candidate for DNA scaffolding 
applications. 

In this study we report progress toward DNA encapsulation 
with Hcp1. The work presented here, shows that the 
introduction of positively charged lysines to the interior of 
Hcp1 can mediate non-specific interactions between Hcp1 
and the negatively charged backbone of DNA. 

Materials and Methods:
Lysine Mutant Production and Purification. We produced 
two lysine modified Hcp1 mutants—Asp55Lys and Ser31Lys 
Asp55Lys—via site-directed mutagenesis. Hcp1 mutants 
were expressed in E. coli and purified over a His-Trap column 
with an increasing concentration gradient of imidazole buffer 
and were further purified on a size exclusion column. 

Hcp1-DNA Electrophoretic Mobility Shift Assay. 1 µM of 
40 base pair (bp) DNA and various protein concentrations 
of Hcp1 wild type Hcp1 (WT), Hcp1 (Asp55Lys) and Hcp1 
(Ser31Lys Asp55Lys) mutants were mixed and incubated 
for one hour on ice. Next, the reactions were run on a 2% 
TBE agarose gel at 50 V for two hours, stained with ethidium 
bromide, rinsed and photographed using UV imaging. The 
second electrophoretic mobility shift assay (EMSA) incu-
bated 100 nM plasmid DNA with various concentrations of 
Hcp1 WT, Hcp1 Asp55Lys and Hcp1 Ser31Lys Asp55Lys 
for 1 hour on ice. The mixtures were run on a 1.5% gel for 
4 hours at 50 V, stained with ethidium bromide, rinsed and 
visualized by UV transillumination using a gel documentation 
system. 

TEM Analysis of Hcp1 Asp55Lys with Cysteine 
Modifications. Hcp1 lysine mutants with engineered cysteine 
residues were produced and proteins purified as previously 
described. Protein samples were stained with uranyl formate 
and imaged by transmission electron microscopy (TEM). 

Figure 1: Representative elution profile of Hcp1 lysine mutants. Figure 2: EMSA of DNA in the presence of Hcp1.



b
Io

l
o

g
IC

a
l a

p
p

l
IC

a
T

Io
n

s

The  2009 NNIN REU Research Accomplishments page 31

Results:
Hcp1-DNA EMSA. We performed electrophoretic mobility 
shift assays (EMSA) to determine if Hcp1 mutants would 
bind DNA with greater affinity than the WT. Figure 2 shows 
varied concentrations of Asp55Lys and Ser31Lys Asp55Lys 
in the presence of a 1 µM 40 base pair (bp) DNA strand. 
(Lane 1, DNA Ladder; lane 2, DNA control, lanes 3-6, lanes 
7-11 and lanes 12-15 contained WT, Asp55Lys and Ser31Lys 
Asp55Lys respectively) (10 µM, 7 µM, 4 µM and 1 µM). 
At high concentrations of Asp55Lys and low concentrations 
of Ser31Lys Asp55Lys, a smear of DNA is observed, which 
is not seen with the WT. At high protein concentrations, 
Ser31Lys Asp55Lys shifts in the slightly positive direction. 
Additionally, low concentrations of Ser31Lys Asp55Lys 
weaken the DNA band compared to the DNA control. 

complexes forming and the presence of various charged 
species. Therefore, this experiment is inconclusive. 

Preliminary evidence suggests DNA is binding to the interior 
of Hcp1. First, the protein eluted at the volume expected for 
the hexamer (data not shown). The linear plasmid migration 
pattern was altered in the presence of Ser31Lys Asp55Lys 
whereas the circular plasmid did not appear to show shift 
(Figure 3). This suggests DNA is binding to the interior of 
the protein because the linear DNA has exposed ends to allow 
for binding to the interior of Hcp1. This evidence depends 
on stable ring formation, which has not been conclusively 
determined yet. Although clear evidence of stable ring 
formation is not available for the Ser31Lys Asp55Lys mutant, 
we did observe intact ring conformation and tube formation 
for Asp55Lys (Figure 4). 

