Biological
Applications

Enhancement of High-Performance Graphene Biosensors for Cancer Detection
Victor Pablo Acero
Engineering Science, The Pennsylvania State University
NNIN REU Site: Minnesota Nano Center, University of Minnesota-Twin Cities, Minneapolis, MN
NNIN REU Principal Investigator: Tianhong Cui, Mechanical Engineering, Tian Group, University of Minnesota-Twin Cities
NNIN REU Mentor: Shota Sando, Mechanical Engineering, Tian Group, University of Minnesota-Twin Cities
Contact: acero002@gmail.com, cuixx006@me.umn.edu, ssando@umn.edu

Abstract:
Current alpha-fetoprotein (AFP) sensing technologies such as enzyme-linked immunosorbent assays (ELISA)
require a lot of equipment, time, and skill. Still, they would be less sensitive then our proposed graphene
biosensors, which in theory could detect a single AFP. Graphene’s unique material properties and sensitivity to
the surrounding environment are exploited in our sensor for the detection of AFP. A U-shaped gold electrode
containing a small gap for the sensing area would then be patterned using photolithography. The gap would
be closed by covering the bare substrate with our few-layer-graphene (FLG) structure. We tune the thickness,
and thus the properties, of graphene through a unique layer-by-layer self-assembly process that uses graphene
solution and polyelectrolytes. The graphene sensing area is further prepared with poly-L-lysine and then
functionalized with anti-AFP. Also, due to the fact that the ability to detect AFP is heavily limited by the
signal-noise ratio, we redesigned the basic interface between gold and graphene in multiple ways to achieve
a better signal-noise ratio in our sensors. The sensors that were fabricated were successful in detecting alphafetoprotein even in concentrations as low as 1 pg/ml. Lastly, the redesigned gold/graphene interface showed
promising results and seems to have only been limited by our fabrication procedure.

Introduction:

Methods and Techniques:

Graphene, the two-dimensional counterpart of graphite,
has been extensively studied in terms of its properties
and manufacturing since its discovery in 2004. Since its
discovery a plethora of techniques have been developed
for creating this new material [1]. Though popular
methods produce quality graphene, they are not scalable
to meet industry demand. However, this work uses layerby-layer self-assembly to produce few-layer-graphene
(FLG), which is indeed scalable.

Fabrication. We fabricated our sensors using a photo
lithography process, as demonstrated in Figure 1, which
involves the patterning of the gold electrode, patterning
of graphene onto the sensing area, and the patterning of a
protective KMPR coating.

This bio-sensor would be a candidate for phasing out and
replacing the current bio-chemical assay known as ELISA,
which is the industry standard for antigen screening.
ELISA is a great tool, however it is complicated to screen
antigens, it requires great technician skill, and takes hours
to run. Conversely our sensor is simple to prepare for
testing, the screening is simple, and data is visible in a
matter of seconds/minutes.
We wanted to enhance our sensor sensitivity as well by
reducing 1/f noise in our sensors. In order to do this we
decided to try reducing
the overall contact resist
ance present, thus we
reduced the contact area
between the graphene
and gold [2,3].

Modified Gold-Graphene Interface. In order to reduce
contact area between gold and graphene, the junction at
which they meet was redesigned. This work used three
different designs, as seen in Figure 2 — a 31 strip design,
95 strip designs, and 950 strip designs that reduced the

Figure 1: Process scheme.

Figure 2: The 31 strip design, 95 strip design, and 950 strip design.

2

2015 NNIN REU Research Accomplishments

Graphene Self Assembly. Next we facilitated the layer-bylayer self-assembly of few-layer-graphene onto the entire
wafer. This was done by alternating immersion of the
graphene wafer between a solution of poly(diallydiamine
chloride) (PDDA), which is positively charged, and
poly(styrene sulfonate) (PSS), which is negatively charged;
it enabled us to create a thin layer of polymer that distanced
the graphene, once formed, away from the silicon oxide.
Next we alternated immersion into PDDA and a solution
of suspended negatively charged graphene platelets for five
cycles to form FLG.
Graphene Charge Sensitivity and Debye Length. If there
is a charge within the Debye length of the sensing area, the
graphene’s carrier mobility and resistance will be affected,
however the affects vary depending on the charge present.
Since graphene in our sensing area was P-doped, a negative
charge within its Debye length would decrease resistance
throughout the material, whilst contrariwise, a positive
charge would increase the resistance in the graphene.

Functionalization. The sensing area was prepared in
the following progression: immersion in poly-L-lysine,
cleaned with distilled water, immersed in a solution of
anti-alpha fetoprotein (anti-AFP), cleaned with Dulbecco’s
phosphate-buffered saline (DPBS), and finally immersed
in diluted 1% bovine serum albumin (BSA).

Results:
Alpha-Fetoprotein Sensing. We allowed the sensor to
calibrate when exposed to DPBS with no AFP and then
began to slowly increase the concentration of AFP, as can
be seen in Figure 3.
Noise Reduction. This approach of 1/f noise reduction
by reduction of contact area between gold/graphene was
successful. Though poor performance is seen in the 950
strip design, which can be attributed to poor fabrication
of electrodes, the 95 strip and 31 strip designs had less
1/f noise than the original sensor design, as is seen in
Figure 4. If applied to our sensors we would surely surpass
sensitivity of tests such as ELISA.

Future Work:
We would like to focus on two areas for future work.
We would want to apply our work to flexible substrates
to prove the potential application of our sensor as an in
vivo bio-sensor, which is the consummation of our work.
Lastly, we want to better understand the graphene-gold
interface by finding the optimal value for contact area
reduction and number of gold strips, in order to further
improve the signal-to-noise ratio.
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surface area to 33%, 50%, and 50% respectively. The
small feature size lead to occasional complications with
fabrication, especially in the 950 strip design due to the
2 µm strip width.
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Abstract:
Wearable electronic textiles are good candidates for achieving low cost, flexible, and light-weight health
monitoring devices. The integration of biocompatible organic polymers, such as poly(3,4-ethylenedioxythiophe
ne):polystyrene sulfonate (PEDOT:PSS), and ionic gels with textiles allows for the development of conformable
and high performance electronics for cutaneous applications. For these reasons, we developed a fabrication
process for PEDOT:PSS based electrodes. Such electrodes were used for recording electrocardiography (ECG)
activity and for developing an electrochromatographic display of such activity. An ionic liquid gel was used
to aid in the electrochemical doping and de-doping of the PEDOT:PSS electrodes. Color changes on the
electrochromatographic display were analyzed via optical spectroscopy. The PEDOT:PSS electrodes were also
used as capacitive pressure sensors, with polydimethylsiloxane (PDMS) as dielectric, for physiotherapeutic
applications. Results obtained using this process pave the way for technology that can be further integrated on
an electronic textile glove that can perform several health monitoring tasks at once.

Introduction:
There is an increasing interest for combining the cap
abilities of electronics with textiles. This emerging field of
research provides new tools for a variety of applications
such as in the medical field. Detection of electrical
activity of the heart by external electrodes, also referred
to as electrocardiography (ECG), is a method used by
physicians to investigate heart rhythm. This test can
help physicians detect anomalies in the
functions of the heart. To perform ECG
testing, two or more metal electrodes are
placed directly on top of skin. However,
such metal electrodes can be expensive and,
as they lack flexibility, do not conform well
with skin. Having textile-based electrodes
could allow for improved ECG testing
as the flexibility of the textile enables to
follow the movement of most human body
parts. Furthermore, in this work we seek
to expand the applications of textile-based
electrodes to be used as capacitive sensors to
detect changes in pressure. This technology
can provide crucial information in the field
of physiotherapy regarding pressure applied
on patients.

in direct contact with skin. The textile electrodes were
constructed by patterning the conductive polymer on
polyester-based fabric. A negative polyimide master was
used to define the desired pattern. On such master, a layer
of PDMS was deposited by spin coating. The polyimide
master was then placed on top of textile, with the PDMS
in direct contact with the fabric (see Figure 1).

Device Fabrication:
All materials used in this process are
biocompatible, which allows for applications
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Figure 1: Patterning process.
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Figure 2, left: Schematic of ECG display experimental setup. Figure 3, middle: Pressure sensing characterization. 920 µm thick PDMS
layer as dielectric. Figure 4, right: Pressure sensing characterization. 560 µm thick PDMS layer as dielectric.

The PDMS was cured onto textile via thermal annealing
for ten minutes at 100°C. The polyimide master was
then removed from the PDMS surface. The hydrophobic
properties of PDMS allowed for confinement of the
PEDOT:PSS aqueous solution on textile substrate. Then,
PEDOT:PSS solution was paint brushed on textile, and
subsequently annealed for five hours at 100°C. The
PEDOT:PSS solution was prepared in a 0.80/0.20/0.40/0.01
ratio of PEDOT:PSS aqueous dispersion, ethylene glycol,
4-dodecylbenzenesulfonic acid, and (3-glycidyloxypropyl)
trimethoxysilane, respectively. Solution was then
mixed, and sonicated for thirty minutes. The films were
subsequently baked at 100°C for five hours.

Experimental Procedure:
An ionic liquid gel was used aid in the electrochemical
doping and de-doping of the PEDOT:PSS electrodes. The
ionic gel consisted of the mixture of ionic liquid 1-ethyl3-methylimidazolium-ethyl sulfate, 0.1M phosphate
buffer solution, poly(ethylene glycol)diacrylate and the
photoinitiator 2-hydroxy-2-8-methylpropiophenone at
a ratio of 0.12/0.48/0.35/0.05, respectively. Two sets of
experiments were arranged for testing the textile electrodes
for two applications: electrodes as ECG-signal display, and
electrodes as capacitive sensors. On this device, a sine
wave of 100 mHz was applied, using potentials ranging
from 0.2V to 2V (see Figure 2). This signal promoted
ion migration between the electrodes. Because of the
elecrochromathographic properties of PEDOT:PSS, we
observed changes in color with the naked eye alternating
from light blue to dark blue. A glass slide was used as a
substrate for the PEDOT:PSS electrodes.
The PEDOT:PSS electrodes were also used as capacitive
pressure sensors, with polydimethylsiloxane (PDMS)
as dielectric, for physiotherapeutic applications. The
capacitor was formed by one layer PEDOT:PSS-textile
electrode plates, and one of PDMS on top. The terminal
of such textile electrode is connected to the circuit. The
second conducting plate was a grounded metal electrode, to
allow applied pressure variation. A range of pressures was
applied to two capacitors with different dielectric thickness
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(see Figures 3 and 4). Information regarding capacitance
changes on device was obtained from the configuration
of the setup of textile-PEDOT:PSS electrodes, capacitance
measurement circuit in MCUs, and PC.

Conclusion and Future Work:
We have successfully patterned textile electrodes for
health monitoring practices using materials that are all
biocompatible and inexpensive. Capacitance changes as a
function of pressure were detected, varying with dielectric
thickness, agreeing with theory. Textiles as capacitance
sensors are promising for physiotherapy applications as we
detected pressure changes in the range of 0.1N to 200N,
which is the ideal range for such applications. ECG display
process needs to be further investigated as the working
frequency is not yet reaching 1 Hz, which is a normal ECG
frequency. For this reason, we would like to investigate
alternative ionic gels that will enable faster doping/dedoping response to match ECG signal frequency, and allow
for transferring of process to textiles. Furthermore, future
work will focus on optimizing patterning techniques
to allow for further integration onto different shapes of
substrates such as textile gloves.
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Abstract and Introduction:

Experimental Procedure:

Photonic crystals using silicon-on-insulator (SOI)
processes have applications as extremely sensitive
biosensors. By taking advantage of the photonic bandgap
(PBG), light can be guided through the photonic crystal
(PC) using PC micro-cavities to block light and PC
waveguides to allow light through. When light shines
through the PC biosensor, depending on the design, the
output spectrum will display distinct resonances. When a
sample is pipetted on the PC biosensor and a wavelength
shift is observed. This shift can be used to determine what
is in the sample and what its concentration is. Previous
work has shown that PC biosensors have the capability to
reliably detect biomarkers related to various cancers and
dangerous elements in extremely low concentrations.

To collect data from the PC biosensor the following tools
were used: an OSA with USB connectivity, a near-infrared
SLED source, and MATLAB software loaded onto a Surface
Pro 2 tablet. MATLAB code was written to interface
with the OSA and the SLED source. Further code was
written to analyze the collected data and plot the results
in a graphical user interface (Figure 1). The findpeaks()
MATLAB function was used to find and initially plot all
the local minima to approximate the location of multiple
resonances (Figure 2). Next the smooth() function was
used to smooth noisy spectrum data from the OSA using
a moving average (Figure 3). Finally, lorentzfit() was used
to fit a Lorentzian curve to the smoothed data using a least
squares approximation, and mins() was used to find the
final location of the resonance wavelength (Figure 2) [1].
All of this functionality was controlled using the MATLAB
GUI. For the repeated scans of the biosensor the Surface
Pro 2 was connected to the OSA and optical fibers were
connected between the OSA, positioning stage, and the
SLED. The biosensor was then placed and aligned on the
positioning stage and a sample solution was pipetted onto
the sensor. Next the user configured the SLED, OSA, and
scan time using the GUI. A timer appeared while the scans
were in progress, while the spectrum data and the detected
minima were plotted and saved in real time. The user
could stop the scans or reset the GUI using the onscreen
buttons. The CSV files of the spectrum and minima data
were saved in a folder for future analysis.

