CARBON NANOTUBES ATTENUATE CANCER AND IMPROVE HEALING
BY
ELIZABETH MARGUERITE WAILES
A Dissertation Submitted to the Graduate Faculty of
WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the program of
Virginia Tech-Wake Forest University School of Biomedical Engineering and Sciences
May 2015
Winston-Salem, North Carolina
Approved By:
Nicole H. Levi-Polyachenko, Ph.D., Advisor
Padma Rajagopalan, Ph.D., Chair
Martin Guthold, Ph.D.
Joseph A. Molnar, M.D., Ph.D.
Michael J. Morykwas, Ph.D.
Elisabeth A. Tallant, Ph.D.

ACKNOWLEDGEMENTS
Many people supported my efforts to complete this work and without them it
would not have been possible. I am very grateful to have such an excellent advisor, who
is always full of ideas for the next interesting project and provided guidance for my work
while helping me succeed in many other opportunities. Thank you Nicole for your
direction and enthusiasm over the years.
I lucked into the best lab I think I could ever find: the people are friendly, fun, and
highly knowledgeable. I appreciate their collective sense of humor and playfulness as
well as their help with very technical work. In particular, I became close with several of
my fellow graduate students. Thank you Tabitha, Elizabeth, and Ellie for all the laughter,
culinary adventures, and fruitful discussions on work and life.
In addition, I had a much wider circle of support than just those in the same lab.
My committee has been very helpful at many of the crucial junctures of my work. Dr.
Guthold has met with me weekly for the last year and a half, and I have learned a great
deal more about the physics side of this work and related projects as a result. His
graduate student, Xinyi Guo, has also been an invaluable resource regarding the physical
properties of cancer cells and my attempts at AFM. I also appreciate Dr. Tallant’s sage
advice and assistance with regards to my mouse model and related cell work. Drs.
Morykwas, Molnar, and Rajagopalan have been of great benefit though interesting
discussions; I greatly appreciate their diverse viewpoints and fresh eyes which have
helped me see my work from new angles. Besides expanding my knowledge base, these
conversations have often fixed the issue at hand or lead to a breakthrough. Finally, my
family and friends were there for me no matter what, helping me to persevere through the
times before those breakthroughs occurred and to celebrate when they did. Thank you all.
ii

TABLE OF CONTENTS
List of figures……………………………………………………………………………..iv
List of tables……………………………………………………………………………..vii
List of abbreviations…………………………………………………………………….viii
Abstract…………………………………………………………………………………...ix
Chapter 1: Introduction……………………………………………………………………1
Chapter 2: Inhibition of Mesenchymal Cell
Contraction Using Carbon Nanotubes…………………………………………………...12
Chapter 3: Synthesis of Polymeric Nanoparticles and
Their Use In Vitro………………………………………………………………………..50
Chapter 4: Multi-walled Carbon Nanotubes Inhibit
Breast Cancer Cell Migration……………………………………………………………76
Chapter 5: Multi-walled Carbon Nanotubes Inhibit
Cancer Cell Invasion of the Mesenchymal Cell Layer ………………………………...116
Chapter 6: Conclusions and Future Directions………………………………………....142
Appendix………………………………………………………………………………..148
In Vivo Data…………………………………………………………………….148
Editors’ Permissions to Use Manuscripts……………………………………....185
Curriculum Vitae……………………………………………………………………….186

iii

LIST OF FIGURES
Figure 2.1: Images of collagen gels with varying
concentrations of MWNT, SWNT, or carbon black………………………………….….36
Figure 2.2: Viability of cells grown in these collagen gels……………………………....36
Figure 2.3: Contraction of the gels after 1 week...…………………………………….....37
Figure 2.4: Light microscopy of the gels to investigate agglomeration…………………37
Figure 2.5: Live/Dead assay of the gels …………………………………………………38
Figure 2.6: Viability and contraction when proliferation is inhibited…………………...39
Figure 2.7: Actin staining………………………………………………………………..40
Figure 2.8: Reactive Oxygen Species assay……………………………………………..42
Figure 2.9: Gel moduli…………………………………………………………………...43
Figure 3.1: TEM of each synthesis……………………………….……………………...53
Figure 3.2: Viability of TIB-80 cells with PEDOT nanoparticles
after one week of incubation in a collagen gel…………………………………………..64
Figure 3.3: TIB-80 Viability after 7 Days in 2 mg/mL Carbon or
PEDOT Gels……………………………………………………………………………..66
Figure 3.4: Gel Area of 2 mg/mL Collagen Gels with TIB-80 Cells
after 10 Days……………………………………………………………………………..67
Figure 3.5: TIB-80 Viability after 10 Days in a 2 mg/mL Collagen Gel………………...67
Figure 3.6: Area of TIB-80 dsRed Gels after 10 Days…………………………………..69
Figure 3.7: TIB-80 dsRed Viability after 10 Days……………………………………....69
Figure 3.8: Area of Gels with HEPM Cells after 7 Days………………………………...71
Figure 3.9: HEPM Viability after 7 Days………………………………………………..72
Figure 4.1: TEM of MWNT and MWNT-collagen coatings…………………………….98
Figure 4.2: Proliferation of cells on nanoparticle coatings……………………………....99
Figure 4.3: Adhesion of cells to these coatings after 48 hours’ incubation…………….100
Figure 4.4: Adhesion of cells to these coatings after 0-90 minutes’ incubation………..101
Figure 4.5: Western blot of E-cadherin expression…………………………………….103
iv

Figure 4.6: E-cadherin staining………………………………………………………....104
Figure 4.7: Scratch assay……………………………………………………………….105
Figure 4.8: Autophagy………………………………………………………………….107
Figure 5.1: Schematic of the experimental groups …………………………………….119
Figure 5.2: Contraction of the gels after 4 days’ incubation…………………………....125
Figure 5.3: Contraction of the gels after 7 days’ incubation…………………………....125
Figure 5.4: Invasion of the cancer cells after their overnight incubation
on gels that were prepped for 3 days prior to generate myofibroblasts………………...127
Figure 5.5: Invasion of the cancer cells 3 days after the prior measurement…………...127
Figure 5.6: DsRed signal after 7 days ………………………………………………….128
Figure 5.7: Counts of all cells in the gels. ……………………………………………...128
Figure 5.8: MMP-9 expression per gel type…………………………………………....130
Figure 5.9: Quantified expression of the 82 kDa MMP-9 isoform……………………..130
Figure 5.10: Quantified expression of the 67 kDa MMP-9 isoform……………………131
Figure 5.11: Quantified expression of the 64 kDa MMP-9 isoform……………………132
Figure 5.12: Tracking of cells made with pre-treated fibroblasts………………………133
Figure 5.13: Quantified tracking of cells made with pre-treated fibroblasts…………...134
Figure 5.14: A cancer cell undergoing apoptosis……………………………………….134
Figure 5.15: Contraction of mixed gels after 7 days……………………………………136
Figure 5.16: Number of dsRed-expressing MDA-MB-231
cells in the mixed model at the end of one week. ……………………………………...137
Figure 5.17: GFP signal in the mixed model at the end of one week…………………..138
Figure A.1: Fat pad anatomy of a mouse……………………………………………….149
Figure A.2: Sample IVIS scan from the 4T1 cell line in a mouse……………………...150
Figure A.3: IVIS data series………………………………………………………….....155
Figure A.4: Body weight graphs………………………………………………………..164
Figure A.5: Kaplan-Meier survival curve………………………………………………167
Figure A.6: Survival graph……………………………………………………………..168
v