Future steps include imaging the interaction between Hcp1 
mutants and DNA encapsulation for tubes. The introduction 
of a di-copper complex at the top and bottom of an Hcp1 tube 
could cut DNA based on tube length. Di-metal complexes 
have shown to non-specifically cut the backbone of DNA5. 
This system would serve as an excellent scaffold to synthesize 
homogenous length DNA strands. 
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Linear vs. Plasmid DNA EMSA. We utilized an EMSA 
with circular and linear plasmids to determine if DNA was 
binding to the interior of the protein. Figure 3 shows Ser31Lys 
Asp55Lys altered DNA migration patterns of the linear 
plasmid but not the circular plasmid. Protein concentration 
decreased left to right; 8 µM, 4 µM, 1 µM in lanes 1 and 2, 3 
and 4, and lanes 5 and 6 respectively. The linear DNA shifted 
at high concentrations of Ser31Lys Asp55Lys. 

TEM Hcp1 Asp55Lys with Cysteine Modifications. 
Transmission electron microscopy (TEM) visually confirmed 
Hcp1 Asp55Lys tube formation as previously described by 
Ballister et. al. [4] (Figure 4). 

Discussion:
This work demonstrates the preliminary steps towards 
producing DNA encapsulating tubes. We show the 
introduction of positively charged lysine to the interior of 
Hcp1 promotes a non-specific DNA-protein interaction. At 
high concentrations of Ser31Lys Asp55Lys, an upward shift 
indicates a positively charged and possibly large DNA-protein 
complex. However, these results may suggest an aggregated 
complex of DNA and misfolded protein. Similarly, DNA 
smears can stem from a variety of possibilities including 
DNA being released during electrophoresis, numerous 

Figure 3: EMSA of circular vs. linear plasmid DNA.

Figure 4: TEM of Hcp1 D55K with cystiene modifications.
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Abstract:
Nano-magnetic particles can be used to detect cancer cell markers in biological fluids. Cancer proteins are 
tagged with magnetic particles to identify cancer proteins since magnetism is rare in biological systems. The 
objective of this work was to create nano-magnetic particles of varying sizes that could be used to study the 
detection of different kinds of cancer cells. First, a monolayer of polymer nanospheres was spincoated onto a 
silicon wafer. The nanospheres were then etched and used as a mask to create a template consisting of tiny pillars. 
A second silicon wafer was then coated with polymethylglutarimide (PMGI) and polymethylmethacrylate 
(PMMA). The template was imprinted onto the PMMA layer of the second wafer to create many holes the 
size of the pillars. Next, the PMGI layer was etched with LDD26W to create deeper holes, followed by metal 
deposition. The metal fell into the holes and nanoparticles the size of the etched nanospheres were created. 
By varying the etching parameters it was possible to create templates with different pillar size, and by using 
one of the templates it was possible to create nanoparticles with the purpose of facilitating the detection of 
different kinds of cancer cells.

Introduction:
A silicon chip was embedded with sensors that were coated 
with different kinds of antibodies. When the blood sample 
was added, the antibodies grabbed specific cancer related 
proteins. A solution of nano-magnetic particles attached to 
antibodies was then added. The added antibodies attached to 
the captured proteins and a large external magnetic field was 
applied, which caused the nano-particles to create a stronger 

magnetic field. If the magnetic field created by the particles 
was detected by the sensor, it meant cancer related proteins 
had been found. Figure 1 is a good representation of how the 
device worked.

The nano-particle was made of five alternated layers of 
titanium and iron. The purpose of the surface layers of 
titanium was to prevent the iron layers from oxidizing. 
The iron layers created magnetic moments which pointed 
in opposite directions when no external magnetic field was 
applied so that the net magnetic field was zero. Because 
iron is a ferromagnetic element, the two layers could act as 
magnets when an external field was applied. The external 
field caused the opposing magnetic moments to gradually 
rotate until they were completely aligned with the external 
magnetic field, creating an even stronger one which was then 
detected by the sensor. 