The goal of this project is to develop software in MATLAB
that quickly collects and analyzes spectrum data received
from the biosensor. The software is also able to control
a near-infrared SLED light source in order to perform
repeated scans and analyses on data collected from an
optical spectrum analyzer (OSA). This software will run
on a tablet in order to explore the feasibility of a portable
biosensing platform. Tests were performed on a biosensor
using the 2A81G5 antibody as a probe in order to detect
cadmium ions in solution. Current work is being done to
refine the software suite developed, such as improving the
accuracy of resonance detection and tracking. This will
make data collection easier so the biosensor will be more
practical to use.

Results:

Figure 1: MATLAB GUI performing real time scans and tracking the chosen
resonance’s wavelength shift.
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Tests were performed using samples such as
DI-water, glycerol, glutaraldehyde, BSA with
and without probe proteins, and cadmiumion solution. The sensor preparation is
described in Reference 2, Part C. Preliminary
tests were done using an L13 comparing the
wavelength shift between water and glycerol
to calibrate the OSA and test the minimum
detection software. Subsequent tests were
also done using an L13 biosensor conditioned
using established methods from the lab
group’s previous work [2]. The wavelength
shift observed in the most successful (Figure
2015 NNIN REU Research Accomplishments

Conclusions:

Figure 2: Example of multiple minima being detected by
MATLAB.

The software developed performs at a level equal to or better
than manual analysis. Biosensor behavior is more easily
characterized in response to different samples in solution.
More work on this software will make PC biosensors
more practical sensor for use in real-world applications.
Future work includes automating sample placement over
the sensor using microfluidics and specialized pumps [3].
The biosensors could potentially be used to detect many
different materials with more complete characterization
data. These advances will allow more widespread use of
PC biosensors and more accurate detection of materials
in solution.
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Figure 3: MATLAB smoothing raw data and fitting a Lorentzian
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4) matches expected values of about a 0.5 nm wavelength
shift for about 50 ppm cadmium-ions in solution.
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Figure 1: Visual schematic of EMT progression.

Introduction:
Characterized by a change in cellular phenotype and
an adjustment in protein expression, the epithelial
mesenchymal transition (EMT) describes the
transformation of epithelial cells into a mesenchymal cell
type. This transition is involved in the initial stages of
cancer metastasis and enhances the migratory capacities
and evasiveness of cancer cells [1]. In this study, we
investigated the impact of two factors—surface density
of an extracellular matrix protein-derived ligand and
soluble transforming growth factor-β1 (TGF-β1)—on
the progression of EMT. Gold surfaces functionalized
in various ratios of adhesive ligand cRGD to bio-inert
ethylene glycol (EG) were seeded with epithelial cells. This
technique allows for simultaneous comparison of different
stages of EMT in which morphological differences
and changes in protein expression can be recorded. By
investigating EMT in smaller, discrete steps, we can more
accurately analyze the underlying mechanisms that drive
this transformation and that ultimately drive cancer
metastasis. For these experiments, Madine-Darby canine
kidney (MDCK) cells were used.

Materials and Methods:
To study EMT progression, a five-day procedure was
employed. On day one, gold (Au) 5 × 5 mm2 surfaces
were cleaned via sonication in acetone and UV-ozone
treatment. The bare Au surfaces were then coated with
various concentrations of cyclic [Arg-Gly-Asp-D-PheLys], or cRGD, in EG overnight.
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Figure 2 illustrates
the structure of
cRGD, represented
by L, alongside
EG bound to a Au
surface.
Because
Figure 2: Surface self-assembled
cRGD binds to avβ3monolayers on a gold surface with
integrin receptors
“L” representing cRGD.
on the MDCK
cell
membrane,
it renders the Au surface adhesive to MDCK cells. Since
EG repels protein absorption, MDCK cells attach to the
surface exclusively by integrin binding to surface cRGD
peptides. Adjusting the mixing ratio of adhesive ligand
cRGD to protein-repellent ligand EG on the surface
allows for effective tuning of surface adhesiveness to
cells. Two mixing ratios of cRGD:EG were used in these
experiments—1:100 (100×) and 1:10,000 (10k); 100×
represents a high-density cRGD surface, while 10k
represents a low-density cRGD surface.
On day two, approximately 5 × 104 MDCK cells per
10 cm2 were seeded onto each of the cRGD-coated surfaces in
serum-free medium to preempt any unwanted interaction
of serum proteins with cell attachment at the beginning.
Three hours after initial cell seeding, serum-free medium
was aspirated and replaced with complete medium. On
the following day, complete medium was supplemented
with TGF-β at 10 ng/mL to induce EMT in two of the
four samples. After two days of incubation with adhesive
ligand cRGD and soluble growth factor TGF-β, MDCK
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cells were fixed to the gold surfaces with a
1:1 methanol:acetone solution. From there,
primary antibodies bound to membrane
proteins E-cadherin and N-cadherin.
Fluorescently-tagged secondary antibodies
then bound to the primary antibodies.
These secondary antibodies fluoresce upon
exposure to UV light to aid in visualization
of membrane proteins. This process of
immunofluorescent staining was utilized
to study the presence of cadherin proteins
in MDCK cells on day five. Localization of
E-cadherin or N-cadherin to the MDCK
membrane indicates an epithelial or
mesenchymal phenotype, respectively.

Results and Discussion:
Both the adhesive ligand cRGD, and the
soluble factor, TGF-β, played a role in
controlling EMT progression in MDCK
cells. Figures 3 and 4 show EMT progression
from left to right with a decrease in cRGD
concentration from 100× to 10k and with
the addition of TGF-β. At high cRGD
densities and no TGF-β, cells form tight
clusters with a localization of F-actin in
the cortical region of the cells. As cRGD
density is decreased and TGF-β is added,
Figure 3, top: (A) Phase contrast images at day five. (B) Actin stained MDCK cells
cells begin to elongate, move away from the
at day five. Figure 4, bottom: (A) N-cadherin and (B) E-cadherin stained MDCK
tightly-bound clusters, and organize F-actin
cells at day five.
into intracellular fibers. Finally at low
cRGD and the presence of TGF-β, cells are
completely elongated and F-actin is almost
the concentration of TGF-β and surface density of cRGD
completely intracellular. This elongation and migration of
allows for analysis of underlying mechanisms at various
cells coupled with the reorganization of actin within the
degrees of EMT progression, which may give rise to novel
cells allowed us to evaluate the EMT progression into four
metastatic therapeutic techniques. Future work for this
discrete steps.
project includes the quantification of gene expression via
To confirm this interpretation, protein localization of
PCR or western blot to determine specifically the degree of
E-cadherin, an epithelial marker, and N-cadherin, a
EMT progression of each sample.
mesenchymal marker, was compared. At high cRGD
densities and no TGF-β, cells localized E-cadherin
proteins to the membrane while at low cRGD densities
Acknowledgments:
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was less apparent than localization of N-cadherin perhaps
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membrane support the conclusion that EMT progression
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was separated into four discrete steps.
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Conclusions:
Lowering cRGD surface density and adding TGF-β gives a
controlled progression of EMT in MDCK cells. Adjusting
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Abstract:
Inkjet printing of conductive polymers is a versatile, low-cost, and non-contact fabrication method for
bioelectronic devices. In this study, an all-plastic glucose biosensor based on an organic electrochemical
transistor (OECT) was printed on a paper substrate. An aqueous bioelectronic ink consisting of the conductive
polymer poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonic acid) (PEDOT:PSS) was used to print the
source, drain, channel, and gate of the transistor. An ink containing chitosan/ferrocene solution was also
printed to functionalize the PEDOT:PSS gate. Bioenzymatic sensing of glucose was then completed with these
devices by using glucose oxidase (GOx) and phosphate buffered saline (PBS) as the enzyme and electrolyte,
respectively. Initial results show glucose detection between 2.70 and 10.00 millimolar, consistent with the
concentration in human blood. These results pave the way to establishing a simple, low-cost, and paper based
biosensing platform suitable for point of care diagnostics.

Introduction:
OECTs have recently gained great attention due to their
high biocompatibility, ease of fabrication, and operation
in low voltages, making them ideal candidates for
bioelectronic applications. PEDOT:PSS is a conductive
polymer ideal for fabricating OECTs due to its high
conductivity, commercial availability, and its exceptional
film forming properties [1]. In this study, we focused on
inkjet printing a glucose sensing device. Inkjet printing is
an ideal fabrication process as it presents advantages such
as speed, flexibility, and low cost [2]. It can also successfully
print on a multitude of substrates, including paper. Paper
is an ideal substrate, as it is eco-friendly, disposable, and
very inexpensive.
In this work, glucose is detected by inducing the enzyme
specific reaction of glucose and GOx coupled with
ferrocene, as shown in Figure 1. Ferrocene acts as an
electron shuttle from the GOx to the PEDOT:PSS gate,
causing de-doping of the channel and thus decreasing
the drain current. This decrease is proportional to the
concentration of glucose in the working solution [3].

Figure 1: Reaction cycle for glucose detection using a ferrocene
mediator.

Figure 2: Fully printed OECT with zoom on gate.

Experimental Procedure:
A Dimatix Materials Printer (DMP) was used to print
the device, and its dimensions are shown in Figure 2. The
channel and gate dimensions (length and width) were
5 mm × 1 mm and 5 mm × 2 mm, respectively. We printed
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two layers of pre-developed PEDOT:PSS ink recipe
to fabricate the channel, drain, source, and gate of the
transistor.
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Figure 3: Cyclic voltammograms for different chitosan/ferrocene
inks compared to PEDOT:PSS.

To make the electron mediator ink, a chitosan/ferrocene
solution in acetic acid (0.3%wt) was first made by
dissolving 15 mg of chitosan/ferrocene copolymer in
5 mL of 0.2 M acetic acid. To match this solution with the
requirements of inkjet (rheological properties of the ink),
we added a surfactant (Dynol 810) and a flush solution
(water and ethylene glycol).
To assess the electrochemical performance of the ink in
each step of its development, cyclic voltammetry was
employed using a platinum wire as counter electrode, an
Ag/AgCl reference electrode, and our ink as the working
electrode, and can be seen in Figure 3.
Electrical characterization of the printed devices was
carried out at a constant gate voltage of 0.5 V and a drain
voltage of -0.7 V. In order to confine the electrolyte, a
polydimethylsiloxane (PDMS) well was placed on top of
the gate and channel, and the electrolyte (16 µL) and the
enzyme (2 µL) were added. After stabilization of the drain
current, different concentrations of glucose solutions were
added. Figure 4 shows the device response to incremental
steps in glucose concentration.

Results and Conclusion:
Figure 3 shows the cyclic voltammograms of the chitosan/
ferrocene ink after addition of surfactant, after further
addition of flush solution, and a control of PEDOT:PSS.
Peaks can be observed at around 0.4 V and 0.1 V for both
inks containing chitosan/ferrocene solution, confirming
the electrochemical activity of ferrocene.
Figure 2 shows a fully printed device. There is a clear
color change between the gate and the rest of the device,
indicating that the chitosan/ferrocene ink was selectively
printed onto the gate of the device.
Figure 4 shows the device response upon successive
additions of different glucose concentrations onto the
device. There are clear changes in the current values for
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Figure 4: Device response to 2.70, 5.26, 7.69, and 10.00 mM
glucose concentrations.

a range of concentrations between 2.70 mM and 10 mM,
which are consistent with those in human blood [4].

Conclusions and Future Work:
In this study, PEDOT:PSS and chitosan/ferrocene based
inks were successfully printed on paper towards the
development of an all printed paper OECT based glucose
sensor. The detection of glucose was successful in a range
of concentrations between 2.70 and 10.00 mM, similar to
that in human blood. There is room for optimization, like
immobilizing the enzyme on the gate and improving the
sensor’s sensitivity to the µM range, which is consistent
with levels in human saliva. This work shows great
potential as a disposable noninvasive sensing platform for
point of care diagnostics.
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Abstract:
Different body cells have unique surface proteins that conduct electricity. Cell electrophysiology is the key to
differentiating cancerous cells from healthy cells in vivo. Silicon carbide (SiC) is a biocompatible, chemically
inert, thermally stable material on which we have tested the viability of DU145 cells. Using highly doped SiC,
the relative conductivity of cells can be detected via current-sensing atomic force microscopy (CSAFM) with a
flow cell to examine the living DU145 cells in media. A parallel part of this experiment is to functionalize the
SiC surface to achieve specificity when attaching cells to confirm that the CSAFM method of identification is
successful. After cleaning, an oxide layer is formed on the surface, then 3-aminopropyltriethoxysilane (APTES)
is attached to result in a surface amenable to protein attachment followed by antibody attachment, which is the
key to binding specific cells in specific areas of the substrate.

Introduction:
SiC possesses properties that make it an ideal substrate
for a new method of detection and treatment. This
experimental method relies on the ability to identifying
different types of cells based on the electrical signatures
of the membranes from a unique combination of surface
proteins, ion channels, and membrane potentials [1].

Figure 1: The APTES reaction with SiC.