Figure A.7: Time to first metastasis………………………………………………….....169
Figure A.8: Tumor area and volume………………………………………………........169
Figure A.9: Survival time with outliers removed……………………………………....172
Figure A.10: Time to metastasis with outliers removed………………………………..172
Figure A.11: Tumor area and volume with outliers removed…………………………..173
Figure A.12: Time to first correction…………………………………………………...175
Figure A.13: Histology series…………………………………………………………..176
Figure A.14: Western blot……………………………………………………………....180
Figure A.15: MMP-2 expression……………………………………………………….180
Figure A.16: MMP-2 expression with outliers removed……………………………….181

vi

LIST OF TABLES
Table 2.1: Statistical analysis of gel contraction when treated
with carbon nanoparticles………………………………………………………………..35
Table 3.1: Parameters for Each Synthesis………………………………………………..58
Table 3.2: Reactant Ratios for Each Synthesis…………………………………………..59
Table 3.3: Gel Area and TIB-80 Viability in Control Gels
Formulated with Different Collagen Stock Concentrations
and Lengths of Time in the Contraction Assay………………………………………….65
Table 5.1: List of experimental groups……………………………………..…..…..…..118
Table A.1: Change in body weight of mice………………………………………….…166
Table A.2: Event timepoints for each mouse…………………………………………...166
Table A.3: Outliers and their removal………………………………………………….170
Table A.4: Survival time with outliers removed………………………………………..172
Table A.5: Time to metastasis with outliers removed……………………………….....173
Table A.6: Tumor area and volume with outliers removed…………………………….174
Table A.7: Time to first correction……………………………………………………..175
Table A.8: MMP-2 expression………………………………………………………….180
Table A.9: MMP-2 expression with outliers removed……………………………….…181
Table A.10: Power calculation for survival time……………………………………….181
Table A.11: Power calculation for time to metastasis………………………………….182
Table A.12: Power calculation for tumor volume……………………………………...182
Table A.13: Power calculation for time to first correction……………………………..182
Table A.14: Power calculation for MMP-2 expression………………………………...182

vii

LIST OF ABBREVIATIONS
AFM - Atomic Force Microscopy
ANOVA - Analysis of Variance
BCA - Bicinchoninic acid
CB - Carbon Black
ECM - Extracellular Matrix
EMT - Epithelial-Mesenchymal Transition
FACS - Fluorescently Activated Cell Sorting
IVIS - In Vivo Imaging System
kDa - kiloDalton
LBS - Laemmli Sample Buffer
MMP - Matrix Metalloproteinase
MTS - 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium
MWNT - Multi-walled Nanotube
PBS - Phosphate Buffered Saline
PEDOT - Poly-(ethylene -3,4-dioxythiophene)
PEG - Polyethylene glycol
ROS - Reactive Oxygen Species
SWNT - Single-walled Nanotube
TEM - Transmission Electron Microscopy
TGF-β - Transforming Growth Factor Beta

viii

ABSTRACT
Breast cancer is the most common cancer in American women and the second largest cause
of their cancer mortality. Resection of the primary tumor can greatly improve the prognosis,
but if any of the cancerous cells remain, the patient is still at risk. This work investigates the
ability of high aspect ratio nanoparticles to both heal injured tissue and attenuate cancer cells’
aggression.
To assess different particles’ utility, carbon nanoparticles were evaluated in a fibroblast and
collagen gel model of wound contraction, then polymeric nanoparticles were synthesized and
tested similarly. The carbon particles, multi-walled nanotubes (MWNT) in particular,
performed the best, strongly inhibiting pathological wound contraction, increasing cell
viability, and decreasing reactive oxygen species. Later, carbon nanoparticle coatings with or
without collagen were tested with breast cancer cells to assess adhesion, migration, and Ecadherin expression of the cells. The collagen-MWNT coatings were able to increase cancer
cell adhesion to their substrate, decrease migration, increase E-cadherin expression, and also
increase autophagy. The coatings effected all these changes without increasing proliferation
of the cancer cells or affecting non-tumorigenic breast cells.
To examine how these two sets of results might act together, co-cultures were then created
with both fibroblasts and cancer cells in collagen gels with or without MWNT. The cells’
movement and matrix metalloproteinase (MMP) expression were measured to gauge the
cells’ interaction in that environment, as fibroblasts can encourage or suppress metastasis
depending on their behavior. The MWNT were able to decrease cancer cell movement,
particularly their invasion into the gel, and selectively promote cancer cell death without
harming the non-tumorigenic cells. They also decreased MMP expression. Finally, early in
vivo work was undertaken to determine how the collagen-nanoparticle gels are able to control
cancer in mice. Early trends suggest that the material might be quite helpful, but more work
is necessary.
Overall, the collagen-MWNT mixture has shown great promise and sensitivity in targeting
pathological cells while improving the characteristics of the supporting cells. This novel
method of mechanical control of cancer suggests new possibilities for cancer treatment,
which has traditionally been conducted only through biochemical or radiological means.
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CHAPTER 1: INTRODUCTION
Fibroblasts are the main connective tissue cell type in the body and maintain the stroma
for numerous other cell types including many types of epithelial cells.1-3 When tissue is
injured, these cells are the main repair mechanism to repopulate the cells lost to injury,
build new extracellular matrix (ECM) and contract it to match the new matrix with
undamaged tissue.4 They also maintain connections with the epithelial cells, which is a
strong mediator of cell signaling. However, sometimes these cells become fibrotic after
injury or other changes in cells, such as age. This stiffening and scarring of the stroma
leads to both a loss of tissue structure and functionality.5-6
The ECM is predominantly composed of type I collagen, but also contains type III
collagen, fibronectin, elastin, proteoglycans and glycoproteins.7 There is a resting
mechanical tension in the matrix which shields cells from the shear stresses of everyday
motion, but the absence of a matrix in wounded tissue transfers this tension to the cells.8-9
The matrix has also been shown to signal the cells in other ways, as cancer-associated
fibroblasts control the metastatic potential of an adjacent tumor. During normal wound
closure or stromal activation, fibroblasts differentiate into myofibroblasts, which secrete a
greater volume of ECM proteins than regular fibroblasts and also express α-smooth
muscle actin. In wound healing, this allows the cells to better compact the new matrix
and match the new tissue to the unwounded tissue around it.10 Once the cells have
restored the resting tension in the matrix, the myofibroblasts usually apoptose in large
numbers.11 In cancer, the myofibroblasts occur for any number of reasons, but do not
have a known purpose. In both circumstances, sometimes the cells are unable to resolve
this pathology on their own. These cells continue to contract forcefully, deposit excessive
1