A self-assembly process was used rather than electron-beam 
lithography because the cost per unit area is about a thousand 
times less expensive for the self-assembly process. 

Experimental Procedure:
The first step was to create a mask. First, a silicon wafer 
was coated with a monolayer of polymer beads that were 
originally 320 nm in diameter. A mixture of chlorine and 
oxygen gas was then used for plasma etching on the polymer 
beads with a resulting diameter ranging from 50 to 200 nm. 

Figure 1: Sensor detecting the magnetic field of the nano-particle.
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The beads acted as a mask so that when the silicon was etched 
with a mixture of chlorine, hydrobromic acid, helium and 
oxygen gas, tiny pillars the size of the etched nanospheres 
were created. After the mask had been created, a second 
silicon wafer was coated with three polymer layers for the 
nano-imprinting step: the release layer, PMGI which was the 
undercut layer, and PMMA. The nano-imprinting was done 
at a temperature of 180°C. At this temperature, the PMMA 
layer became soft but the PMGI and release layers remained 
solid so that when pressure was applied on the wafers, only 
the PMMA layer was molded by the mask. 

Once the mask was removed, tiny holes the size of the etched 
nano-spheres were left on the PMMA layer. LDD 26W was 
then used to wet etch the PMGI layer to create a deeper 
hole where the nano particle had deposited. Layers of iron 
and titanium were deposited into the holes through metal 
deposition. The rest of the PMGI layer was then etched and 
the nano-particles were left on the release layer, which was 
then dissolved in order to release the nano-particles. The 
fabrication process is represented in Figure 2.

Results and Conclusions:
Masks of different pillar size were created by varying the 
etching time. The polymer sphere etching was first done 
starting at 10 seconds up to 30 seconds with 5 second intervals 
in between. All of the samples turned out to be under etched 
except the 30 second etched sample. A few more masks 
were then made with different etching times centered at 30 
seconds. Through this process of varying etching times, it 
was possible to successfully create two masks with optimal 
pillar dimensions for the creation of nano-magnetic particles 
at 27 and 29 seconds etching times for the polymer spheres, 
and a 35 second etch for the silicon wafer. The 27 second 
etched mask is shown in Figure 3. The diameter of the pillars 
is 120 nm and their height is 212 nm. A previously made 
mask using 390 nm polymer spheres was used to create nano 
particles through the nano-imprinting process. The particles 
are shown in Figure 4.

Future Work:
In the future, nano-particles will be created using the 27 and 
29 second etched masks as well as working on finding ways 
by which the nano-magnetic particles can be attached to the 
antibodies.
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Figure 2: Nano-magnetic particle fabrication process.

Figure 3, top: Resulting mask after a 27 second 
etch of the polymer nano-spheres.

Figure 4, bottom: Nano-magnetic particles 
created by nano-imprinting.
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Introduction:
Silicon nanowire (SiNW) biosensors are highly sensitive 
nanoscale field-effect transistors. Because the channel width 
and height are on the nanometer scale, minor environmental 
alterations elicit obvious changes in the transistor’s 
conductivity [1].With proper bioconjugation techniques, the 
presence of bound molecules in buffer solutions will alter the 
surface charge on the nanowires, changing the conductivity 
of the wire and indicating the sensing event [2]. Label-
free methods are more cost and time-effective than labeled 
procedures, so we will focus our work on successful label-
free procedures for ultimately detecting cancer markers 
[1]. Our process is a top-down fabrication technique 
including electron-beam lithography for the patterning 
of silicon nanowires. This project focused on optimizing 
the fabrication process by (a) adjusting the electron-beam 
resist application and etching procedures, (b) modifying the 
annealing procedures before and after electrode deposition, 
and (c) determining optimal conditions for pH sensing and 
protein bioconjugation. 
 