Experimental Procedure:
All experiments were performed with commercially
purchased 6H highly doped SiC. All samples were ultrasonicated for three minutes each in methylene chloride,
acetone, and isopropanol, sequentially. Next they were
submerged in a 5:1:1 mixture of deionized (DI) water,
H2O2, and NH4OH at 80°C for 10 minutes, which is the
standard RCA cleaning procedure.
Two methods of oxidation and further cleaning were
used to increase the reactivity of the SiC surface. One was
oxygen plasma etching using a Plasma-Therm model 790
plasma enhanced system using a 20% oxygen/80% argon
gas mixture for one and five minutes. The other was a tube
furnace at 1000°C for 10, 30, and 60 minutes, with oxygen
flowing for the duration of the heating period and argon
as the samples cooled. After a thin oxide layer developed
on the SiC, the samples were left exposed to air for three
hours to ensure surface chemisorption of water molecules
and increase the ability of the SiC to hydrolyze APTES in
the next stage.
APTES silonization was performed in a class 100 clean
room in an anhydrous N2 environment. The samples

12

were placed in a 1:49 solution of APTES in toluene for a
duration of 30 minutes. They were then ultra-sonicated in
toluene for 10 minutes and isopropanol for one minute,
then dried under a stream of N2 gas to remove any loose
APTES molecules [2]. The steps are illustrated in Figure 1.
Additionally, DU145 prostate cancer cells were tested for
viability on SiC. Cells were combined with RMPI media
and the concentration was adjusted to 5 × 104 cells/ml
—the optimal seeding count determined in previous
experiments. SiC was placed in a sterile 6-well culture
plate, some carbon-face up, others silicon-face up; 2 ml of
the cells were added to each well and incubated overnight
at 37°C at 5% CO2. Inverted light microscopy was used to
confirm binding of cells to the substrate. Two plates were
used for sizing, with the cells on the substrates measured
after 24 hours, and another two examined viability of the
cells for an extended growing period of eight days, one
checked every 24 hours and one left undisturbed.
CSAFM is the method used to evaluate the
electrophysiological properties of the DU145 cells once
they were bound to a substrate. The goal was to examine
2015 NNIN REU Research Accomplishments
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Figure 2: Flow cell and sample in media.

Figure 4: A topographical AFM image of a fibroblast.

living cells, so a method of keeping them in fresh media
while being scanned was necessary. We constructed a
pump system with a flow cell for Agilent Technologies
5500 AFM shown in Figure 2 to allow media to flow in
and overflow to be drawn out of the sealed area containing
the sample. This allowed the cells to be scanned while
living for about six hours out of the incubator and sterile
environment.

obtained. The current-voltage part of the examination
was not completed, as the media was too ionic to obtain
accurate electrical profiles of the cells themselves. This is
being addressed by our lab’s collaborators.

Results and Conclusions:
The carbon-face samples grew the most and the largest
cells, though both carbon- and silicon-face samples did as
well as or better than the control well in cell attachment
after 24 hours. Images of this experiment are found in
Figure 3. These findings confirm previous experiments
done by this lab.
For CSAFM, it was found that when the cells were left for at
least six days in undisturbed incubation, they were attached
enough to probe with the tip of the AFM and examine
topographically. Before that time, the cells were either
not confluent enough or not attached strongly enough to
remain in place when probed with the tip of the sensor.
In Figure 4 are some of the first topographical images

Future Work:
In the future, the method of functionalization needs to
be confirmed and taken further with the attachment of
Protein A and IgG antibodies. This will allow for specific
attachment of cells in predetermined locations, so the
AFM can be confirmed as a valid method of identification.
Also, the cells need to be more strongly adhered to the
surface of the SiC so the AFM tip does not remove them
during scanning. A different media or additive may help
with creating more junctions for cell attachment.
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Abstract:
On-chip protein immunoprecipitation is often a substantial limitation in the continued development
of microfluidic tools for detecting protein-protein interactions in high throughput. Though adaptable
surface chemistry on glass and polydimethylsiloxane (PDMS) lend themselves to robust, on-chip protein
immobilization, problems such as non-specific protein adsorption, rigorous washing conditions, and low
protein synthesis yields readily diminish assay sensitivity in protein interaction screens. In an effort to improve
on-chip protein expression levels, we explored various chip-protein conjugation methods, including antibody
crosslinking via (3-aminopropyl)triethoxysilane-derivatized (APTES) surfaces, Protein A-conjugated surfaces,
as well as streptavidin-biotin coated surfaces. Increasing sensitivity to expressed protein was also explored
through varying concentrations of both capture and probe antibodies as well as through the adjustment of
enzyme-conjugated or fluorescently-labeled probe antibodies. Through our protein-surface conjugation
experiments, we are able to successfully synthesize and capture protein on-chip. Continued development towards
quantifying the binding strengths of protein-protein interactions would mark a substantial advancement in
cellular proteomics and may also help unveil new drug targets in human disease.

Introduction:

Experimental Procedure:

A longstanding goal in biological research has been to
fully uncover the function of proteins encoded by human
genomes as well as how their expression is regulated.
Consequently, researchers have been working adamantly
towards the development of high-throughput systems for
expressing proteins and detecting their interactions under
the paradigm that the function of a protein can be better
understood by knowing who its interaction partners
are. Though many well characterized high-throughput
methodologies for detecting protein-protein interactions
exist, including yeast two-hybrid and nucleic acid
programmable protein array, these methods often suffer
from limited specificity and high expense [1].

Glass microscope slides underwent an oxygen plasma
treatment before a 5 min bath in a 5% APTES/acetone
solution. The slides were then rinsed with acetone then
deionized water and dried with nitrogen gas. For Protein
A-treated PDMS microwells, a 10:1 ratio of polymer to
crosslinker (Silgard 184 Elastomer) was poured onto
500 µm tall SU-8 columns and cured for at least 2 hrs at
60°C. Slides are then crosslinked to protein using 2 mM
bissulfosuccinimidyl suberate (BS3) and then quenched in
2M Tris and 0.3M glycine for 20 min. Next, 20 µL TnT®
Reticulocyte Lysate is spotted on-chip containing 0.5 µg
of protein pairs expressed in pANT7_nHA and pANT7_
cGST vectors. This solution is incubated for 1.5 hrs in a
humid environment at 30°C.

Microfluidic approaches such as Protein Interaction
Network Generator demonstrate promise towards
improving specificity and throughput but, due to
difficulties in expressing and isolating human proteins
through cell-free expression systems, have not been used
to screen for human protein interactions on a large scale
— a gap we aim to address [2]. The ability to quantify and
generate protein-protein interactions networks could, in
consequence, improve our understanding of how human
disease alters cell signaling networks and potentially
unveil new pharmaceutical drug targets.
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Following incubation, TnT® solution-coated slides were
moved into a 4°C environment under high humidity for
2 hrs. After incubation, slides were washed in 1× PBS with
0.1% Tween-20 (PBST) three times for 5 min per wash.
Anti-GST mouse antibody (Cell Signaling Technology,
#2624) was applied at 1:500 concentration, followed
by 1 hr incubation at room temperature in a humid
environment. Slides were then washed in PBST three
times for 5 min each. HRP-conjugated anti-mouse (Cell
Signaling Technology, #7076) secondary antibody was
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Figure 1, above: An overall schematic of the final
device. Figure 2, top right: Three different protein
surfaces tested for protein capture. Figure 3,
bottom right: a. GST capture results from a Protein
A surface. b. GST capture results from a biotinstreptavidin surface. c. GST capture results from an
APTES only surface.

then incubated for 1 hr at room temperature in a humid
environment. Next, slides were washed with PBS three
times for 5 min each. ECL substrate (GE, RPN2232) was
then applied and slides were imaged for up to 10 min using
a Bio-Rad ChemiDoc system.

Results and Discussion:
The APTES coated surface with direct application of
antibody was the most effective, validated with high
specificity when probing for the capture antibody alone.
On the Protein A surface, false positives were observed as
seen in Figure 3a. In Figure 3a, the rightmost column of
luminescing points is composed of a positive control for
GST capture on top and a negative control for GST capture
on bottom. However, these points are indistinguishable
from each other, and probing for GST capture on this
protein surface did not yield conclusive results.
The biotin-streptavidin surface had less luminescence
than APTES alone when probed solely for capture
antibody, as observed in Figure 3b. The leftmost column is
a positive control for GST capture; this luminescence was
distinguishable from the negative control for GST capture
in the rightmost column. The APTES-alone surface was
able to repeatedly detect purified protein amounts as low
as femtograms of protein as seen in Figure 3c. In Figure 3c,
the upper left set of points is the positive control for GST
while the negative control is in the middle of the figure. The
positive and negative controls are clearly distinguishable
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from one another. Also, the lower left portion of Figure 3c
illustrates femtogram-levels of GST capture.

Future Work:
Moving forward, protein tagged for both capture and
probe antibodies must be expressed on-chip. Testing a
dual-tagged protein will ensure that the antibodies in this
procedure are valid to thoroughly measure interaction
strength between two proteins. Once the final device is
constructed and capable of quantifying tens of thousands
of protein-protein interactions at a time, changes in
protein-protein networks as a result of environment
changes (introduction of drugs, pH, etc.) could be rapidly
modeled and evaluated.
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Abstract:
Multiple myeloma (MM) is a disease where a plasma B cell clone is excessively replicated in the bone marrow.
Systemic light chain amyloidosis (AL) is a complication in some MM patients in which excess light chain (LC)
proteins from the plasma B cell clones deposit as amyloid aggregates in various organs, mainly the heart and
kidney. The diagnosis of AL and its differentiation from MM is challenging and traditionally is done through
invasive tissue biopsies [1]. Early handling of AL is important for effectively treating the condition, so simple
and effective diagnostic methods are desired. Our goal was to develop a technique for AL diagnosis based on
LC proteins from MM patients excreted in urine using an in vitro aggregation assay. First, in vitro amyloid
fibril formation was optimized in order to create fibrils. Buffer pH, NaCl concentration, and temperature
were varied in aggregation assays, and the aggregation kinetics were monitored using the amyloid-specific dye
Thioflavin T (ThT) [2]. Samples were also shaken during aggregation, and the time intervals between shaking
were also varied. This was done to alter the formation of amyloid seeds, which act as bases for LC proteins add
to [3]. Amyloid aggregate morphologies then needed to be confirmed, which was done through atomic force
microscopy (AFM) and transmission electron microscopy (TEM). This was performed and conditions that
generated LC aggregates with fibrillar structures within a week were found.

Methods:
Aggregation Assays. Aggregation assays
were performed in a 96-well plate and
monitored by ThT fluorescence with a
Tecan Infinite F200 multimode reader.
The aggregation buffers consisted of
either 50 mM Glycine (pH 2.8) or sodium
phosphate buffer (NaP, pH 7.2). The
buffers contained either 0, 50, 150, or 300
mM NaCl. They also contained 10 mM
dithiothreitol, 20 µM ThT, and 20 µM LC
protein extracted from AL patient urine.
LC proteins were aggregated in three
separate sessions – one in 25°C that was
shaken every 15 minutes, another in 37°C
that was shaken every 15 minutes, and the
last one in 37°C that was shaken every
30 minutes. Fluorescence was read at an
excitation of 436 nm and an emission of
485 nm.
Imaging. AFM images were gathered
from protein adsorbed to mica using
tapping mode on a Bruker Dimension
Atomic Force Microscope (AFM) and
Etalon HA_NC/15 tips. The solutions
adsorbed to mica were diluted 1:4 with
either glycine or NaP. Images with
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Figure 1: Plots showing LC seven day aggregations in NaP with different conditions.
Figure 2: Plots showing LC seven day aggregations in glycine with different
conditions.
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Figure 3, above: AFM image confirming amyloid formation. The image
is of an area 3.3 µm wide. Figure 4, right: TEM image of LC amyloids.
Scale bar is 200 µm wide.

transmission electron microscopy (TEM) were taken from
protein solution adsorbed to Ted Pella 200 mesh carbon
coated copper grids. Negative staining was originally
performed with uranyl acetate replacement (UAR) stain.
A switch to 4% uranyl acetate (UA) was made later on.

encouraged the switch to 4% UA that was used to identify
fibrillar structures. A TEM image of our amyloid fibrils is
shown in Figure 4.

Conclusions:
Results and Discussion:
Aggregation Assays. The plots shown in Figures 1 and 2
represent the aggregation assays performed with the LC
proteins. It can be seen that ThT fluorescence did increase
in the aggregations performed at 37°C, which indicates
the formation of amyloid structures. The aggregations
performed in NaP at 37 degrees slowly reached a maximum
over the aggregations. The aggregation occurred much
faster in glycine, followed by a slow decrease in florescence
after peaking. The aggregation performed in NaP in 25°C
did not peak, but did increase by the end of seven days.
This slowed fluorescence increase when compared to the
37°C aggregations suggests that temperature alterations
could be used to control aggregation. The difference in
aggregation kinetics between shaking every 15 minutes
when compared to 30 minutes was negligible. NaCl
concentration had a positive correlation with fluorescence
amplitudes and accelerated aggregation kinetics in glycine,
but such a correlation was not seen in NaP.
Imaging. AFM and TEM were used to determine if
aggregates with fibrillar morphologies were formed during
the aggregations. Previously, LC amyloid formation was
only observed after 24 day aggregation with our proteins.
An image of our LC amyloid fibrils is shown in Figure 3.
It is from the seven day aggregation sample performed in
glycine that contained no NaCl, and was shaken for 5 s
every 15 minutes at 37°C. TEM imaging of the proteins
proved to be difficult at first, as UAR stain resulted in
precipitate that appeared like fibrillar protein structures
even on grids with no protein adsorbed. This discovery
2015 NNIN REU Research Accomplishments

AL is currently difficult to diagnose without invasive
medical procedures. Multiple conditions for in vitro
aggregation of LC isolated from AL patient urine were
investigated to determine if it could be used in AL
diagnosis. Temperature and NaCl concentration were
shown to affect aggregation, suggesting that control over
LC amyloid aggregation is possible. AFM and TEM were
used to show amyloids were formed during aggregation
assays. The optimized aggregation protocol accelerated
LC amyloid fibril formation to a few days instead of three
weeks, encouraging its future utility as a diagnostic tool.
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Abstract:
To minimize damage to the ecosystem and enhance sustainability in farming practices, intervention of
nanotechnology in agriculture has increased in recent years. The purpose of this work was to study the effects
of various gold nanostructures of 30 to 80 nm delivered by foliar application on uptake, translocation, and
accumulation in a watermelon plant. Cellular uptake and translocation of gold nanoparticles from leaf to root
was confirmed by ICP-MS. Accumulation and transport of nanoparticles depends on nanoparticle shape and
application method.