collagen without organization such as extensive crosslinking or bundle formation, and
lose their normal interactions with their associated epithelial cells.2,12 This pathology
results in a number of fibrotic diseases in the skin, heart, lungs, liver, kidneys and the
stroma reaction to epithelial tumors which aids tumor growth and metastasis.11,13-16
Collagen type I gels provide a standard mechanism to evaluate tissue remodeling and
have been widely used to reproduce the activity of fibroblasts in vitro.6,17-20 The cells are
known to traverse and interact with collagen fibers and we hypothesized that we could
alter cellular contractile activity by doping the gels with fiber-like materials such as
carbon nanotubes. Our hypothesis was bolstered with the knowledge that carbon
nanotubes have previously been used to alter the behavior of osteoblasts, which also
interface closely with collagen, to promote bone healing.21 To test the nanotubes’ effects
on fibroblasts, we used both MWNT and single-walled nanotubes (SWNT), which are
both long, thin tubes comprised of carbon. Both particle types were pristine, with no
attached moieties or other functionalization. We wished to test the specific effect of the
particles’ shape, and so we tested both of these otherwise similar particles because they
have different absolute sizes. MWNT are essentially larger versions of SWNT; MWNT
have multiple layers of carbon atoms whereas SWNT only have one, and these additional
layers result in thicker particles that are stable at longer lengths. Both types of nanotubes
have a very high aspect ratio - the measurement of their length to their width - ranging
from roughly 100 to 2000, which allows these materials to act as fibers. The SWNT used
in this study were 100-1000 nm in length and 0.8-1.2 nm in diameter, while the MWNT
were 3-30 µm in length with a diameter of 13-18 nm (data provided by the
manufacturers). To more accurately investigate the effect of nanoparticle shape on
2

fibroblast activity, we used spherical ultrafine carbon black (17 nm diameter) as a control
along with the MWNT and SWNT, since all three nanoparticle types are made of carbon,
but the carbon black has an aspect ratio of only 1 as it is a sphere.
The effects of carbon nanotubes on cells and tissues are not yet well understood and are
often contradictory.18,22 Studies have suggested that nanotubes can lead to cell damage;
aqueous

MWNT

which

were

made

well-dispersed

with

the

surfactant

dipalmitoylphosphatidylcholine (DPPC) increased TGF-β1 production and fibrosis both
in vivo and in vitro along with a significant drop in cell viability.18,23-24 However, polymer
wrapping of MWNT using the surfactant Pluronic F-127 has shown to result in stable and
non-toxic nanoparticles23 and others have shown similar results using carbon nanotubes
coated with polyethylene glycol (PEG).25-27 Based on this data, we used Pluronic F-127
with our particles to circumvent issues of cytotoxicity and aid in aqueous stability. While
carbon nanoparticles have great potential to improve therapeutic products, these data and
others have shown that the surface chemistry, surface coating and chemical composition
of carbon nanotubes can change their cytocompatibility drastically.28-29 In contrast, the
effect of carbon nanoparticle shape on cell and cell-matrix response has not been
investigated in detail. The importance of cell-substrate interactions and the fiber-like
nature of carbon nanotubes warrant investigation of the ability of carbon nanotubes to
affect cell behavior.
Other long, thin particles may also inhibit fibrosis. Polymeric nanoparticles, such as Poly(ethylene -3,4-dioxythiophene) (PEDOT) are one such candidate. They are softer and
more flexible, which would better mimic the collagen matrix of randomly overlapping
fibers.30 In addition, PEDOT has already proven to be safe in vivo; it is used as a soft,
3

conductive coating for neural probes used in the brain, which is especially sensitive to
any cytotoxicity.31-32 Carbon is also conductive, and this property is likely to contribute to
its effect.33 Other conductive nanoparticles, such as gold, are not stable at fiber-like
lengths and so are inappropriate for this application, but PEDOT can be made to have
similar dimensions to MWNT. Testing multiple types of high aspect ratio particles will
also contribute information as to their mechanism of action, as both PEDOT and MWNT
have high aspect ratios and are both tested in a Pluronic F-127 wrapping, but PEDOT has
a decreased stiffness relative to MWNT that may prove important for altering cell
behavior.
Fibrosis has been implicated in cancer metastasis, and other research has shown that
systemic anti-fibrotic treatments can shrink tumors.34 We wish to create a treatment that
is more specific to the tumor location and can not only prevent recurrence and metastasis
of the tumor, but can also aid normal tissue in healing the wound created by the tumor
resection. Since both of these processes involve the connective tissue, we chose an
epithelial cancer to model. Breast cancer is an appropriate model in that it is an epithelial
cancer surrounded by connective tissue. It is also an easier model to work with for this
application due to the thickness of the breast tissue as opposed to a thin layer of skin or
mucosa, and a successful outcome could be more impactful as breast cancer is the second
most deadly cancer for American women.35 In addition, while many breast tumors can be
resected, the surrounding soft tissue is significantly injured and has difficulty healing due
to various adjunct cancer treatments such as chemotherapy and radiation, and we wish to
investigate a material that will also help patients heal, not just eradicate the cancer. The
proposed treatment is envisioned as a gel solution that can be injected as a liquid into the
4

wound cavity remaining after resection to fill the void and take its shape, then set and
remain there to act only upon cells proximal to the material. The significance of this work
is to investigate how nanoparticles can be applied to alter the behavior of fibroblasts in
pursuit of this goal.
Another benefit of modeling breast cancer is that there is an established model of triplenegative breast cancer in the commercial human cell line MDA-MD-231. We have
particular interest in this subtype of the cancer because it has the fewest treatment options
available and has the poorest prognosis as it lacks all three typical biochemical markers
traditionally used to target breast cancer: the estrogen, progesterone, and epidermal
growth factor receptors.35 However, this cancer subtype has been found to be more
mechanically sensitive36 and we hypothesized that we could take advantage of this
difference to target the cancer specifically, with minimal effects on the non-tumorigenic
cells.
For the other component of our cell model, we used mesenchymal stromal cells as they
are a model of general connective tissue. We used human embryonic palatal mesenchyme
(HEPM) cells, which are a commercial cell line and as such they are far more
reproducible and easy to work with than primary cultures, with fewer concerns of batchto-batch variation. Mesenchymal cells and fibroblasts are very similar and it is quite
difficult to tell the two apart.37 Mesenchymal cells have a fibroblastic morphology and
are described as fibroblast-like, behave more or less identically to fibroblasts, and express
many of the same genes.38 Both cell types have been shown to respond in the same
manner specifically for behaviors tested in this work: both types can upregulate into
myofibroblasts, are sensitive to TGF-β, and have been shown to increase cancer cell
5

invasion.39-41 As a consequence, we feel that our model is justified and we refer to the
two cell types interchangeably in this work.
Hypothesis: Fiber-like nanoparticles introduced into the stromal matrix can result in a
statistically significant increase in the proliferation and decrease in the contraction of
fibroblasts seeded on that matrix. In addition, they can impart a significant decrease
and/or delay in metastasis of breast cancer cells adjacent to those fibroblasts.