Procedure:
Fabrication. The fabrication process began with electron-
beam lithography (EBL) using negative resist hydrogen 
silsesquioxane (HSQ) spun on a silicon-on-insulator (SOI) 
wafer. The pattern was an array of sixteen nanowires. After 
lithography, we developed the resist with resist developer 
MF-319. Next, dry plasma etching with a standard oxide 
etcher (SOE) removed both silicon and HSQ to expose the 
silicon nanowires (SiNW) and buried oxide layer (BOX). To 
optimize the resist procedure, the initial thickness of HSQ 
was found using an automated film thickness measuring 
system. By varying the initial thickness (~ 30-40 nm) and 
etch time (14-20 sec) and then using a profilometer 
to measure the final thickness, the etch rates of 
HSQ, silicon, and the BOX could be found. Next, 
an oxygen anneal in a rapid thermal processor 
(RTP) reduced damage caused by the etching 
process and grew an oxide layer on the SiNWs. 
Our wafers underwent optical lithography (NR9-
1500PY resist) and electron-beam evaporation to 
pattern the aluminum electrode contacts. A final 
forming gas anneal was performed in the RTP to 
ensure contact between the SiNWs and aluminum 

contacts. The time for this anneal was varied to determine the 
most effective procedure. A final passivation step exposed 
the tips of the aluminum electrodes and a small rectangular 
region around the nanowire array to prepare for wet testing. 

Testing. Dry testing involved a three-point probe, where 
the source and drain were two electrodes on either end of 
the SiNW and the chuck acted as a back-gate. We used a 
semiconductor parameter analyzer to measure the drain 
current versus source drain voltage at varying gate voltages 
as well as the transconductance of the nanowires. To perform 
wet testing we attached glass wells around the exposed 
nanowire array using crystal bond. Then, buffer solutions 
at different pH levels were transferred in and out with a 
micropipetter. A third test was also performed, which plotted 
the transient drain current as buffer solutions in the well were 
changed. 

Functionalization. The final procedure for protein 
conjugation required silicon nanowire functionalization 
with 3-aminopropyltriethoxysilane (3-APTES) [3]. We then 
bonded fluorophore-tagged (FITC) proteins to the 3-APTES 
molecules using a 2-(N-morpholino) ethanesulfonic acid 
(MES) buffer solution, a cross linker, and an activator. 
 

Results:
Resist Optimization. We were able to characterize the etch 
rates of HSQ, silicon, and BOX in our given plasma process 
(Figure 1). The most important etch rate determined was the 
HSQ etch rate. Previously, the initial HSQ thickness of the 
process was approximately 80 nm, which meant that even after 
a buffered oxide etch (BOE) dip, HSQ may have remained  

Figure 1: Silicon, buried oxide, and HSQ etch rates.
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range of pH levels. However, there was only 
an approximately 15% change in current over 
our large pH range rather than reported current 
changes of about 50% over similar pH ranges [3]. 
Finally, our bioconjugation techniques proved 
successful as seen in Figure 4. When performing a 
photobleaching process with confocal microscopy, 
we confirmed the binding of proteins to a silicon 
dioxide substrate. 
 

Future Work:
The next steps will be to apply the bioconjugation 
techniques we have begun to the SiNW array in 
order to begin protein sensing experiments. Finally, 
because label-free methods are the ultimate goal, 
we will begin researching methods for label-free 
bioconjugation and testing. 
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Figure 2, above: Anneal optimization results.
 

Figure 3, below: Transient pH test results.

Figure 4: Bioconjugated and photobleached SiO2 substrate. 

on the SiNW and prevented bioconjugation. Now, we have 
optimized initial HSQ thickness to be approximately 40 nm, 
allowing the plasma etch to nearly remove all of the HSQ 
and ensuring complete removal after a short dip in BOE. 

Anneal Optimization. Our tests altered the two anneal 
procedures to determine the most effective process before 
and after metallization. Results seen in Figure 2 reveal that 
the initial oxygen anneals prior to metallization proved 
necessary, as the drain current range was doubled as a result 
of this anneal. In addition, we determined that there is no 
significant difference between a five or fifteen minute post-
metallization anneal with FG. Finally, energy dispersive 
spectroscopy (EDS) indicated that thirty minute FG anneals 
would sometimes cause the aluminum to diffuse the length 
of the SiNW, effectively creating short circuits. 