Introduction:
Gold nanoparticles (AuNPs) have been extensively studied
in recent years due to the abundance of their potential
applications to biological systems; being biologically
inert, AuNPs are less toxic to cells than nanoparticles of
other materials [1]. Because they also adsorb DNA easily,
AuNPs can be used in agricultural biotechnology for
delivery of genetic material to plant cells [2] and detection
of plant viruses [3]. Researchers have asked the questions:
How do we measure the ecotoxicity of these emerging
technologies, and how do we make these technologies safe
and sustainable? To answer these questions, it is essential to
understand the fundamental mechanisms of morphologydependent cellular uptake of gold nanoparticles and their
subsequent fate in a plant system.

Experimental Procedure:
Gold Nanoparticle Synthesis and Characterization.
AuNPs of spherical, cubic, rhombic dodecahedral (RD),
and rod morphologies were chemically synthesized
using seed-mediated methods [4,5] and characterized for
physical diameter, hydrodynamic size and zeta potential
using transmission electron microscopy (TEM) and
dynamic light scattering respectively, and surface plasmon
resonance determined with UV-visible spectrophotometry.
Finally, concentrations of nanoparticles in suspension
were analyzed using inductively coupled plasma-mass
spectroscopy (ICP-MS).
Application of Nanoparticles to Plant. Foliar aerosol
delivery of nanoparticles (NPs) may help to reduce
environmental harm by increasing uptake by plants
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and limiting contamination of the soil environment [6].
Consequently, we employed a foliar application of AuNPs
that delivered them through the stomatal openings,
avoiding direct contact with the soil ecosystem. The
phloem subsequently transports NPs from shoot to root
[7]. Watermelon plants (Citrullus lanatus) were chosen
for this experiment due to their large stomata and vessel
size, which may facilitate NP translocation [6]. In this
study, drop-cast and aerosol based foliar applications
were compared to determine the effect of applied droplet
size on AuNPs-plant interactions. The drop-cast method
uses an auto pipette to render 800 ± 175 µm droplets that
may contain soft agglomerations of nanoparticles. An
aerosol method, the atomizer, breaks up agglomerations,
producing tiny droplets in the mean size range of 250 ±
50 nm. Real-time applied particle size was monitored using
scanning mobility particle size (SMPS) measurement.
Nanoparticle Uptake Analysis. Plants were harvested
48 hours after applying the nanoparticles and washed to
remove soil. Roots, stems, and leaves of each plant were
separated, dried, and digested. The resulting concentration
of elemental gold in each plant section was analyzed with
the aid of ICP-MS.

Figure 1: TEM images of gold (A) spheres, (B) truncated cubes,
(C) rhombic dodecahedra, and (D) rods.
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Figure 2: Percent of total gold in plant that was recovered by
ICP-MS in (A) root, (B) shoot, and (C) root sections of treated
plants, comparing results of drop-cast and aerosol methods. (D)
Number of particles recovered in sections of aerosol-treated plants,
normalized to number concentration of particles.

Among drop-cast NPs, a trend in the efficacy of
translocation (percent of recovered gold accumulated in
roots) was observed as: rod (49.3%) > sphere (13.4%) >
RD (8.3%) > cube (7.3%) (Table 2). In order to account for
any discrepancies in the number of particles applied by the
aerosol method, the aerosol results were normalized by
the acquired concentration of gold obtained by our SMPS
number concentration measurements.
From these normalized results (Figure 2D), a trend in the
efficacy of translocation (number of particles recovered
in root) was observed as: cube (2.0 × 104) > RD (1.5 ×
104) > sphere (9.5 × 103) > rod (9.0 × 103), a trend that
again suggests the aerosol application method results
in improved translocation of low aspect ratio particles.
Further experiments are needed to confirm these results, as
well as to study the effects of other nanoparticle properties
on their uptake and fate.

Table 1: Characterization data for nanoparticles in aqueous
suspension.

Importance of the Study:
From the morphology-dependent trends in nanoparticle
translocation, it can be concluded that accumulation and
transport of nanoparticles depends on nanoparticle shape.
Our evidence also suggests that different application
methods may be optimal for delivery of different
morphologies of nanoparticles to plants.
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Comparing the two application methods, the aerosol
method enhanced the transport of low aspect ratio NPs
(Sphere, Cube, RD) while the larger droplet size applied
by the drop-cast method improved the transport of high
aspect ratio, rod-shaped NPs. For sphere, cube, and RD
morphologies respectively, the increase in translocation
rate of the aerosolized versus drop-cast nanoparticles
was 10.9, 2.3, and 11.3%, whereas a 37.4% decrease in
translocation rate was observed for the nanorods (Table
2).
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Introduction:

Methods:

Often characterized by severe pain crises and organ damage
due to hypoxia, sickle cell disease (SCD) is a genetic
disorder caused by a mutation in the hemoglobin molecule
of red blood cells (RBCs) [1]. This mutation leads RBCs
to stiffen under hypoxic conditions, in turn making the
cells more susceptible to obstructing blood flow. Known
as a vaso-occlusive crisis (VOC), this obstruction stands
as the major cause of morbidity and mortality in SCD [2].
Currently, hydroxyurea (HU) is the sole FDA-approved
drug treatment option available to patients, and yet HU is
ineffective in one-third of those treated [3]. Consequently,
there is a clear need for more effective drug treatments,
as well as a screening platform to evaluate drug efficacy.
Thus, we created an in vitro microfluidic disease model
to screen new drug treatments. A remarkable alternative
to in vivo techniques, microfluidics provides a convenient
and reproducible platform with which to simulate the
rheological occurrences of SCD.

The optimal design for the device was to produce a linear
oxygen tension gradient across the microvasculature,
mimicking physiological conditions. AutoCAD was used
to design the device layers.
Design considerations for the microvasculature layer
included channel width (vessel diameter), bifurcations,
segmental length, total length, and channel height. The
most important consideration was channel width, as
the range of diameters across vessels composing the
microvasculature (small arteries, arterioles, capillaries,
venules, small veins) differs according to the anatomical
region of interest. To account for these differences, we
designed twelve microvasculature layers featuring varied
channel width ranges. The design we fabricated for
experimental purposes has a range of 10 µm to 60 µm,
which is both physiologically accurate and amenable to the
dimensional constraints imposed by polydimethylsiloxane
(PDMS). In addition, the design we fabricated and tested
was 3 mm in total length.
We then designed a layer containing a series of gas
channels that, when overlaid onto the microvasculature
layer, produced an oxygen tension gradient. The oxygen
layer we fabricated consisted of five gas channels, whose
dimensions were determined via finite element modeling
of oxygen diffusion in COMSOL.
We used soft photolithography with SU-8 2000 series
photoresist to fabricate the master for each layer. We
then cast these masters with PDMS, and the layers were
subsequently cured and bonded to each other and to a
glass slide via oxygen plasma treatment.
Specific oxygen tensions were created by cycling an air
stream and a N2 stream via solenoid valves. The duty cycles
necessary to produce the desired tensions were specified in
a MATLAB/Arduino system. To ensure proper calibration,
oxygen tensions were also measured at each gas outlet.

Figure 1: A. Top-down view of device. B. Cross-sectional view of
device.
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Results and Discussion:

To validate the oxygen gradient experimentally, we
used 4 mM tris(2,2’-bipyridyl)dichlororuthenium(II)
hexahydrate (RuBPY), an O2-sensitive dye whose
luminescence is quenched in the presence of O2.
We perfused this solution through channels directly
beneath the oxygen layer (i.e., channels analogous to the
microvasculature layer), and measured luminescence
intensity values using an inverted epifluorescence
microscope. Intensity readings were then converted into
tensions based on a calibration curve. These tensions are
plotted in Figure 3.
Characterization with RuBPY showed that the
experimental oxygen tension gradient has a decreasing
trend; however, it is not perfectly linear, as the model
predicts. Using a luminophore with a higher sensitivity,
as well as minimizing the presence of unwanted features/
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During the modeling phase of this project, we found the
most important parameters in obtaining the optimal design
to be width of the gas channels, distance between the gas
channels, and gap width between the microvasculature
and oxygen layers. Furthermore, while a large gap width
between layers corresponded to a more linear oxygen
gradient, we sought to minimize this gap width for
construction purposes. Thus, series of stationary studies
were run in COMSOL, each for a specific gap width, and
tension data across the microvasculature layer were plotted.
After fitting a line to the data and determining variance for
each data point, a
threshold for the
average variance
was set (this
threshold
was
applied to all fivechannel oxygen
layer
designs)
and an optimal
gap width was
obtained. Figure
2 displays the
modeled tension
curve for this final Figure 2: Finite element model of oxygen
gradient.
design.

Figure 4: A. Brightfield image of a region of the device, through
which sickle cell blood flows. B. Time progression of blood flowing
through the 10 µm-wide channels of device as the oxygen gradient
develops. In the bottom image, gradient is fully developed.

debris in the device, would likely lead to validation of a
more linear gradient.
We experimented with running a sickle cell blood sample
through the device under a pressure of 1 psi. Upon gradient
development, we observed significant slowdowns in blood
flow, as well as occlusions within the capillary-sized
channels (Figure 4). Knowing that sickle RBCs respond to
these conditions, such experiments lend insight into the
mechanical effects on the rheology of SCD.

Conclusions:
We developed a microfluidic device to serve as a SCD
model, and determined that the device is capable of
reproducing hallmark rheological occurrences of the
disease. By capturing even more physiologically relevant
parameters in future designs, we hope this device
ultimately becomes an accurate, accessible means of
screening new drug treatments for SCD.
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Introduction:
Osteogenesis imperfecta (OI) is a heterogeneous bone
disease classified into eight different types based on
phenotype and genotype [1]. OI type V is caused by a
mutation of interferon-induced transmembrane protein 5
(IFITM5) [2]. The mutant protein has an additional five
amino acids (Met-Ala-Leu-Glu-Pro) at the N-terminus in
individuals with OI type V [2].

(Mountain View, CA, USA). Isogen used for RNA
extraction was obtained from Nippon Gene Co. (Tokyo,
Japan). Real-time PCR (q-PCR) was carried out on a
LightCycler System. Glycerol 3-phosphate dehydrogenase
(GAPDH) was used as a housekeeping gene.

IFITM5 is an osteoblast-specific membrane protein
previously seen to be a positive regulator for bone formation
in in vitro studies [3]. Despite this evidence, recent studies
show that bone formation of Ifitm5 knockout mice are
comparable to bone formation of the wild type [3,4]. The
discrepancy between the in vitro and in vivo experiments
suggests that there exists an in vivo mechanism in place
to ensure healthy bone formation in the absence of the
protein. Given that OI type V is caused by a mutation in
IFITM5, suppressing IFITM5 protein translation should
restore healthy bone growth for individuals with the
disease.

Methods:

In this report, small interfering RNA (siRNA) was used
to suppress the translation of the mutant protein IFITM5
in vitro. Four transfection reagents were tested using
mouse osteoblast cells: DOTAP, Lipofectamine2000,
Lipofectamine RNAiMAX (RNAiMAX), and calcium
phosphate (CaP) nanoparticles. Following transfection,
cells were lysed to extract and purify RNA. RNA was
subsequently converted to DNA using PCR, and q-PCR
was used to determine relative gene expression. Among
the transfection reagents used, RNAiMAX was the most
effective, suppressing gene translation by an average of
60%.

Materials:
Mouse osteoblasts (MC3T3) and MEM-alpha
medium (10% FBS) were used throughout the study.
Lipofectamine2000 and RNAiMAX were purchased from
Invitrogen Corporation by Life Technologies (Carlsbad,
CA, USA). DOTAP was purchased from Roche Diagnostics
GmbH (Mannheim, Germany). CaP nanoparticles were
made using reagents from the CalPhos Mammalian
Transfection Kit obtained from Clontech Laboratores, Inc.
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All incubations not specified were carried out at 37°C in
a 5% CO2 controlled environment. All siRNA complexes
were made following manufacturer protocol.
For liposomal transfection, cells were seeded at 1.5 ×
104 cells/cm2 on six well plates. Cells were immediately
exposed to the transfection reagent complexed with either
IFITM5 siRNA (50 pmol/well) or control siRNA (SCN01)
(50 pmol/well).