6
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Abstract: Fibrosis can develop after injury in many organ systems, including the skin,
lungs, and heart, yet no treatment is currently available to target the cause of fibrosis. We
hypothesize that fiber-like carbon nanotubes may be able to interact with the
mesenchymal cells to inhibit the contraction that can lead to fibrosis. Collagen gels were
populated with human mesenchymal cells and spherical carbon black nanoparticles,
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single-wall carbon nanotubes (SWNT), or multi-wall carbon nanotubes (MWNT). The
contraction, viability, actin content, and antioxidant capabilities of the gels were
evaluated over the course of one week. The initial mechanical properties of the gels were
also investigated. Both SWNT and MWNT, but not carbon black, significantly inhibited
contraction while increasing proliferation. The nanotubes were effective even though
cells in every gel type expressed α-smooth muscle actin, which is indicative of a procontractile, myofibroblast phenotype. The nanoparticles were shown to not affect gel
stiffness. The MWNT also act as potent antioxidants, which may be the reason they
minimize contraction. Our data show that carbon nanotubes can modulate the
pathological activity of mesenchymal cells while increasing cell proliferation. We
demonstrate that the aspect ratio of carbon nanoparticles is an important factor in
mediating nanoparticle-cell interactions.
Keywords: Fibrosis, Collagen Gel, MWNT, SWNT, Carbon Black
Introduction
Fibroblasts are the main connective tissue type in the body and maintain the stroma for
numerous other cell types including keratinocytes, myocytes, and alveolar epithelial
cells.[1-3] When the tissue is injured, these cells are the main repair mechanism to
repopulate the cells lost to injury, build new extracellular matrix (ECM) and contract it to
match the new matrix with undamaged tissue.[4] Sometimes this process causes overcontraction, which leads to both a loss of tissue structure and functionality.[5-6]
The ECM is predominantly composed of type I collagen, but also contains type III
collagen, fibronectin, elastin, proteoglycans and glycoproteins.[7] There is a resting
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mechanical tension in the matrix which shields cells from the shear stresses of everyday
motion, but the absence of a matrix in wounded tissue transfers this tension to the cells.[89]

Mesenchymal cells have been applied in several wound healing models, including

incisional, thermal, and chronic wounds.[10] Mesenchymal cells have been shown to
differentiate into fibroblasts and myofibroblasts to heal these wounds.[11] Specifically,
fibroblasts normally remodel the collagen, but they cannot generate much force to
contract the ECM.[12] To close the wound, fibroblasts differentiate into myofibroblasts,
which secrete a greater volume of ECM proteins than regular fibroblasts and also express
α-smooth muscle actin to better compact the new matrix.[13] Once the cells have restored
the resting tension in the matrix, the myofibroblasts usually apoptose in large numbers.[14]
However, sometimes the cells do not disengage. These cells continue to contract
forcefully and deposit excessive collagen without organization such as extensive
crosslinking or bundle formation.[2,

15]

This pathology results in a number of fibrotic

diseases in the skin, heart, lungs, liver, kidneys and also the stroma reaction to epithelial
tumors which aids tumor growth and metastasis.[14, 16-19]
Collagen gels provide a standard mechanism to evaluate tissue remodeling and have been
widely used to reproduce the activity of mesenchymal cells and fibroblasts in vitro.[6, 20-23]
The cells are known to traverse and interact with collagen fibers and we hypothesized
that we could alter cellular contractile activity by doping the gels with fiber-like materials
such as carbon nanotubes. Carbon nanotubes have previously been used to alter the
behavior of osteoblasts, which also interface closely with collagen, to promote proper
bone healing.[24] We used two sizes of these nanotubes to test the effect of both aspect
ratio - the measurement of their length to their width - and absolute size. Multi-wall
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nanotubes (MWNT) are essentially larger versions of single-wall nanotubes (SWNT);
MWNT are thicker than SWNT because they have multiple layers of carbon atoms and
this added thickness allows for stable nanotubes at longer lengths. However, both types
of nanotubes have a very high aspect ratio ranging from roughly 100 to 2000, which
causes these materials to act as fibers. The SWNT used in this study were 100-1000 nm
in length and 0.8-1.2 nm in diameter, while the MWNT were 3-30 µm in length with a
diameter of 13-18 nm (data provided by the manufacturers). To investigate the effect of
nanoparticle shape on fibroblast activity, we used spherical ultrafine carbon black (17 nm
diameter) as one of our control groups.
The effects of carbon nanotubes on cells and tissues are not yet well understood and are
often contradictory.[21, 25] Studies have suggested that nanotubes can lead to cell damage;
aqueous

MWNT

which

were

made

well-dispersed

with

the

surfactant

dipalmitoylphosphatidylcholine (DPPC) increased TGF-β1 production and fibrosis both
in vivo and in vitro along with a significant drop in cell viability.[21,

26-27]