Potential of Hydrogen (pH) and Bioconjugation. Figure 
3 indicates that our chips can sense and function over a 
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Abstract:
This research project presents the design, fabrication and testing of a single, hollow microneedle whose 
purpose was to be integrated with a water pressure sensor to form a microelectromechanical systems (MEMS) 
intravessel xylem probe (IVXP). The intent of this IVXP would be to continuously extract a fluid sample from 
plant xylem to monitor water content. Double polished silicon wafers were coated with photoresist, patterned 
via photolithography, and deep reactive ion-etched. The resultant matrix of various needle dimensions was 
diced to create individual needles, which then were characterized with grape vine xylem. Successful xylem 
insertion was observed for needles of 200 µm in length. 

Introduction/Background:
Botanical research demands improved technology to 
measure water transport in the xylem tissue of plants. Initial 
methods were indirect as they measured, in surrogate, the 
water content of air and soil. Current lab-confined probes [1] 
yield a single measurement per puncture, are destructive to 
the plant tissue and suffer from a pressure limit of minus 10 
atmospheres (atm). 

As plant fluids function at relatively high negative pressures, 
this sap is metastable and defies easy extraction; this liquid 
readily changes phase from liquid to gas, which sabotages 
analysis. The design of this project’s in situ probe, inserted 
into xylem, would continuously read water flow in a growing 
plant and would provide readings down to minus 80 atm. A 
micro-proportioned needle could traverse the short distance 
into the xylem but without causing plant mortality. 

The smaller needles feature a 20 µm inner diameter and a  
30 µm outer diameter. The largest needles feature a 40 µm  
inner diameter and a 100 µm outer diameter. Recent micro-
needle research and development [2] has etched needles as 
arrays, because, due to strength in numbers, these needles are 
less submissive to fracture. However, this project required 
a single needle strong enough to survive xylem probing. 
A successful microneedle should both penetrate grape leaf 
xylem without fracture and enable sufficient fluid transport of 
plant sap through its bore, without clogging. Nitrite sensors 
for plant nutrition logically could follow. Parallel fabrication 
and low device maintenance would ensure effective cost 
control. 

Fabrication:
After furnace deposition of silicon nitride (Si3N4), the Si3N4 
on the backside of the wafer was patterned using contact 
lithography and etched to create an etch mask. The exposed 
silicon was then etched using 33% potassium hydroxide at 
90°C for 35 minutes. This created a backside trench of 68 µm 
deep (Figure 1). The presence of this trench reduced the time 
necessary to create a through hole in later inside-diameter 
etching. The trench also created a site for future pressure 
sensor placement. The next few steps in the process are 
shown in Figure 2. First, the annulus was patterned; 3 µm of 
oxide was first deposited on the front side of the wafer using 
plasma enhanced chemical vapor deposition (PECVD). 

Figure 1: SEM of backside trench. 
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This oxide was then patterned with contact lithography and 
etched using a 6:1 buffered oxide etch (BOE) for 35 minutes. 
The remaining oxide, after resist removal, served as silicon 
etch mask for the purpose of etching the annulus. Since 
only the inside diameter of the needle needed to be etched 
completely through the wafer (a longer etch time as opposed 
to the outside diameter etch duration), photoresist was applied 
and patterned in a manner such that only the inner diameter 
silicon was etched away. An initial 125 µm was etched using 
the Oerlikon deep silicon etcher. Then, after removing the 
resist, etching was continued so that the entire wafer (except 
the annulus, masked with oxide) was etched. This process 
created the sidewalls and allowed for further inner diameter 
etching. Upon etch completion, needle lengths of 150 to  
200 µm were measured (Figure 3). 