For CaP nanoparticle transfection, cells were seeded
overnight at 7.0 × 103 cells/cm2. The next day, medium
was replaced with a mix of serum free medium and CaP
nanoparticles complexed with either IFITM5 siRNA or
SCN01 siRNA. Table 1 details the three conditions. Three
hours after transfection, serum-free medium incubated in
a 10% CO2 environment was added so that the medium
volume was doubled. The addition of slightly acidic
medium aided the dissolution of the nanoparticles.
After a 24 hr incubation period, all wells were replaced
with fresh medium and a mix of mutant IFITM5 plasmid
(2 ug/well) and Lipofectamine2000 transfection reagent.
A subsequent incubation period of 24 hours ensured
complete transfection and replication of the genetic
material.
Cells were washed with PBS, and then total RNA was
extracted with Isogen according to manufacturer protocol.
2015 NNIN REU Research Accomplishments
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Figure 1: Relative expression of mutant IFITM5 genetic material.
Three different commercially available liposomal transfection
reagents are compared.

Figure 2: Relative expression of mutant IFITM5 genetic material.
Three different compositions of CaP nanoparticles are compared.

Concentration of extracted RNA was determined using
UV/Vis spectroscopy. RNA was diluted to 500 ng/uL
and then converted to DNA using reverse transcriptase.
Resulting DNA was diluted to 5 ng/uL. Expression
was quantitatively measured using the cross-point of
amplification as determined by real-time polymerase
chain reaction (q-PCR).

efficiency. This experiment suggests that 20 ug/mL of
siRNA is sufficient to suppress gene expression, but the
CaP study included a single experiment per variation. The
reproducibility of these results is yet to be determined.

Results and Discussion:
Figure 1 and 2 show the relative expression of mutant
IFITM5 genetic material, comparing osteoblasts
transfected with IFITM5 siRNA and control siRNA.
Figure 1 highlights the liposomal transfection reagents
studied, among which RNAiMAX suppressed IFITM5
gene expression 60% relative to the control. DOTAP
and Lipofectamine2000 both failed to suppress gene ex-
pression. The success of RNAiMAX is difficult to ascertain
because its chemical and structural properties are not
distributed by the manufacturer. Additionally, the release
mechanism of siRNA into the cell after endocytosis is
still unclear. These conceptual barriers prevent a detailed
explanation for siRNA suppression using RNAiMAX.
Factors that may influence the transfection efficiency
include the size of the liposome complex and its chemical
composition.
Figure 2 shows the results from individual studies using
CaP nanoparticles as the siRNA transfection reagent.
The condition with a greater CaP:siRNA ratio and lower
concentration of siRNA was seen to suppress gene
expression 30% relative to the control.
Because siRNA is foreign genetic material, excess siRNA
can induce apoptosis while too little siRNA would decrease
the knockdown effect. Therefore, concentration of siRNA
is critical to the survival of the cells and transfection
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Conclusions:
The transfection reagent RNAiMAX demonstrates that
gene suppression is feasible on the cellular level. Due to
the limited information of the compound, RNAiMAX
is not a desirable method for in vivo studies at this time.
CaP nanoparticles as a known biologically degradable
compound should be investigated further to determine if it
is a viable method to suppress gene expression both on the
cellular and physiological level. Furthermore, the method
of siRNA delivery subsequent to endocytosis should be
investigated for optimization of transfection efficiency.
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Abstract:
In this project, spherical gold nanoparticles (AuNP) were loaded with deoxyribonucleic acid (DNA)
oligonucleotides to make a series of single- and double-stranded conjugates, which were characterized via
various established methods to optimize loading efficiency and functionality. Characterization methods used
include ultraviolet-visible spectrophotometry (UV-Vis) to measure absorbance and estimate loading efficiency;
dynamic light scattering (DLS) and zeta potential (ZP) measurements to estimate conjugate size and extent of
aggregation; and gel electrophoresis to separate and analyze conjugates based on size and charge. Toeholdmediated strand displacement DNA fluorescent gates were tested in order to relate characterization to device
performance. Salt aging to 100 mM NaCl provided high loading (131 ± 7 strands per particle) with low particle
aggregation and relatively high hybridization efficiency (58 ± 6%), while maintaining strand displacement
logic gate device capability.

Introduction:
AuNPs have been broadly studied as platforms for small
molecule, antibody, and aptamer delivery to cells because
of the variety of functional groups that can be bound to
the AuNP surface [1]. However, many reports of AuNP
applications in biomedical diagnostics and therapeutics
lack sufficient characterization to fully understand and
optimize their loading [2,3].

Supernatant was collected in separate tubes and the
conjugates were resuspended in the same volume and
concentration NaCl. This was done three times total.
Residual DNA in the supernatant was quantified via ultraviolet visible spectrophotometry (UV-Vis) absorbance
measurements to estimate DNA loading on the AuNP
surface.

This project aimed to utilize the multitude of
characterization techniques at our disposal in order to
provide a more holistic understanding of AuNP loading.
Optimizing our AuNP-DNA conjugates while balancing
device performance can provide greater functionality for
applications such as high payload drug delivery agents.

The double-stranded DNA covered AuNPs (dsAuNPs) were
synthesized by adding the complementary oligonucleotide
to the ssAuNP solution in a 1:1 molar ratio based on the
single-stranded loading estimate. They were then left to
shake for approximately two hours before quantifying
DNA hybridization with UV-Vis as before. Dynamic light
scattering (DLS) and zeta potential (ZP) measurements of
the conjugates were taken before conducting a second trial
at the same concentration (100 mM) to test repeatability.
Gel electrophoresis (1.5% agarose gel) was also performed
on all samples from each trial.

Experimental Procedure:
We began with approximately 14 nm diameter, citratecapped AuNPs synthesized via the citrate reduction
method [4]. We made a series of conjugates at varying
NaCl concentrations (50, 100, 200 mM) to establish a trend
between DNA loading and salt concentration. The singlestrand DNA covered AuNPs (ssAuNPs) were synthesized
by adding the initial DNA oligo capture strand to the
AuNP solution in a molar ratio of 195 DNA/AuNP, then
left to shake for approximately 16 hours [5]. The conjugates
were then salt-aged to the desired NaCl concentrations
over a period of six hours to minimize aggregation, then
centrifuged for 30 minutes at 10,500 RCF.
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Single- and double-stranded conjugates were synthesized
with a new set of oligos capable of efficient strand
displacement [6]. For this trial, the hybridizing strand had
a ROX fluorophore modification that upon hybridization
would be close to the AuNP surface. Toe-hold mediated
strand displacement reactions were performed on this
batch of conjugates in order to test device performance. A
fluorometer (2× Gain) was used to monitor fluorescence
during hybridization and strand displacement (two hours
each).
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Results:
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By varying the salt concentration of the conjugate solution,
we found hybridization efficiency increased with increasing
NaCl concentration (Figure 1). DLS measurements gave
us an indication of the relative extent of aggregation for
each salt concentration. While conjugates synthesized in
200 mM NaCl showed the highest hybridization efficiency,
they also showed the most aggregation (Figure 2).
ZP measurements of the conjugates were distinctly
different than that of the bare AuNP control, varying by
an average of about 20 mV. The conjugates had ZP values
around -40 mV, indicating particle stability.
We used 100 mM NaCl for our second trial testing
repeatability. The conjugates synthesized at this
concentration showed slightly reduced hybridization
efficiency than the higher salt concentration, but also
showed less aggregation (about 3% by volume).
Slight mobility differences between the ssAuNPs and
dsAuNPs in gel electrophoresis (Figure 3) indicated
hybridization had occurred in both trials. The gel for the
100 mM NaCl conjugates also showed our process to be
repeatable.
Our final round of conjugates employing new oligos tested
device performance via strand displacement (Figure 4).
The hybridizing strand had a fluorescent dye modification
(ROX) that quenched in proximity to the AuNP, as seen in
the fluorescence decrease during hybridization in Figure
4. As the invading strand displaced the fluorescent oligo,
fluorescence increased again as expected. This successful
strand displacement proved the capability of our device
and assay.

Conclusions:
Our results show promising possibilities for attaining
optimal DNA loading efficiency on spherical gold
nanoparticles. Our data suggests salt-aging to 100 mM
NaCl could be a good starting point from which to continue
studying characterization and performance of nucleic acid
devices and their relation to DNA loading. In the future we
would like to pursue different DNA tethers, vary the length
of the carbon linker chain, and incorporate aptamers onto
the device to study the full extent of its performance.
Further quantification of device performance is possible
based on the tested strand displacement assay.

Figure 1: Single- and double-stranded DNA loading on AuNP
surface, estimated from UV-Vis absorbance measurements.
Figure 2: DLS measurements in aggregate size range; dsDNA
refers to hybridized DNA on conjugate surface. Figure 3: Gel
electrophoresis for varying salt concentration trial (left) and
same salt concentration trial (right). Figure 4: Fluorometer
measurements during hybridization and strand displacement.
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Introduction:
The development of fast, accurate and sensitive
immunoassays is of major importance for the early
detection of several diseases. Traditional methods, such
as the ELISA and Western Blot, operate on the time
scale of hours to days; we thus aim to integrate organic
electrochemical transistor (OECT) arrays with traditional
immunoassays to provide both the molecular specificity
of an immunoassay and the speed of a microelectronic
system. Previous work in this field has been based on
the integration of external enzymes [1] or on complex
fabrication methods[2]. We herein present initial results
of a simple capacitive OECT sensing platform for direct
immunodetection.
The sensing principle was based on the capacitive change
caused by the antigen-antibody affinity binding to the
biofunctionalized
poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) transistor channel.
When molecules are immobilized onto the channel, they
add a resistive and capacitive element to the equivalent
circuit of the OECT. Accordingly, the impedance
changes due to the added mass to the channel, and
a complex combination of the induced electrostatic
charges of the added molecules is reflected in a shift in

the transconductance. A schematic representation of the
OECT along with a the simplified equivalent circuit, and
the transistor characteristic curves depicted in Figure 1.

Experimental Methods:
Gold electrodes were patterned onto glass slides via
photolithography and chemical vapor deposition. A
layer of Parylene-C was also deposited through vapor
deposition, followed by a layer of 2% MicroClean soap
solution followed by a sacrificial layer of Parylene-C,
The last part of the fabrication process involved the
development of photolithographically patterned channels,
the dimensions of which were 10 × 10 µm2. Finally, the
(semi)conducting solution was spin-coated to the channel,
and the gate that were exposed via reactive ion etching.
In order to introduce hydroxyl groups onto the transistor
channel, a PEDOT:PSS:polyvinyl alcohol (PVA) blended
solution was used as the active solution [3]. Following,
the channel was further functionalized and treated with
a (3-glycidyloxypropyl) trimethoxysilane (GOPS) solution
in order to introduce epoxy groups on top of the channel
and thus allow protein immobilization.
Initially, in order to standardize our OECT based
immunoassay, a model system was employed, consisting
of a primary and a secondary (fluorescent) antibody.
The primary antibody was primarily immobilized onto
the epoxy-modified transistor channel, and a bovine
serum albumin (BSA) solution was deposited prior to
the immobilization of the secondary antibody, in order
to avoid unspecific binding. All the aforementioned steps,
including the biofunctionalization of the channel are
schematically represented in Figure 2.

Results and Discussion:

Figure 1: A] Schematic representation of the OECT. B] design of
a simplified equivalent circuit. C] Steady state characteristics:
output and transfer curves of the fabricated OECTs
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We herein fabricated PEDOT:PSS-based OECT towards the
development of an immunosensing platform, Initially our
work involved the study of, different biofunctionalization
methodologies. It was found that the thicker the GOPS
layer onto the transistor channel, the higher the standard
2015 NNIN REU Research Accomplishments

These results indicate that the capacitive method can
successfully detect covalent bonding onto the transistor
channel.

Future Work:
The next step of this work is to successfully detect the
antigen-antibody affinity binding via a transconductance
shift. We plan to improve the biofunctionalization process
by focusing on the GOPS monolayer formation onto
the transistor channel, since variations in a thick GOPS
layer interfere creates noise in the transconductance that
obscures the desired shift. Moreover specific disease
detection models will be also studied.
Figure 2: Biofunctionalization concept diagram.

deviations were observed leading to less consistent data,
thus indicating the necessity of developing a GOPS
mono-layer deposition method. The biofunctionalization
methodology was validated by checking the fluorescence
of the device after the immobilization of the secondary
antibody.
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decreases as the PBS concentration decreases, due to the
electrolyte’s equivalent resistance in the
equivalent circuit. Given that the theoretical
transconductance cutoff is dependent
on the combined impedance of all the
elements in the circuit and in order to be
able to sense small changes in impedance,
the OECTs were tested after each critical
immobilization step with varying PBS
concentrations (i.e., 1X, 0.1X, 0.01X,
and 0.001X). Those results are graphed
and shown Figure 3. Ultimately, none
of the higher electrolyte concentrations
(1X, 0.01X, and 0.01X) show clear shifts
between steps in the biofunctionalization
procedure; the trendlines have large error
bars that all overlap giving null results. The
OECT tested under PBS 0.001X, however,
shows promising results, as there are clear,
Figure 3: Frequency dependence of the transconductance in varying PBS
distinguishable transconductance shifts for
concentrations between all the critical immobilization steps.
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the covalent bonding of GOPS to the channel and for the
covalent bonding of the first antibody to the GOPS. The
lack of shift in subsequent steps for the PBS 0.001X sample
makes sense if the secondary antibody is not binding
or is currently too small to detect. To validate that the
normalized shifted curves are an accurate representation
of the transconductance cutoff relationship, the derivative
functions were graphed and yielded the same results as the
visual shifts.
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Abstract:
Cancerous cells generate wrinkles on sufficiently thin elastic membranes. Exploiting this phenomenon could
enable the fabrication of a point-of-care bladder cancer diagnostic device. Historically, there has been difficulty
producing thin, large membranes; while this remains a difficulty, a limited number of membranes were
fabricated. Membranes as thin as 150 nanometers were produced. The wrinkles generated by bladder cancer
cells, large enough to be observed under optical microscope, were characterized for each of these membranes.