However,

polymer wrapping of MWNT using the surfactant Pluronic F-127 has shown to result in
stable and non-toxic nanoparticles[26] and others have shown similar results using carbon
nanotubes coated with polyethylene glycol (PEG).[28-30] While carbon nanoparticles have
great potential to improve therapeutic products, surface chemistry, surface coating and
chemical composition can change their cytocompatibility drastically.[31-32] In contrast, the
effect of carbon nanoparticle shape on cell and cell-matrix response has not been
investigated in detail. The importance of cell-substrate interactions and the fiber-like
nature of carbon nanotubes warrant investigation of the ability of carbon nanotubes to
affect cell behavior.
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Materials and Methods
Cell Culture
The cell line human embryonic palatal mesenchyme (HEPM) was purchased (ATCC,
Manassas, VA) and cultured according to the vendor’s specifications in DME/High
Modified media (HyClone, Logan, UT) with 10% fetal bovine serum, 1% L-glutamine,
and 1% penicillin and streptomycin (each from Life Technologies, Carlsbad, CA). Cells
were used between passages 15 and 20. Viable cells were counted using a hemocytometer
and trypan blue exclusion.
Nanoparticle Solutions
The effect of nanoparticle shape on fibroblast contraction was evaluated using 17 nm
spherical carbon black (Cabot, Boston, MA), SWNT (Unidym, Sunnyvale, CA) created
from high pressure carbon monoxide conversion synthesis (HiPCO), and MWNT (Cheap
Tubes Inc., Brattleboro, VT). None of these particles were oxidized or otherwise
functionalized in any way. Each of the three types of nanoparticles was tested at three
concentrations: 100 µg/mL, 10 µg/mL, and 1 µg/mL. Because the nanoparticle solution
comprised 10% of the total gel volume, these concentrations are equivalent to 1%, 0.1%,
and 0.01% nanoparticle content respectively by weight per volume (w/v).
The nanoparticles were sterilized by adding them to phosphate buffered saline (PBS)
(Sigma, St. Louis, MO) and then centrifuging at 14,000 rpm for 30 minutes in an
Eppendorf 5418 centrifuge (Eppendorf, Hamburg, Germany). The supernatant was then
removed and the particles were resuspended in 70% ethanol in water before being spun
again at the same speed and duration. The supernatant was again removed after this
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process and the nanoparticles were resuspended in 1x PBS and 1 mg/mL Pluronic F-127
(Sigma, St. Louis, MO) at a concentration of 100 µg/mL. Nanoparticle solutions were
then horn sonicated using a Branson digital sonifier with 1/8‖ tapered microtip
attachment (Branson Ultrasonics Corporation, Danbury, CT) for 5 minutes at 20%
amplitude with a pulse duration of 2 seconds and a 50% duty cycle. The horn sonicator
tip was sterilized with 70% ethanol in water before and after each use. A Beckman
Coulter DU 730 Life Science UV/Vis spectrophotometer (Beckman Coulter, Inc., Brea,
CA) was used to evaluate the optical density of the nanoparticle solutions at 808 nm in
order to confirm nanoparticle concentration by comparing a 1:10 dilution of the solution
to a known 10 µg/mL solution of the non-sterilized and well suspended nanotubes. The
sterile solution was then serially diluted to generate the lower two concentrations.
Solutions were stored in a 4ºC refrigerator and sonicated again for 1 minute of the same
cycle immediately before they were used in the gels.
Gel Preparation
Gels were formed in 12-well plates by combining the following solutions in each well in
the order they are listed: 100 µL 10X PBS, 20 µL 1M sodium hydroxide, 130 µL cold
nanoparticle solution, 800 µL cold 5 mg/mL rat tail collagen type I diluted in 0.02M
acetic acid from high concentration collagen (BD Biosciences, San Jose, CA), and 250
µL cell solution of 4x106 cells/mL in media. All gel types were made in triplicate, with
three gels of each concentration for each of the three nanoparticle types. Positive control
gels were made without nanoparticles in the PBS/Pluronic solution and negative control
gels were made without cells, using only media for the cell solution. These solutions were
then gently pipetted to mix and bubbles were aspirated from the gels. During
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development of the protocol, it was discovered that immediate incubation caused
aggregation of the nanoparticles. Brightfield microscopy was used to document this
phenomenon. As a result, the gels described here were allowed to initially set in a hood at
room temperature for half an hour and were then transferred to a 37ºC incubator for
another half an hour. This method resulted in no readily apparent nanoparticle
aggregation, but the presence of smaller aggregates was later investigated with polarized
light microscopy using an Axioplan 2 microscope (Zeiss, Oberkochen, Germany). After
an hour, the gels had fully set and were gently removed from their wells individually to
be photographed in a 38 mm plastic culture dish against millimeter-square graph paper.
The gels were then replaced in their original wells and topped with 2 mL media per gel.
Photographs were taken of each gel every day for one week after gel formation. The
media was changed every other day starting the first day after gel formation.
Representative gels can be seen in figure 1.
Insert figure 1
Contraction Analysis
The area of each gel on each day was calculated based on two perpendicular
measurements of the diameter of the gel. Contraction was assessed by dividing the area
of cellularized gels by their non-cellular negative controls. A one-way ANOVA was then
applied to this normalized contraction data using SigmaStat version 3.5. Post-hoc testing
was also performed in SigmaStat using the Holm-Sidak method with each value being
compared to the cellularized gel without nanoparticles, i.e. the positive control. A twoway ANOVA was also performed on the raw, non-normalized data to determine the
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relative contributions of the cells, nanoparticles, and the interaction of the two to the
observed effect on contraction.
Cell Viability
The gels were evaluated after the one week incubation period had concluded. The gels
were incubated in 2 mg/mL collagenase IA (Sigma, St. Louis, MO) in media for 90
minutes until they were completely dissolved. The solution was homogenized with
vigorous pipetting and then an aliquot of this solution was counted using a
hemocytometer and trypan blue exclusion to measure cell viability in the digested
collagen gels. The volume of solution in each well was also measured so as to generate a
full cell count per gel. This method was used to generate the data in figures 3 and 6. A
one-way ANOVA was then applied to the overall viability data set. Post-hoc testing was
also performed using the Holm-Sidak method.
Other gels were made for the purposes of staining to evaluate cell viability as well as cell
morphology; these gels were not dissolved but instead underwent a Live/Dead assay (Life
Technologies, Carlsbad, CA). Based on a similar protocol[21], the gels were washed with
2 mL 1x PBS per gel and incubated for 40 minutes to remove media, then the PBS was
replaced with 1 mL of a solution of 5 µM ethidium homodimer and 5 µM calcein in PBS,
concentrations that were successful in another protocol.[33] The gels were incubated for
45 minutes before this solution was removed and 2 mL fresh PBS was added per gel. The
gels incubated for a final 20 minutes before they were transferred to chamber slips for
confocal imaging. Argon and Helium-Neon lasers were used to excite the calcein dye at
488 nm and the ethidium homodimer dye at 543 nm. The fluorescence was imaged at
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505-530 nm for the calcein and >560 nm for the ethidium homodimer. Each gel was
viewed under 10x magnification using a Zeiss Axiovert 100 M confocal microscope with
an attached laser scanning microscopy unit, LSM 510 (Zeiss, Oberkochen, Germany).
The number of cells shown in each confocal image was later counted to facilitate
quantitative comparison of cell count trends.
Proliferation
To investigate the proliferative behavior of the cells encapsulated in these gels, mitosis
was blocked with the antiproliferative chemical cytosine β-D-arabinofuranoside (also
known as Ara-C; Sigma, St. Louis, MO). Based on a previous protocol[34], 10 µL of a 200
µg/mL solution in sterile water was added to each gel solution before mixing. The gels
were then maintained identically to the other gels and evaluated using the trypan blue cell