Results and Discussion:
Difficulties in boring completely through to the other side 
of the wafer were experienced. Further, in cases of sidewall 
thicknesses of less than 15 µm, the elongated episodes of 
linear etching down the length of the 
needle shaft partially eroded through 
these sidewalls (Figure 4). This resulted 
in needle breakage. Thicker sidewalls did 
survive etching and their strength was 
tested. 

For initial testing of these needles, in lab methods were used. 
A grape vine leaf was removed from the plant and pressurized 
to mimic the vacuum existing in plants. Microneedle insertion 
into the xylem was monitored via microscope. Insertion 
was successful with needles of 200 µm length. Shorter 
needles drifted off location which resulted in breakage. The 
development of a single hollow microneedle requires further 
research and development. Longer etch times prior to resist 
removal could ensure through-hole success, and longer 
etches after resist removal (for needles with larger wall 
thicknesses) could generate longer needles. The fabrication 
of tapered versus parallel-walled needles should be explored. 
Ultimately, successful needle manufacture should be 
followed up with the installation of the water pressure sensor 
and nitrate sensor. 
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Figure 2: Process flow for needle fabrication. 

Figure 3: SEM of needle after etch completion. 

Figure 4: Sidewall damage on needles with sidewall thicknesses of less than 15 µm. 
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Abstract:
Surface-enhanced Raman scattering (SERS) is a powerful method for examining biological samples. Antibody 
marked SERS-active nanoparticles can be used in human serum bioassays to detect cancer cells. In this 
report, we show preliminary results on artificially engineered SERS nanoparticles. These nanoparticles are 
designed for enhancing a local electromagnetic field and are fabricated by nanoimprint lithography, thin film 
deposition, and release of nanoparticles from substrate. Uniformly created nanoparticles and their enhanced 
Raman signals are confirmed by scanning electron microscope and Raman spectroscopy. 

Introduction:
Raman scattering, which is based on the energy shift 
by inelastic scattering between incident photons and 
molecules, has long been considered to have possible 
diagnostic advantages. Raman scattering produces a 
sharp spectrum, not susceptible to photobleaching, 
and maintains multiplexing capabilities. 

Despite the advantages, Raman scattering is weak 
and nearly indistinguishable from background 
noise. However, with the advent of surface-
enhanced Raman scattering (SERS), created from 
the adsorption of textured, aggregate, and/or 
structured nanometer sized metal nanoparticles to 
Raman dye, signal intensity of Raman scattering 
can be increased several folds, making Raman dyes 
a feasible option as labels in immunoassays. 

For achieving this benefit, many research groups 
have been studying the enhanced Raman scattering 
from clustering of nanoparticles. However, 
reliability and controllability of aggregated 
nanoparticles with rough and irregular surfaces are 
still under investigation [1]. 

Here, we performed preliminary fabrication and assessments 
of the validity of artificially designed SERS nanoparticles 
and their potential to amplify Raman scattering. Our research 
idea was to create SERS nanoparticles with uniform size and 
shape by using nanoimprint lithography. These nanoparticles 
also could be functionalized with antibodies for bioassay 
purposes. 

Figure 1: Nanoparticles were created using three steps: make a stamp, 
nanoimprint, and then metal deposition.

Experimental Procedure:
At first, a nanoimprint stamp was created by selective plasma 
etching of a silicon (Si) substrate with spin coated polystyrene 
beads as an etching hard mask. Using the anisotropic oxygen 
(O2) plasma condition for reducing a size of polystyrene 
bead and anisotropic chlorine sulfur hexafluoride (Cl2/SF6)  
plasma condition for vertical etching of Si substrate, the 
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nanoimprint stamp was fabricated. Once the stamp was 
created, nanoimprint lithography, O2 plasma etching, PMGI 
dissolution, and silver (Ag) film deposition were carried out 
sequentially for creating Ag nanoparticles, as depicted in 
Figure 1. Ag nanoparticles were then submerged overnight 
in a methylene blue (Raman dye) solution. Scanning electron 
microscopy (SEM) and Raman spectroscopy were used to 
characterize the particles and assess the SERS, respectively. 