Introduction:
Cell locomotion is dependent on the forces a cell exerts
on its exterior environment, called cell traction forces.
When this exterior environment is composed of an ultrathin elastic membrane, these traction forces result in
significant wrinkling of the surrounding membrane. As a
cell attempts to move, it inadvertently draws the ultra-thin
membrane towards localized focal points at the outer edge
of the cell membrane, and the angular component of the
stress in the surrounding membrane becomes negative.
This angular compression results in a localized buckling
of the membrane.

Poisson’s Ratio, residual stress) and those of the cell
(radius, force exerted by a half-cell). These equations are
found in Figure 1, with R* as the wrinkle length, N the
number of wrinkles, δc the critical membrane displacement
for wrinkle formation (linearly related to idealized cell
traction force), R the membrane radius, r0 the cell radius,
β the distance pulled at the boundary of the membrane
(linearly related to residual stress), h membrane thickness,
and σ Poisson’s Ratio.

Because cancer cells produce distinctly different forces
from healthy cells [1], this wrinkling phenomenon could
be applied as a point-of-care cancer diagnostic device.
One of the great strengths of such a device is that a
heterogeneous sample of cells might be used for reliable
diagnosis of cancer; for example, the cells found in urine
samples could be used to diagnose bladder cancer.

Experimental Procedure:

Attempts to find a quantifiably testable predictor for the
formation of wrinkles yielded a numerical study [2].
Fitting curves to the simulated data yielded equations
predicting length and number of wrinkles based on the
physical qualities of the membrane (radius, thickness,
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The membrane fabrication process is summarized in Figure
2. First, several microns of AZ 4330 photoresist were spun
onto a 4-inch silicon wafer. After baking for one minute
at 100°C, we placed hexane-diluted polydimethylsiloxane
(PDMS) on top of the photoresist and again spun the
sample, this time at 6000 rpm for three minutes. At this
point, our sample was placed on a hot plate at 80°C for
16-18 hours.
After the PDMS membrane cured, a thick PDMS support
structure was adhered to the sample via intermediary

2015 NNIN REU Research Accomplishments

Biological
Applications

PDMS layer and cured at 100°C for two hours. After
cooling, the sample was treated with an acetone mist via
spray bottle and subsequently immersed in a methanol
bath. Careful peeling of the support structure resulted in
the production of a bounded membrane, which could be
seen to oscillate in the methanol. The membrane was then
carefully removed from the methanol bath [3].

While we did find an upward trend in length and number
of wrinkles as membrane thickness was reduced, our
results indicated that our membrane was stressed as a
side effect of our fabrication process. This residual stress
substantially increased the minimum force required for
cells to generate wrinkles, and likely reduces the device’s
power to differentiate between cells producing different
ranges of force.

Future Work:

T24 bladder cancer cells were cultured. The cells were
incubated on the membrane at 37°C in 5% CO2 for 24
hours. Over this time period, cells adhered to the surface
and contracted, creating the wrinkles observed via
inverted microscope (Figure 3).

In the future, we hope to refine our fabrication process
to increase control over the residual membrane stress
and thickness while improving membrane stability. This
will allow for the statistical analysis of wrinkle formation
by a variety of cells and an optimization of membrane
characteristics for the fabrication of a point-of-care
bladder cancer diagnostic device.

Results and Conclusions:
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Abstract:
Ion-sensitive field effect transistors (ISFET) measure the presence of ions in a solution via their effect on current
flow within the device. The ions induce charge in the device via capacitive coupling from the ion-sensitive
membrane. The extended gate field effect transistor (EGFET) is a modified version of the ISFET that uses low
cost FET transistors combined with a sensing membrane and reference electrode structure fabricated separately.
This structure requires fewer fabrication steps and enables flexibility and adaptability in application. The EGFET
is more suitable for continuous monitoring in harsh environments, since the sensing area is external to the
transistor. While the EGFET’s sensing area is physically remote, the principles of operation remain the same.
This project focused on design and fabrication of EGFETs with different sensing membranes and geometries.
The systematic investigation of the device parameters
enables informed designs for increased sensitivity to
pH. The devices were fabricated with chrome/gold
reference electrodes and either a silicon nitride or
silicon dioxide sensing membrane. The devices were
tested with pH buffer solutions to provide consistent
pH samples. Initial testing determined the silicon
nitride layer had poor quality, with pinholes and cracks
evident when surface features were analyzed with an
optical profilometer, resulting in poor characterization
and etching of the electrode.

Introduction:
Many sensors rely on pH in order to detect a change in a system
and adjust pH or trigger another response. As an environmental
sensor, EGFETs could be used to track pH changes in water to
determine if there is contamination. In biological or biomolecule
applications, EGFETs can be used to detect pathogens, antibodies,
or proteins; they can also track pH levels for cultured cells.
Increasing sensitivity of the device would increase the ability
of the device to distinguish between minute pH changes in
an electrolyte or pH changes due to biomolecules bound to its
surface. This research project investigates several geometric and
spacing variations to optimize for pH sensitivity.

Experimental Procedure:
Fabrication of the Biosensor. The masks for the fabrication steps
were designed using L-Edit, as shown in Figure 1. The designs
were printed on a Mylar film using a 25,400 dpi printer, attached
to a soda-lime glass substrate, and used in the photolithography
steps. Positive photoresist was used for photolithography.
The fabrication of the devices followed the process shown in
Figure 2. An adhesion layer of 10 nm chromium was deposited
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followed by 170 nm of gold; both were deposited using
evaporation. The thickness of nitride or oxide deposition
was intentionally varied between the sets. Sets 2, 3, and 4
had 200 nm of silicon nitride, 400 nm of silicon nitride,
and 200 nm of silicon dioxide, respectively. For the set that
contained oxide rather than nitride, the process followed
the same format as in the previous sets; the nitride was
simply replaced with silicon dioxide.
Setup for Experimentation. Wires were attached to the
contact pads of the sensors using a silver-based conductive
epoxy. A centrifuge tube, with a section cut off from
the tip, was used in packaging the device by creating a
confinement for the electrolyte. The centrifuge tube was
bonded to the quartz substrate using a marine-grade
epoxy, exposing the sensing areas so that the solutions
used would be in contact with the correct locations on
the device. The devices were exposed to an electrolyte for
24 hours without taking any measurements, allowing the
interfaces and surfaces to reach a steady state.
Data Acquisition. In order to measure the pH values
versus the voltage, we used a program in MATLAB in
order to automate the measurements to determine this
relationship. A Keithley source meter was also used for
data acquisition purposes with TSP Express.
The devices were measured using buffer and titrated
solutions. Once the solution was added to the device,
we waited five minutes to start the program. A computer
program was run for five sweeps and the device was reset
within the first sweep. The sweeps were set up with a VGS
of -3.5V to -0.5V, a VD of 0.2V and 0.5V, and a step size
of 0.05V. Transfer and output characteristics were plotted
in Excel and analyzed once data acquisition was complete.

Results:
During initial testing, it was observed that the nitride and
the gold electrodes were being etched due to poor quality
of the nitride layer. This affected the characterization,
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because the transistor and program picked up the etching
mechanism rather than just the pH reaction.
The devices with the improved sensing membranes had
no visible etching with the new buffer solutions. Transfer
characteristics of these corrected devices had the expected
pH sensitivities, as in Figure 3. Details concerning the pH
sensitivity of the devices are shown in Figure 4.

Conclusions:
The results from testing in Figure 4 indicate the devices
have the sensitivities expected. These results are not
final, as more testing is needed to confirm these results.
However, the current results demonstrate the devices are
working as expected and could be used in further testing
to determine a difference in pH sensitivity in relation to
geometry, spacing, and surface area.
In the future, a better PECVD process will need to be used
so the sensing membrane is deposited more evenly and with
fewer defects. This would improve the characterization of
the devices due to the elimination of etching processes.
It would also prove beneficial to fabricate devices with
different geometric structures, but with the same area, in
order to compare the effect of geometry and spacing on pH
sensitivity more effectively and with fewer compounding
factors.
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Abstract:
Nanoparticles (NPs) have been proved to be a promising material for drug delivery, cancer therapy, and
bioimaging. However, there is growing concern about their cytotoxicity, which may cause an inverse effect
on human health. In order to develop safer and efficient NPs, people need to fully understand how cells react
with the NPs. Previous studies investigated the influence of NPs properties on cellular uptake. However, little
attention was paid to understand the influence of cell membrane tension on the uptake. Micropatterns were
used to control the membrane’s tension on single cell scale; the greater the spreading area, the greater the
tension on the cell membrane [1]. Thus in this study, a serious of microdots with various diameters (20, 40,
60, and 80 µm) were developed using photolithography techniques. Gold nanoparticles (AuNPs) with sizes of
50 nm were synthesized following the Turkevich method and coated with FITC labeled PEG. Mesenchymal
stem cells (MSCs) were cultured on the micropatterns and treated with FITC-PEG-AuNP to investigate the
influence of cell spreading area on uptake of NPs. The results indicate that PEG-coated AuNP are non-toxic to
the MSCs. Patterned cells with different spreading areas and cellular tension can uptake the FITC-PEG AuNPs.

Introduction:
Nanoparticles (NPs) have been found to be a promising
way for visualizing specific cell types, delivering drugs
directly into the cell, and cancer therapies. For all these
applications to be successful, it is important to study
the NPs and cell interaction, including cellular uptake
and cellular toxicity. Endocytosis is the mechanism that
cells use to bring the nutrients and NPs into the cell. The
cellular membrane bends forming a vesicle, providing
them transportation into the cell. Previous studies [1] have
analyzed NPs properties and their effects on the uptake.
However, little attention was paid to understand how the
cellular membrane properties influence the cellular uptake.
These include the cellular membrane tension affecting the
membrane’s capacity to bend to form the vesicles.
Micropatterns have been proved to efficiently control
the cellular membrane tension on a single cell scale; the
greater the spreading area, the greater the tension on
the membrane [2]. In this project, we evaluated how the
cellular membrane tension, of mesenchymal stem cells
(MSCs), controlled by micropatterns of different size dots
affects the uptake of gold nanoparticles (AuNP).

Experimental Procedure:
Micropatterning Process. By using photolithography
techniques, the micropatterns were developed on a
transparent polystyrene square surface (6.25 cm2)
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cut from a tissue culture dish, which supported cell
adhesion. Poly(vinyl alcohol) (0.3 mg/mL) was used as the
photoreactive solution. The design consisted of dots with
diameters of 20, 40, 60, and 80 µm. The micropatterned
surfaces were characterized using atomic force microscopy.
AuNP Synthesis. Following the Turkevich method, we
synthesized the 50 nm sphere AuNP [3] using 0.01%
chloauric acid (HAuCl4) and 1% tri-sodium citrate
solution as the reduction solution. The synthesis was kept
at constant stirring and a temperature of 110°C. It was later
ultrasoniced to disperse the molecules before the surface
modification. The mPEG-SH and the FITC-PEG-SH were
added to AuNP solution at a 3:2 ratio. The mix was stirred
overnight to obtain the FITC-PEG modified AuNP.
Cell Experiments. The cell experiments were divided
into two groups: flat and patterned surface. For the flat
surface, we seeded the cells on a 96-well-plate with a cell
density of 1,000 cells/well. For the patterned surface, the
micropatterns were sterilized with ethanol and water, then
placed one square per well on a six-well-plate; cell density
5,000 cells/well. After the cells attached, the previous
medium was aspirated and the growth medium containing
the AuNPs was added to the cells. They were treated with
0.1, 0.5, 1 and 3 nMFITC-PEG AuNP concentrations. The
cells were then tested for cell viability with WST-1, and
cellular uptake studied with fluorescence microscope.
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Results and Conclusions:

On the bright field, the NPs were observed with a red color,
pointed with arrows. Whenever the NPs were aggregated,
the green fluorescence intensity increases. The nucleus,
stained blue, showed there was one cell per dot. There is
green fluorescence inside the contour of the cell every size
dot, suggesting there are NPs inside the cells.
We concluded the following. First, the FITC-PEG
AuNP was non-toxic to MSCs, and they presented a
promising way to visualize cellular uptake. Second, the
patterned cells with different spreading areas, and cellular
tension could uptake FITC-PEG AuNPs. Future work
includes quantifying the fluorescence intensity to obtain
quantitative NPs uptake results and visualizing the NPs
distribution inside cells using laser confocal microscope.
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Micropatterns were characterized to measure the diameter
and depth of each pattern. Patterns were proved to go
according to the design, with a depth around 60 nm (Figure
1). Nanoparticles were characterized with scanning and
transmission electron microscope to analyze their shape
and size distribution (Figure 2). Size was proved to be
spherical, and from the increase in size, we said that
FITC-PEG layer was successfully added. Cell viability test
(WST-1), was performed 6, 12, and 24 hours post-seeding.
The WST-1 results showed no statistical difference between
the NPs treated group and the control group (Figure 3).
For the NPs uptake (Figure 4), cells were examined under
the fluorescence microscope to view the NPs fluorescence
due to the FITC modification.