counting protocol and contraction analysis described in the previous two sections.
Actin Staining
Fibroblast phenotype was investigated by measuring the content of the three different
actin isoforms in the cytoskeleton of the cells in each gel type. Each gel type was tested
in triplicate at the end of 7 days of incubation to allow for any cytoskeletal changes to
fully develop. The media was removed and replaced with PBS for 10 minutes to wash
away any remaining media. The PBS was then removed and gels were fixed with 4%
paraformaldehyde in PBS for 30 minutes, washed with more PBS, and then
permeabilized with 0.2% Triton-X-100 (Fisher Scientific, Waltham, Massachusetts) for
15 minutes. After another PBS wash, the gels were blocked with 2.5% BSA for 90
minutes. Five millimeter diameter samples were taken from each gel in an area directly
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between the center and the edge of each gel using a round biopsy punch; samples were
transferred to a 96-well plate after collection. Fluorescently tagged antibodies, each at a
1:40 dilution, were applied to the samples simultaneously for 1 hour following another
PBS wash. The antibodies were anti-β actin fluorescein isothiocyanate (FITC) (Abcam,
Cambridge, England), rhodamine phalloidin (Life Technologies, Carlsbad, CA), and antiACTA2 conjugated to HiLyte Plus 647 (LifeSpan Biosciences, Inc., Seattle, WA). These
correspond to β actin, F actin, and α actin respectively. The ACTA2 isoform is specific to
α smooth muscle actin, which is used to specifically determine the presence of
myofibroblasts and does not bind to α skeletal muscle, α cardiac muscle, or α or γ
cytoplasmic actin. After a final PBS wash, the fluorescence was then excited/measured at
488 nm/525 nm, 543 nm/570 nm, and 633 nm/670 nm using an Infinite M200 plate
reader (Tecan, Männedorf, Switzerland) to generate quantitative data. The gels were also
viewed at 40x magnification using the same confocal microscope as was used for the
Live/Dead assay. On the confocal microscope, the stained samples were excited at 488
nm, 543 nm, and 633 nm and read at 505-530 nm, 565-615 nm, and >650 nm.
Reactive Oxygen Species Assay
A hypoxanthine/xanthine oxidase assay was used to gauge any antioxidant effect of the
nanoparticles. The following stock solutions were formed: 1.95 mM cytochrome C in
PBS, 1 mM hypoxanthine in 0.9 mM NaOH in PBS, 10200 U/mL superoxide dismutase
in PBS, 6000 U/mL catalase in PBS, and 167.5 mU/mL xanthine oxidase in PBS. These
stock solutions were then combined to form experimental solutions A, B, and C. Solution
A included 320 µL of catalase, 320 µL hypoxanthine, 755 µL cytochrome C, and 14.6
mL PBS. Solution B was 57 µL xanthine oxidase and 743 µL PBS. Solution C combined
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57 µL xanthine oxidase, 90 µL superoxide dismutase, and 653 µL PBS. The experimental
solutions were then mixed to yield reactive oxygen species. Each gel was washed with
PBS and a baseline absorbance measurement was taken at 550 nm using the same plate
reader as was used in the actin assay. Each gel then received 200 µL of solution A and an
equal volume of either solution B or C. Five triplicate sets of gels were tested after they
were incubated for 7 days; one set of gels for each nanoparticle type and one set of gels
with cells but without nanoparticles were activated with solution B. Another set of the
cellularized gels without nanoparticles was tested with solution C to act as the positive
control for this experiment, since superoxide dismutase (SOD) is known to quench
reactive oxygen species. The absorbance was then measured every 5 minutes for 90
minutes total to gauge the long-term effects of the nanoparticles on the cells. Each data
point was evaluated as the change from the baseline reading. The plate reader was
maintained at 37°C and the plate was not disturbed during this time.
Compression Testing
To determine the Young’s modulus of the nanotube-doped collagen gel, acellular gels
were made similarly to the description in the ―gel preparation‖ section. Another control
gel with a higher concentration of collagen (undiluted 8.93 mg/mL stock instead of the
usual 5 mg/mL) was also used to better gauge the effect of stiffness changes resulting
from changing the collagen alone. All of the gels were made with half the normal volume
of solution used to make the gels and in 48-well plates instead of 12-well plates, resulting
in gels that were chemically identical to the other gels tested but that were taller and
narrower than the original wide, flat gels to facilitate compression testing. The height and
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diameter of each gel was measured with Vernier calipers prior to each test. Each
concentration of each material type was evaluated in triplicate.
Samples were tested using an ElectroForce mechanical tester with compression platens, a
1 kg load cell, and WinTest 4.1 software (all from Bose, Eden Prairie, MN). Samples
were tested at 0.01 mm/s for 1.5 mm and data were collected at 20 points per second. The
data were analyzed by converting the load and displacement data into stress and strain
values using the individual dimensions for each gel. Stress vs. strain plots were then
generated in Excel (Microsoft, Redmond, Washington). Strains of 10% or less were
evaluated to only consider the linear region of the stress-strain curves, which indicate the
region of elastic deformation applicable to Young’s modulus calculations. Linear
trendlines of these plots were fit using Excel and the slope was taken as Young’s
modulus, also called the elastic modulus. Most of the trendlines had correlation
coefficients (R2) of 0.97 or better, but none were below 0.86 (out of a possible 1.0). Oneand two-way ANOVAs were used to analyze the results.
Results
Gels darkened with increasing concentrations of incorporated nanoparticles as shown in
figure 1. At the end of one week, contraction was observed in every gel regardless of
nanoparticle concentration, but only the MWNT and SWNT gels were statistically
different in area from the control gels as shown in figure 2. While ultrafine carbon black,
as was used here, has been reported to inhibit contraction via adsorption of procontractile fibronectin and TGF-β[6], the Pluronic F-127 coating prevented the carbon
surfaces from adsorbing any other compounds. Within gel types, no concentration of
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carbon black contracted more significantly than any other, nor did any concentration of
MWNT. The highest concentration of SWNT contracted more significantly than the
lower two concentrations on a p<0.05 level. Between gel types, the highest
concentrations of MWNT and SWNT contracted to a statistically similar extent, while the
lower two concentrations of SWNT contracted significantly less than the same
concentrations of MWNT (p<0.05). Because contraction is a cell-mediated process, one
might expect to see a decrease in contraction if the nanoparticles, and particularly the
nanotubes, were cytotoxic since dead cells cannot contract. Interestingly, as shown in
figure 3, all of the nanoparticle gels resulted in an increased number of viable cells
compared to the non-nanoparticle control gels. The highest concentrations of MWNT and
SWNT had nearly 3 times as many cells as the control.
Insert figures 2 and 3
MWNT and SWNT increase cell viability only at the highest concentration tested, while
carbon black increases cell viability only at the intermediate concentration. While the
0.1% carbon black gel does have a statistically significant increase in the number of
viable cells over the control gel, the 0.1% carbon black gel is not significantly different
from either of the other two concentrations of carbon black gels, neither of which are
different from the control. In the MWNT group, the 1% gel is significantly different from
each of the lower concentrations, which are not significantly different from one another.
The SWNT group is somewhat less clear-cut, with the 0.1% and 1% concentrations being
significantly different from one another, but the 0.01% group not being different from
either of the other two concentrations. These data show that the effect of the nanotubes on
contraction changes with dose.
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We investigated the role of the nanoparticles in the interaction using a two-way ANOVA,
which assesses the contribution of each factor to the overall variance in the data. It was
found that gel contraction is affected by the inclusion of cells in the gel, which would be