Results and Conclusions:
We were able to create a nanoimprint stamp with a 70 nm 
sized nano-dot array by studying and optimizing etching 
conditions for polystyrene and Si substrates. With this 
stamp, uniform Ag nanoparticles with 70 nm diameter and 
30 nm thicknesses were successfully created (Figure 2). The 
preliminary Raman spectroscopy analysis demonstrated 
the presence of a huge Raman signal enhancing from the 
Ag nanoparticles. In addition, the Raman signal peak was 
uniform and reproducible (Figure 3).

Future Work:
The next step will be to functionalize the SERS nanoparticle 
surface with various antibodies and examine biological 
samples (Figure 4). We will also investigate more techniques 
to enhance Raman scattering, including creating surface 
roughness and irregularities. 
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Figure 2, top: Plan view SEM images of unreleased 70 nm diameter 
Ag nanoparticles. 

Figure 3, middle: The above Raman spectroscopy data demonstrates 
that the bright regions from the Raman intensity map (left) 
corresponds to the 1600~1700 cm-1 Raman peak (right), which is 
characteristic of methylene blue. The Raman peak reading was also 
uniform and reproducible. 

Figure 4, bottom: The diagram demonstrates how Ag nanoparticles 
with Raman dye (small circles) and antibodies (y-shaped structures) 
can localize to cancer cell markers.
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Abstract:
An effective, label-free method of identifying unknown particles in a flow cytometer is presented through the 
application of multiplex coherent anti-Stokes Raman spectroscopy (MCARS) to a microfluidic chip. Various 
designs for microfluidic channels were theoretically modeled using COMSOL Multiphysics and fabricated 
using photolithography. A program was written in MATLAB to perform principal component analysis in 
order to determine the spectra of unknown substances and to classify them in real-time. As proof of principle, 
chemically specific differentiation of polystyrene microbeads and oil was experimentally demonstrated. 

Introduction:
Flow cytometers are used to observe and characterize 
individual microscopic particles, such as cells, in a stream 
of fluid. The major advantage of using these devices, as 
opposed to examining single droplets in a microscope, is the 
high throughput of sample in a given time frame. Current 
cytometers use laser scattering to classify cell size and 
shape, and fluorophores, which bind to specific proteins on 
the surface of a cell, for chemical identification. However, 
such endogenous fluorophores can disrupt the physiological 
systems of living samples. Moreover, it requires advance 
knowledge of the substances present. Additionally, the large 
fluorescence bandwidth renders multiplexing of multiple 
fluorophores challenging; it also requires hardware-intensive 
structures, including the use of several pump lasers at 
different wavelengths and unique sets of excitation/emission 
filters and photomultipliers (PMTs) for each multiplex 
channel. Hence, there is a need for chemically specific, label-
free classification in a flow cytometer. 

In this work, MCARS was applied to cytometric analysis on 
a microfluidic chip. Multiplex coherent anti-Stokes Raman 
scattering (MCARS) is a label-free method of optical imaging 
that uses the vibrational chemical signature of molecules to 
uniquely identify and visualize them. As a result, it eliminates 
the need for fluorophores. Moreover, the coherent pumping 
of Raman bands and multiplex detection allow for high 
sensitivity and full spectrum measurements (Figure 1). This 
new addition to flow cytometry complements traditional 
sizing and morphological information with fluorophore-free 
chemical information. Moreover, the narrow Raman spectral 
peaks, compared to the broad emissions from fluorophores, 
further facilitate multiplexing. 

The aim of this project was to fabricate a MCARS cytometer 
that could effectively flow a mixture of various cells in a 

stream of fluid, and analyze their chemical signatures in 
real-time, thereby allowing for down-stream sorting of the 
sample. (See Figure 1.)