Figure 1: Micropatterns, 3D view of the different size dots.

Figure 2: Gold nanoparticles shape and size characterization.

Figure 3: Cell viability test or measurement of the NP toxicity to
cells.
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Introduction:
The availability of a real time immune system monitoring
system can be extremely useful in the laboratory and
has potential clinical uses. The current standard for
monitoring is an enzyme-linked immunosorbent assay
(ELISA), which takes 1-2 days and requires large amounts
of sample in comparison to a microfluidic system. Using
a microfluidic system that can detect and monitor
the activity of immune system in real time has many
promising applications. Monitoring specific cytokines,
which are proteins expressed from white blood cells that
are triggered, and trigger the immune system, provides
information as to the current state of the immune system.
Information gathered from the microfluidic assay based
on the cytokines can aid physicians to determine the best
possible treatment and can have near immediate updates
of the patient’s state. This can prove extremely useful in
immune-status updates pre-and post-operation, as well
as a system of monitoring during an infection or disease.
Single cell capture enables studying the most basic unit of
our bodies and can potentially transform treatment and
understanding of diseases.
Recently, the Fu group incorporated micropipette
aspiration as a mechanism to study the mechanical
differences of cancerous versus non-cancerous cells and
the consequences for future cancer treatments [1].

Figure 1: A CAD drawing of the device design that is used for
PDMS molding. Dimensions not listed are; channel width of
100 mm, and channel depth of 50 mm. Each channel has three
cell capturing wells.
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The device proposed here aims to capture single cells to
monitor their isolated behavior for relevant time periods
for critical immune status updates. The microfluidic
device consists of distinct chambers for single cell
capture (see Figure 1). A cross-linked, biocompatible,
synthetic polymer, polyethylene glycol (PEG-gel), will be
patterned on top of the chambers to enable cell capture.
In conjunction with the PEG-gel pattern, the previously
developed technology of localized surface plasmonic
resonance (LSPR) of gold nanorods can be implemented
for biosensing secreted proteins [2].

Experimental Procedures:
CAD and Device Fabrication. K-layout was used for
the design of the microfluidic device. Two designs were
ultimately used in our process. The first design consisted
of an inlet, outlet, and three arrays of cell capture chambers
throughout the channel, varying with different sizes of the
chambers per device, see Figure 1. A silicon wafer was
fabricated following the device design (Figure 2) using
standard DRIE procedures. The second design consisted
of holes displaced relative to the center of the cell capture
chambers in the first design, which was used to pattern
PEG-gel.

Figure 2: Images of the fabricated silicon wafer. (a) Entire
channel. (b) Cell capture chamber. (c) 3-D image of (b) to show
topography.
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Soft Lithography. PDMS and glass substrates were activ
ated via oxygen plasma treatments prior to silanization.
Polyethylene glycol diacrylate, MW 575 g/mol,
was spun on the samples and exposed over the mask via
UV-light for 2-3 seconds. After development by deionized
water, the samples were dried by nitrogen gun.
Cell Capture. Human T-Helper cells (THP-1) were
used in conjugate with CD14 primary antibody. First,
the antibody was deposited and dried onto the features.
After a sufficient drying time, at least 30 minutes, a PDMS
microchannel was placed over the features and THP-1
cells concentrated to 105 cells/mL are flown through the
channel. Approximately every ten minutes, for 30 minutes,
10 ml of cells were manually pumped via micropipetting,
see Figure 3.
Data Acquisition. All cell capture experiments were
performed with a Nikon Eclipse Ti-S microscope under
brightfield view. Fabrication images were taken by an
Olympus BX-51 microscope under bright view.

Results and Conclusions:
Soft lithography and cell capture proved successful on both
PDMS and glass samples, but poor surface adhesion of
PEG-gel onto PDMS substrates limited PDMS patterned
PEG-gel experiments. Varying the exposure time, oxygen
plasma treatments, silanization baths, and development
times with PDMS patterning did not substantially
improve the lithography. Swelling of the PDMS during the
silanization step proved to be quite difficult to overcome
for consistent or accurate patterning. Therefore, most
cell capture experiments were carried out with PEG-gel
features on glass slides.
However, cell capture was successful on a large area of
PEG-gel on a PDMS sample. After many trial and error
experiments, favorable antibody dry time coupled with
sufficient cell flow exposure to the features was established.
Single cell capture has not yet proved successful on the
tested 50 mm diameter PEG-gel features, but double cell
capture has (see Figure 4). Lithography of the 25 mm
PEG-gel features have not yet been detected on the glass
slide substrate.

Future Work:
With double cell capture being possible onto the PEG
features, more efforts will be employed for successful
lithography onto PDMS including the use of a dessicator
chamber for vapor silanization to avoid the swelling due
to the solvent used. An addition, altering the cell capture
design may be a possibility to improve the efficiency of
cell capture on the PEG-gel features, as well as using a
syringe pump to control the cell flow over the features.
Employing fluorescent antibodies will prove helpful
for both quantifying antibody presence on the PEG-gel
features and detecting of the smaller 25 mm features.
2015 NNIN REU Research Accomplishments

Figure 3: (a) Cell capture experimental set up. (b) Cell capture
experiment, arrow pointing at PEG-feature patterned on glass.

Figure 4: Time lapse demonstrates two cells captured on the PEGgel feature after 30 and 31 minutes.

Once successful PEG-gel lithography onto PDMS and
single cell capture is a reality, the sensing with LSPR
AuNRs can be implemented for completion of this device.
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Abstract:
Immunoaffinity-based lab-on-a-chip technologies offer high-throughput, label-free methods of cell
characterization and are attractive for developing low cost point-of-care devices for cellular diagnostics. A
biologically functionalized microfluidic channel would allow for detection of cells of particular interest, such
as cancer cells as different cells have varying levels of affinity for different antibodies. This project focused
on the development of an image-based analysis method combined with a microfluidic platform to identify
cells using surface affinities of plasma membranes. A microfluidic channel was designed and constructed with
polydimethylsiloxane (PDMS) using soft lithography. The channel was partially functionalized with different
coatings including poly-L-lysine (PLL), a positively charged amino acid polymer that electrostatically attracts
the negatively charged plasma membrane of cells. It was predicted that the cells would slow down as they
traverse the coated region due to the electrostatic attraction. The motion of cell population traversing the
channel was captured before and after they reach the PLL-coated region using a high-speed camera. A custom
image processing software was developed to analyze and compare average velocity profiles of cells and neutral
particles that are similar in size. The developed platform can be used to study the dynamics of immunoaffinitybased cell capture in microfluidic devices.

Experimental Procedure:
Microfluidic Device Design and Fabrication. The
microfluidic device was designed in the form of a serpentine
channel with an inlet and an outlet at respective ends to
maximize the channel length. The serpentine microfluidic
channel was 34 µm high, 1.4 mm wide, and 1.9 m long.
The length of the channel ensures that cells sediment and
reach a steady state on the floor of the channel before they
interact with the coated region. The sedimentation process
was modeled using Stokes flow [1], assuming a cell density
( c) of 1.05 g/cm3 and a fluid density ( f ) of 0.996 g/cm3.
The calculated sedimentation velocity was 7.6 µm/s.
Therefore, the time required for all cells to sediment was
approximated to be 5 s, which is much shorter than the
time cells spend in the microfluidic channel during our
experiments.
The device was fabricated using soft lithography (Figure
1). SU-8 negative photoresist was spun on a 4-inch silicon
wafer and was patterned using standard photolithography
to create a mold. The fabricated mold was inspected using
a Dektak 150 profilometer to ensure consistent channel
height across the device.
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Figure 1: Overview of device fabrication process using soft
lithography.

PDMS prepolymer and cross-linker (Sylgard 184) mixed
at 10:1 ratio was poured on the SU-8 mold and cured
for at least for four hours at 65°C. The cured PDMS was
peeled off from the master mold and was bonded to a
1-inch by 3-inch glass slide following surface activation
using oxygen plasma. The bonded microfluidic channel
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Results:

Figure 2: Schematic of developed image processing software.

Figure 3: Velocities of particles and cells in the device. Error bars
represent 95% confidence intervals of mean velocities. Values next
to trial numbers represent percent change in mean velocities.

was then partially coated by flowing a 0.01% PLL solution
from the outlet to cover approximately half of the channel.
Following a 30 min incubation, the device was flushed
thoroughly with de-ionized (DI) water from the inlet.
Data Acquisition and Image Processing. Using a syringe
pump, cells and polymer beads (Polybead® Microspheres
with 15 µm diameter) suspended in phosphate-buffered
saline (PBS) were driven through the microfluidic device
from the inlet at a rate of 5 µL/min. The cells used in the
experiment were human ovarian cancer (HEY) cells.
Confluent cultures of cells were trypsinized and dissociated
by gentle pipetting to create single cell suspension in PBS.
A high-speed camera (Vision Research, Phantom v7.3)
connected to an inverted optical microscope (Nikon Ti)
was used to record the movement of the cells and particles
as they flow in the uncoated and the PLL-coated region.
The field of view in each video was aligned such that the
measurements were taken at identical points along the
width of microfluidic channel to account for the parabolic
flow profile. The recorded video was analyzed using a
cell-tracking program developed using MATLAB for this
experiment. The program was designed to; 1) analyze the
video frame by frame, 2) create a static background, and
3) perform background subtraction to find the location of
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We measured the average velocities of
particles and cells in repeated experiments.
Overall, the polymer beads showed a 16.2%
increase in mean velocity, whereas the cells
showed a 17.7% increase in mean velocity
when they entered the PLL-coated region
(Figure 3).These results are in conflict with
our initial predictions. We hypothesized
that the cells should move slower on the
PLL-coated region due to the electrostatic attraction
between plasma membranes and the PLL layer. Our
measurements indicate higher velocities for both cells
and particles over PLL-coated surface. Moreover, there
is negligible difference between the cells and particles’
velocities suggesting an effect independent of electrostatic
interactions.

Future Work:
Future experiments will focus on the investigation of
various factors that can affect the changes in velocity
of moving particles and cells. We will use surface
characterization tools to analyze device surface coatings
and then optimize our surface functionalization protocols.
The image analysis program will be improved to increase
the signal-to-noise ratios in cell and particle velocity
measurements. Following the analysis of the parameters
that mainly affect the motion of cells, functionalization
of the channel using antibodies will be studied to study
specific cell detection.
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cells and particles in each frame. Using the
known frame capture rate and calibrated
pixel dimension, actual particle velocities
were calculated (Figure 2).
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Introduction:
Early stages of drug screening involve a broad library of
drug compounds. Oftentimes the limiting factor in initial
screening is the low volumes of candidate drugs. Microliter
well assays are the current conventional method for initial
screening. However, a well can only efficiently pipette 10 µL
while in a droplet of 50 µm diameter the volume is 65 pL,
105 times less than a well. The aim of this project was to
develop a platform to screen chemotherapeutic drugs at
different doses on cancer cell lines at high-throughput
using; a) live/dead cell assay, b) fluorescent dye as
indicator of drug concentration, and c) photomultiplier
tubes (PMT) for readout for both drug concentrations and
cell state within each droplet.
The novelty of high-throughput drug screening using
droplet microfluidics has the capability of decreasing
time for analysis, volumes of reagents, and cost using
polydimethylsiloxane (PDMS) microfluidic technology,
while increasing the number of quantified interactions
in comparison to conventional drug screening. High
throughput is describing the fact that in 20 minutes ~ 105
cell and drug interaction chambers can be screened with
PMT sensor technology. Droplet chambers and PMT allow
us to rapidly screen for candidate drugs by quantifying
their efficacy at distinct concentrations in killing cancer
cells as function of time with high statistical resolution.

Figure 1: The junction of the co-encapsulation flow device showing
formation of water-in-oil emulsions.

Experimental Procedure:
PDMS is favored as a material for microfluidic
device fabrication because it is optically transparent,
biocompatible, and gas permeable, among other benefits.
Device fabrication consisted of standard soft lithography
methods. First, SU-8 photoresist was spun onto a silicon
wafer and placed under UV. After developing with a
photo-mask, it became a master mold to make PDMS
devices. Photoresist was poured onto the mold and then
bonded to a glass slide by plasma oxidation. Lastly the
channels were coated with aquapel to make the microchannels hydrophobic [1].
The feature size of the co-encapsulation flow device was
50 µm, which determined the size of the droplets. It is these
narrow micro-channels diameters that give laminar fluid
dynamics, which are governed by low Reynolds numbers.
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Figure 2: CAD of the bilayer PDMS microfluidic device generating
droplets with varying drug concentrations.
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The water-in-oil emulsion occurred in a
flow-focused geometry as seen in Figure
1. The manipulation of the flow rates of
the PBS and dye with respect to each other
determined the concentration of the dye
within the droplet.
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Droplets were water-in-oil emulsions that
were stabilized by a fluorinated surfactant.
The aqueous media contained phosphatebuffered saline (PBS) and a hydrophilic
fluorescent dye. The emulsions were formed
by a continuous flow of the oil; droplet
fission occurred when the continuous oil
phase exerted sufficient viscous stress that
caused an imbalance in the surface tension
[2].
Figure 3, left: PMT heat map representative of same size droplets that have
diffused during droplet incubation. Figure 4, right: PMT heat map demonstrating
suppressed diffusion during droplet incubation.