expected from a cell-mediated process. The relationship between the inclusion of cells
and gel contraction was highly significant; data is available in table 1. (Insert table 1)
The effect of the nanoparticles alone was found to be significant for the MWNT and
SWNT, but not for the carbon black. The interaction of the nanoparticle and cell effects
was also found to be significant for each material, which further supports our theory that
the nanoparticles are interacting with the cells and mediating their contraction on a
cellular level. To futher buttress this result, the gels were viewed with polarized light
microscopy at day 7 to test for the presence of nanoparticle aggregates. As shown in
figure 4A, no nanoparticle aggregates were detected even at the end of compaction. This
contrasts with gels that were formed using a slightly different protocol and contained
aggregates that were obvious to the naked eye immediately after formation (figure 4B).
However, because the resolution of this type of microscopy is limited to 0.4 µm, finer
aggregates would not be detected. Therefore, a uniform distribution down to the
microscale can be asserted but not a disentanglement at the nanoscale.[35] Because the
nanoparticles are well dispersed to at least this extent, they should be well incorporated
into the matrix and therefore better able to interact with cells on an individual level.
Insert figure 4
To investigate the cause of the differences in cell number at day 7, as shown in figure 3,
viability was also investigated at day 3 to evaluate if the differences were due to a large
set of apoptosing cells at the end of the incubation period, as might be expected from
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myofibroblasts that have successfully contracted a wound. All gels contained numerous
healthy cells after 3 days of incubation, but some materials had many more cells than
others, as shown in figure 5. (Insert figure 5) Counts of the cells in each individual image
from figure 5A are plotted more quantitatively in figure 5B. The confocal images from
day 3 reflect the trends seen in the day 7 cell counts that nanoparticles increase cell
viability and the highest concentrations of nanotubes have the strongest effect. Because
the trends are the same for days 3 and 7, the results must be due to an effect that is
consistent over the course of the experiment and cannot be attributed to increased cell
death late in the experiment. To determine the mechanism of this consistently increased
viability, proliferation was blocked when a new batch of gels were made. As shown in
figure 6A, the increase in the number of viable cells is removed when proliferation is
blocked, proving that the difference in viability is due to increased proliferation.
Interestingly, it was also noticed that this inhibition removes the differences in
contraction between the different gel types (figure 6B).
Insert figure 6
The mechanism of the differential cell responses to each gel type was also investigated. It
was evaluated initially with an actin assay which showed that each gel type expressed β,
F, and α actin. (Insert figure 7) There was no significant difference in actin isoform
expression between materials. These data are represented in figures 7A and 7B
respectively. While the β and F actin is expected to be the same for all groups, the α
smooth muscle actin result was less expected, since only myofibroblasts express α actin
and generally myofibroblasts increase contraction. Many pathways mediate the
myofibroblastic phenotype, however, and reactive oxygen species have been correlated
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with the presence of this phenotype through both TGF-β and integrin signaling
pathways.[36-37] To further probe the mechanism of the nanotubes’ effect, a reactive
oxygen species assay was performed. (Insert figure 8) The relatively long time scale of
the assay is justified because it was investigating the longer-term effects of reactive
oxygen species on the cells and, as shown in figure 8A, the assay does take a while to
stabilize in the 2-3 mm thick collagen gels. This is likely because the
hypoxanthine/xanthine oxidase assay generates extracellular free radicals but the radicals
are intracellularly quenched.[38] As shown in figure 8B, the MWNT exhibit an effect
similar to the antioxidant superoxide dismutase, whereas the carbon black nanoparticles
have no antioxidant effect. The SWNT had too large of a standard deviation to ascertain
to which group it belongs.
The mechanical properties of each gel were also evaluated as a possible mechanism of
action. (Insert figure 9) None of the gels were found to be different than the control in a
one-way ANOVA. However, a two-way ANOVA showed a now familiar trend: the only
significant changes were for the highest concentrations of nanotubes. The carbon black
gels showed no difference from one another at any concentration. The 1% MWNT gels
had a significantly higher Young’s modulus than the lower two concentrations of MWNT
gels. The 1% SWNT gels were also significantly different from the lower two
concentrations of SWNT gels, but the 1% gels were significantly less stiff.
Discussion
It has previously been demonstrated that carbon nanoparticles non-specifically interact
with collagen through hydrophobic-hydrophobic interactions.[39] Theoretically, perfectly
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dispersed nanoparticles should not change the optical density of the gel, and a darkening
of the gel suggests aggregation of the nanoparticles.[40] The gels generally started out as
almost clear, though the carbon black gels were somewhat darker. We observed the
carbon black gels become noticeably darker during their significant compaction and we
also observed this effect to a lesser degree with the nanotube gels. However, the gels still
showed no aggregation when tested at the end of their incubation period, which as a
result of the compaction process is the point when they are most likely to contain
aggregates (figure 4).
The data show that the embedded nanoparticles change both the matrix of the gel itself
and the cells surrounding the nanoparticles. The results of the two-way ANOVA show
that the effect of the nanotubes alone significantly affects the contraction of the gel,
which would be the case if the nanotubes were somehow affecting the collagen matrix
and making it more difficult or less favorable for the cells to contract the gel. Because
these nanoparticles are well dispersed instead of aggregated, they are also better able to
interact with cells on at least the microscale and interact with all the cells in a more
uniform fashion.
The MWNT act as antioxidants, and similar results have been reported for other PEGlyated carbon nanoparticles, such as hydrophilic carbon clusters (PEG-HCCs).[30] Studies
with other antioxidants have shown that a decrease in reactive oxygen species causes an
overall decrease in inflammatory processes, which results in a decrease in collagen gel
contraction.[37] While most of the ROS data can be explained, the SWNT data is more
mysterious. Based on the results, the SWNT data was repeated later with a fresh batch of
gels, but the same value and standard deviation were observed (data not shown).
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Furthermore, other authors have shown that decreased gel contraction is related to a
decrease in ROS with a subsequent decrease in α smooth muscle actin expression[37],
which makes our finding of unchanged α smooth muscle actin expression with decreased
contraction even more intriguing.
The elastic modulus of the cell substrate has also been shown to greatly affect the
behavior of cells.[41] The addition of carbon nanoparticles to a material creates a
composite with an increased modulus, but the change in modulus is usually observed at
significantly higher nanoparticle fractions than were tested here.[42-44] However, there are
other ways for the particles to affect gel properties. High aspect ratio particles such as
MWNT and SWNT require a smaller number of particles than low aspect ratio particles
such as carbon black in order to form a network of the nanoparticles throughout the
matrix. This lattice network of interacting nanoparticles is needed to significantly change
the properties of the material; until that point, only much smaller differences will be seen.
The concentration of nanoparticles or other dopants that results in the formation of such a
network is known as the percolation threshold. The MWNT and SWNT should
experience this transition near 0.5 wt%, but the carbon black would require closer to 20
wt%.[35,