Microfluidic Design. Fluid flow is governed by the 
Navier-Stoke equation. In microfluidics, flow speeds are 
approximately quartically proportional to the channel 
diameter. Therefore, microfluidic channels were designed to 
perform hydrodynamic focusing, a method of maintaining 
fast and thin sample flows by means of adding a sheath 
fluid. Such focusing was theoretically modeled in COMSOL 
Multiphysics through the Navier-Stokes incompressible flow 
and convection / diffusion modules (Figure 2). It was found 
through this form of analysis that for a 1000 psi pressure drop 
across the sample microfluidic channel, a volumetric flow rate 
of approximately 3 microliters per second could be achieved. 
This would allow the system to analyze approximately 30 to 
3 × 105 cells per second, depending on sample concentration 

Figure 1: The energy-level diagram for MCARS is shown. The use 
of white light as the Stokes beam allows gathering of information 
about all the vibrational energy states of the molecule. 
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and the CCD frame rates, which is comparable to current 
industry standards. Such a microfluidic channel design was 
chosen and drawn in Auto CAD, as shown in Figure 2. 

Fabrication. Fabrication of the microfluidic channels was 
done through photolithography. A chrome mask of the 
channel designs was purchased from Photosciences, Inc. 
First, a 30 µm layer of SU-8 (negative photoresist) was spun 
on a silicon wafer. A two-step bake was performed to cure 
the resist. Then, it was exposed to 365 nm UV light for 13 
seconds and developed for 5 minutes. The prepared wafer 
was then coated with 100 nm of chrome and 200 nm of gold 
using electron-beam evaporation. Next, polydimethysiloxane 
(PDMS) was prepared by mixing Sylgard 184 with its curing 
agent in a 10:1 ratio. The mixture was degassed under 
vacuum, poured uniformly onto the wafer, and cured for 4 
hours at 70°C. Then, the PDMS layer was peeled off and 
holes were punched in it for attaching nanoports. Finally, 
the PDMS was treated with oxygen plasma for 10 seconds 
at 50W before sealing it to a glass slide, completing the 
fabrication process. 

Analysis. In order to analyze the MCARS spectral data 
collected from these microfluidic devices, a chemometric 
tool called principal component analysis (PCA) was used. 
PCA is a mathematical method that decomposes data into an 
alternative basis, maximizing variance between subsequent 
principal components, or basis vectors. Each substance’s 
spectrum can then be easily identified as linear combinations 
of the first few principal components. 

A GUI was written in MATLAB to perform this analysis. 
First, it applied a Savitsky-Golay filter and normalized 
the data. Next, PCA was performed. Then, the projection 
of each spectra onto the first few principal components 
was graphed. This caused clustering which allowed one to 
differentiate and identify various substances. This method 
was used successfully to differentiate polystyrene beads in 
oil although the MCARS spectra of both substances are very 
similar (Figure 3). 

Once the spectrum of each substance is determined through 
a training set, real-time identification can be implemented by 
grabbing one spectrum of a particle flowing by and matching 
it to the various spectra collected beforehand through the 
training set. 

Conclusions:
Microfluidic channels with the capacity for hydrodynamic 
focusing were modeled theoretically, designed, and 
fabricated. A program in MATLAB was written to 
differentiate and identify various substances flowing through 
the microfluidic devices by applying PCA to the spectral data 
collected. In this manner, chemically specific differentiation 
of polystyrene and oil was experimentally demonstrated. 
This sets the groundwork for the implementation of a flow 
cytometer chip that will perform real-time identification of 
particles using MCARS. 

Future Work:
Once real-time particle identification is accomplished, it 
will be useful to introduce a sorting device to classify the 
particles into bins accordingly. Common methods of doing 
this include the use of micro-actuators, magnetic coatings, or 
electric potentials. It is also beneficial to introduce cameras 
in order to determine the size of particles through scattered 
light. 
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Figure 2: A COMSOL velocity field plot of hydrodynamic focusing 
is shown. The three inlet channels are all 150 µm wide and the 
sample particles (represented by the grey streamlines) from the 
center inlet are focused into a thin stream by the sheath fluid. Figure 3: An image of polystyrene beads (black) in oil (grey) is 

shown. It was reconstructed in MATLAB by performing PCA on the 
MCARS spectral data collected. 