If 800 µL/s of oil was pumped with 300 µL/s of PBS and
100 µL/s of dye, then you would expect the droplets to
have a relative dye concentration of 25%. We strived to
generate drug concentrations that would be of interest.
After emulsification, there was a serpentine region in
the device that promoted mixing of the droplet contents
before the mixture exited the device through the outlet
and was subsequently incubated.
Figure 2 shows a computer aided design (CAD) for a bilayer
PDMS microfluidic device that generates a drug gradient
by serial mixing in micro-channels within one layer, and
another layer for creating picoliter-sized water-in-oil
emulsion where the drug at different concentrations and
lymphoblast cancer cells are co-encapsulated in a droplet
in parallel. In the drug concentration gradient generating
device, mixing is induced by the changes in velocity
created by the changes in channel widths (Bernoulli’s
principle) and tree branching pattern. The advantage of
this device is to reliably produce same size droplets with
varying concentrations all at once rather than generating
varying concentration droplets independently using a coflow device.
For developmental and experimental purposes
chemotherapeutic drugs and cancer lymphoma cells were
not used, because the concept has already been proven.
More so the focus was to improve the reproducibility of
dye concentration within droplets, size of droplets, and
design of the serpentine drug concentration gradient
generating device.

Results and Conclusions:
The data acquisition was driven by the PMT to identify cell
state (live/dead), drug concentration in droplets, relative
sizes of droplets, and presence of cell in droplet at highthroughput. A PMT heat map showed the distribution of
different concentration clusters and relative sizes.
In Figure 3, there is a vertical smear indicating diffusion
between the droplets. After changing surfactant and
2015 NNIN REU Research Accomplishments

adding a greater concentration of “empty” drops, diffusion
was suppressed.
A horizontal smear would be indicative of droplets lacking
size uniformity. As seen in Figure 4, the diffusion was
suppressed successfully by having independent clusters
of varying dye concentrations. Fluorescence imaging was
also used to observe and quantify dye concentration in the
drops, however it is labor intensive and impractical for
high throughput and the reason for using PMT.

Future Work:
Moving forward we would like to optimize flows and tree
design for best mixing and reproducible concentration
gradients. Using the PMT, we would like to perform
time plots to observe diffusion during droplet incubation
periods. Summation effects of drugs would also be
interesting to observe drug synergy attacking different cell
mechanisms leading to apoptosis. In addition, we would
like to evaluate toxicity in healthy cells, not only drug
efficacy.
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Abstract and Introduction:
Heart disease is the leading cause of death in the United
States, responsible for an estimated 787,000 deaths in
2011 [1]. Genetic mutations are the cause of up to onethird of cases of dilated cardiomyopathy; mutations in
the gene encoding lamin A/C alone accounts for 10% of
inherited cases. Lamin A/C is an important component of
the nuclear envelope: these proteins are essential for many
cellular functions, such as preservation of the nucleus’
shape, DNA replication, regulation of transcription, and
chromatin organization [2]. One hypothesis is that these
mutations interfere with heart muscle cell organization
and/or the exertion of contractile forces, which are
essential for these cells to properly function. In this project
we designed and built polydimethylsiloxane (PDMS)
devices to (a) examine the organization of the cytoskeleton
and (b) assess the contractile forces of healthy and lamin
A/C mutant human cardiac cells. By developing these two
devices for the examination of cardiac cell functions, we
hope to understand the role lamin A/C has on dilated
cardiomyopathy.

Experiment Procedure:
The first device consisted of PDMS stamps that were used to
pattern rectangular shapes of extracellular matrix proteins
with various aspect ratios. The stamp design consisted of

10 mm × 10 mm squares containing rectangles with an
area of 50 µm2, but different aspect ratios, with rectangles
spaced 200 µm apart. From the design, we fabricated a
mask and prepared the molds for the stamps using SU-8
photolithography techniques. The resulting features on
the wafer were rectangular pillars 20 µm tall. Figure 1
shows a schematic of the procedures used to produce the
micropattern device.
After microfabrication, molds were fabricated using PDMS.
A 50 µg/mL solution of fibronectin, an extracellular matrix
protein, was incubated on the PDMS stamps for an hour.
The fibronectin-coated PDMS was placed into contact
with a plasma cleaned glass coverslip to print rectangular
fibronectin areas. The glass coverslips were then immersed
in poly(L-lysine)-graft-poly(ethylene glycol) (PLL-gPEG), which deposited on the glass that was not covered
in fibronectin and prevents cell adhesion, so that cells
could only adhere to the rectangular fibronectin patterns.
The glass coverslips were prepared for tissue culture by
incubating in antibiotic solution, and human fibroblasts
were cultured and then observed on the microscope.
The second device consisted of flexible PDMS micropillars,
ranging in sizes and center-to-center distances. As the
cells exerted forces onto the pillars, the quantification of
cardiac cell contractile forces could be determined from
their deflections. A mask, consisting of circles with a 1 µm
diameter and 2 µm pitch, was used to microfabricate the
pillars using standard lithography techniques.
Hexamethyldisilizane (HMDS) and nLOF-2020 (negative
photoresist) was spin-coated on a silicon wafer, which was
then exposed on the Autostep, post-exposure baked and
developed. The wafer was placed in the Oxford 80 and
processed for oxygen descum (straightening the pillar
edges) and then oxide-etched to remove the silicon wafer’s
native oxide. The wafer was placed in the deep reaction
ion etcher to perform a Bosch process, followed by oxide
stripping to remove the photoresist.

Figure 1: Overview of SU-8 photolithography used for the
development of the micropattern device.
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Figure 2: Bright-field contrast of the 70 × 35 µm2 stamp, spaced at
200 µm, imaged at 5× objective.

Initially, the micropillar device fabrication process had
used similar SU-8 photolithography techniques as the
micropattern device. However, this method resulted in
cracked SU-8, as well as pillars floating off the device in
the SU-8 developer. Thus, the method described in the
experimental procedure was used. From the results, the
device had successfully performed the Bosch process,
where the pillars had scallops that were fairly linear, with
an approximate scallop height of 25 nm as seen in Figure
3. However, issues arose in the deep reaction ion etcher
process, causing the photoresist to burn, resulting in
pillars not fully developing. Figure 4 shows that the pillar
height was approximately 4.44 µm. Unfortunately, due to
the burns, the pillar height did not meet the goal of 10 µm.

Future Work:

Figure 3: SEM image of the Bosch process with each scallop having
a height of 25.42 nm.

The micropattern device will be used to assess variations
in cytoskeletal alignment between mutated and wild-type
cardiac cells. The micropillar device is being finalized
for the quantification of cellular force generation, where
optimizing techniques being considered include a positive
photoresist, changing feature sizes and the addition of an
oxide layer prior to spin-coating HMDS and photoresist.
From the initial studies conducted, the fibroblasts adhered
to micropattern stamps, while cardiomyoctes contracted
on PDMS pillars. Using these devices, we will able to
better understand the role of lamin mutations in dilated
cardiomyopathy.

Acknowledgements:
Figure 4: SEM image of the 1 µm, with a center-to-center pitch of
2 µm, device having a height of 4.44 µm. (See cover!)

Results and Conclusions:
The fabrication process for the micropattern device
successfully created the desired height of 20 µm as well as
obtaining PDMS stamps from the molds. This was verified
by optical microscopy, where the molds had proper
shape and size. Following the microfabrication process,
the preliminary studies with human fibroblasts showed
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that the cells had adhered to the stamped patterns. The
initial studies have shown that the application of a PDMS
stamps with various patterns has the ability to control cell
adhesion and placement. Figure 2 shows the bright-field
contrast of cells adhering to a substrate patterned with the
70 × 35 µm2 stamp, where (mostly) individual cells are
being spaced 200 µm apart.
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Abstract:
Behind strong medical treatments lie accurate diagnostics that commonly involve imaging—such as magnetic
resonance imaging (MRI) and positron emission tomography (PET). Recently, to overcome limitations of each
individual modality, PET and MRI are combined into a more efficient and accurate procedure for functional
evaluation of imaging agent uptake with high resolution anatomy. However, this new technique requires new
contrast agents enabling the dual-modality assessment. To date, numerous nanoparticles have been researched,
but many require chelators for conjugation of radioisotopes to the nanoparticle surface. This raises concerns of
radiolabeling stability and diagnostic accuracy. To address these issues, our project aimed at developing new
PET/MR dual-modality nanoparticles by doping MRI contrast agents such as iron oxide (IO) and gadolinium
oxide (GdO) with positron-emitter 64Cu. We first focused on the synthesis of nanoparticles through onestep reduction, copper doping efficiency, size and shape uniformity, contrast magnitude, structural stability,
and surface modification. We then successfully incorporated 64Cu into IO with ~ 30% incorporation of total
radioactivity and achieved high specific activity for sensitive PET detection. Further, phantom studies and
in vivo pharmacokinetic evaluations suggested potential applications of this particle for PET/MR. We will
continue the optimization for further in vivo animal PET/MRI studies.

Introduction:
With MRI we are able to achieve excellent soft tissue and
soft organ contrast providing images with high anatomical
accuracy. This can be helpful in locating a patient’s
specific medical condition such as a tumor. However,
it cannot provide functional information such as tissue
growth rate and metabolism. In order to collect this
information a patient might have to undergo additional
imaging techniques. A common approach is PET imaging,
which offers the needed sensitivity through detection of
extremely minute amounts of radioactive labeled agents.
When these imaging techniques are combined we then
need dual-modality agents. In our research, nanoparticle
systems were exploited because of their multifunctionality
capability. Specifically, we combined two detection
elements, radionuclides and MRI agents, but future work
could involve additional components used for targeting
and therapeutic payloads. Operating on the nanoscale
also offers enhanced in vivo stability, efficacy, and reduced
toxicity. With such potential it is no surprise that six
nanoparticle delivery systems for cancer are already on the
market and numerous others in clinical development [1].

Experimental Procedure:
Cu-IO Synthesis. Iron oxide particles were synthesized
following a modified one-step copper incorporation
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thermal decomposition procedure [2]. To study effects of
copper incorporation on particle characteristics we varied
the percentage of copper in the reaction medium (0%, 2%
and 10%) through addition of copper chloride dihydrate.
Cu-GdO Synthesis. Gadolinium oxide particles were
synthesized following a modified one-step copper
incorporation polyol process [3]. Similarly to IO we
studied the effects of copper incorporation by varying the
presence of copper in the reaction medium (0% and 5%).
Surface Modification. Before conducting any in vivo
study, particle surfaces first needed to be modified for
stable aqueous dispersion. This was achieved through
the exchange of initial hydrophobic coatings, a product
of synthesis reagents, with polyethylene glycol (PEG)
through a modified PEGylation process [2]. Particles were
first synthesized with non-radioactive copper and studied
via transmission electron microscope (TEM) in order to
characterize size and shape. Copper incorporation was
then confirmed with inductively coupled plasma mass
spectrometry (ICP-MS). Finally, after successful surface
modification for stable aqueous dispersion the synthesis
was repeated except with the use of 64Cu. Further studies
were then conducted on structural stability via thin layer
chromatography (TLC), contrast magnitude via PET and
MR phantom, and pharmacokinetic properties via mouse
biodistributions.
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Figure 1: TEM images of (a) IO-0% Cu and (b) GdO-0% Cu with
20 nm scale bars.

Figure 2: Particle diameters via TEM and measured copper
percentage via ICP-MS.

Figure 3: Radio-TLC plots showing 64Cu incorporation into (left)
GdO and (right) IO.
Figure 4: Mouse biodistribution study of 64Cu-IO.

Results and Conclusions:

Future Work:

Synthetic procedures produced particles monodisperse in
size and shape for both IO and GdO as seen in Figure 1 and
2. It can also be seen that there were only slight changes in
particle diameters as the percentage of copper increased.
This consistency and stability is beneficial as it allows
for the variable tuning of copper incorporation without
significant changes to other features such as PET and
MR contrast magnitude; confirmed via phantom studies.
Further, we were able to confirm the presence of copper by
ICP-MS. While the actual values are lower than amounts
present during synthesis we were successful nonetheless
as the high sensitivity of PET is capable of detecting such
minute amounts of 64Cu.

While this preliminary work was successful in using IO,
GdO, and 64Cu for the development of dual-modality
particles, we hope to increase radiolabeling incorporation
and stability though synthetic procedure modifications.
After optimization of both IO and GdO systems we can
then continue with PET/MR imaging and exploration of
in vivo particle accumulation.

When particles were synthesized with 64Cu we measured
radiolabeling stability by observing how much 64Cu
remained intact versus how much broke free from the
main particle system; seen in Figure 3. For both IO and
GdO we saw that 64Cu remained intact, but in the case of
GdO there was also detachment; signified by the “Free
64
Cu” peak.
Since current progress with IO showed greater radio
labeling success we then studied pharmacokinetic
properties of 64Cu-IO via mouse biodistributions. As seen
in Figure 4, particle concentration in the lungs was greater
than any other organ. While this suggests a potential
application for drug delivery to the lungs further studies
are needed to explore the underlying mechanism behind
the accumulation.
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