45]

We believe that the differences we observe in this work are attributable to

crossing that percolation threshold in the 1% MWNT and 1% SWNT gels.
A lattice increases conductivity when there are enough conductive elements that touch
each other to create unbroken electrical paths across or throughout a substrate.
Fibroblasts have been shown to increase cell adhesion, spreading, and proliferation on
conductive substrates[46], and a random matrix formed by nanotubes corroborates
evidence from other authors that Pluronic F-127 wrapped carbon nanotube-doped gels
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enhance the electrical conductivity, leading to improved cytocompatibility.[26] In the
formation of a lattice, there is little difference in the observed effects below a critical
threshold of conductor connectivity, but a significant step occurs once the threshold is
crossed. The nanotube gels show a greatly increased viability at the 1% concentration
after flat or minimal cell count growth at the lower concentrations. While the 0.1%
carbon black gels seem to significantly increase cell counts in figure 3, this trend is
actually reversed in figure 5 with the 0.1% carbon black gels exhibiting the lowest cell
counts of that gel type. As a result, we believe that carbon black shows a concentrationindependent increase in viability for the concentrations tested. Because cell viability has
only been shown to significantly increase once a cohesive network is formed, the dose
dependence of the nanotubes on cell viability demonstrates this percolation threshold is
reached at the highest nanotube concentration tested (1%) and is lacking in the gels with
spherical carbon black. This conclusion is strengthened by the results of the proliferation
study, which show that the difference in viability between the various nanoparticle
dopants is due to proliferation, suggesting an increase in conductivity from lattice
formation.
By incorporating a nanotube lattice into the gels, cells have a more difficult time
contracting the gels, but also have more scaffold-like substrate on which to proliferate.
This combination of decreased contraction but increased proliferation would be well
suited to aid in healing of wounds that have reached the connective tissue, such as deep
burns. Such an application should speed healing time and decrease the likelihood of a
scar contracture developing from the injury.
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Conclusion
Carbon nanotubes are potent inhibitors of mesenchymal cell-mediated contraction even
though the nanotubes significantly increase the number of viable cells available to
contract. A significant mediator of this effect is the aspect ratio of the carbon
nanoparticles. The fiber-like shape of the nanotubes leads to important consequences in
their biological interactions, allowing them to generate a matrix within the collagen gel at
the concentrations tested. The antioxidant ability of the MWNT also contributes to the
effect and would serve to further decrease inflammation in in vivo applications. This
supportive, electrically conductive network of nanotubes may aid the fibroblasts in
reorganizing the ECM to decrease contracture and hence fibrosis. Because fibrosis yields
a number of detrimental effects by creating a disorganized ECM and altering cell-ECM
interactions, the ability of carbon nanotubes to restructure the matrix and scavenge
reactive oxygen species offers a new tool to treat a variety of fibrotic diseases from scar
contractures to cancer metastases.
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Figure Legends and Table Captions
Figure 1: Gels of each material type at each concentration tested. The 0% gel is the
positive control, which contains no nanoparticles. Gels are shown on the same day that
they were made (day 0 contraction). Each of the small squares represent 1 mm3.
Red/purple coloration is due to phenol red in the culture media.
Figure 2: MWNT and SWNT decrease gel contraction at every concentration tested. The
area of each gel type at day 7 was normalized by the area of a non-cellular but otherwise
identical gel to evaluate the extent of cell-mediated contraction. An asterisk denotes
significance from the control on the p<0.05 level. Error bars show the standard deviation
of the normalized data.
Figure 3: MWNT and SWNT increase cell viability only at the highest concentration
tested, while carbon black increases cell viability only at the intermediate concentration.
Cell counts were generated by dissolving each gel in collagenase, pipetting to
homogenize the solution, counting an aliquot of the solution using a hemocytometer, and
then measuring the total volume of solution. Counts shown are the product of the
concentration generated using the hemocytometer and the total volume of solution. An
asterisk denotes significance from the control on the p<0.05 level. A dagger denotes a
significant difference between different concentrations of the same material. Error bars
show the standard deviation.
Figure 4: The gel preparation method described herein creates a uniform distribution of
the nanoparticles throughout the gel. Each nanoparticle gel contains the maximum
concentration tested (1%). A. Polarized light microscopy of a representative gel of each
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material are shown at day 7. No aggregates are present in any gel type. All gels are
shown at 10x magnification. B. Brightfield images of each gel type when the protocol is
intentionally performed improperly to induce aggregation. All gels are shown at 4x
magnification.
Figure 5: Live and dead cell populations were evaluated at day 3 and demonstrate a
similar increase in cell viability as is seen with the day 7 data. A. Confocal images of gels
stained with a Live/Dead assay after 3 days of incubation. Live cells are green and dead
cells are red. All gels are shown at 10x magnification. B. Cell counts of each image
shown in part A.
Figure 6: Blocking proliferation with Ara-C prevents the disparities observed between
different gel types at day 7. Error bars show the standard deviation. A. The counts
measure the total number of viable cells recovered from gels that were dissolved after 7
days of incubation and counted using a hemocytometer identically to the data collection
process described in figure 3. No treatment differs from the control. Daggers indicate a
significant difference on a p<0.05 level between nanoparticle gel types. B. Inhibiting
proliferation of the cells removes the statistical differences observed in gel contraction.
Gel area after 7 days of incubation was normalized by the area of the control gel.
Figure 7: All three actin isoforms are expressed in each gel type with no significant
difference in actin expression between materials. A. The presence of α smooth muscle
actin as stained with the anti-ACTA2 antibody further proves the myofibroblastic
differentiation of the cells. All gels are viewed at 40x magnification. B. No statistical
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difference was observed between any of the groups due to the large variability of the
data. Error bars show the standard error of the mean.
Figure 8: MWNT have an antioxidant capability on par with superoxide dismutase,
while carbon black is no different from the control and SWNT have too much variability
to be accurately described. A. The temporal response of each gel type to a reactive
oxygen species assay. B. The endpoints of each gel type after 90 minutes of the assay.
Error bars are the standard error of the mean and asterisks denote significance on a
p<0.05 level.
Figure 9: None of the gel types statistically differ in stiffness from the control. However,
nanoparticle inclusion in the gels results in altered mechanical properties within each
group of nanotube gels. Daggers indicate the differences between various concentrations
of the same gel type. Error bars show the standard error of the mean.
Table 1: The effects of the cells, nanoparticles, and the interaction of the two each
contribute significantly to the observed contraction. The table shows the significance
levels for each permutation of the two-way ANOVA output. Significant values on a
p<0.05 level are in italics.
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Tables
Table 1

Cells Alone Nanoparticles Alone Interaction
Carbon Black p<0.001

p=0.058

p=0.022

MWNT

p<0.001

p=0.008

p=0.003

SWNT

p<0.001

p<0.001

p<0.001
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CHAPTER 3:
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Abstract
Poly(3,4-ethylenedioxythiophene) (PEDOT) has moved beyond its original incarnation as
a film used in solar cells to other electrical applications such as silicon chip dopants and
in vivo uses such as a neural probe coatings for electrical impedance matching. To
continue the field’s expansion, various nanoparticle forms of the material will be
required. Our goal was to develop straight-forward syntheses for preparing PEDOT
nanoparticles with a wide variety of shapes and sizes via soft template solution chemistry.
By controlling the relative concentrations of surfactant, iron (III) chloride, 3,4ethylenedioxythiophene monomer, and mechanical influences such as sonication and
stirring, we were able to yield spheres and fibers of various dimensions.

The utility and demand of PEDOT has grown dramatically in recent years, spreading to
new fields such as neuroscience from its beginnings in solar cells.1-2 Initially used
exclusively as films, the material was then blended with PSS to create composite
nanoparticles that overcame issues of solubility in water and it was later made as stand51

alone PEDOT nanoparticles.3-4 However, the dimensions are difficult to tune and the
resulting nanoparticles are relatively thick compared to their carbon or gold equivalents.
PEDOT nanofibers can be custom made using a hard template method to control
nucleation and growth, but this complicated method is not always practical.5 Still, it
would be advantageous to be able to make a variety of sizes and shapes because both
overall size and relative dimensions such as aspect ratio govern particle properties. 5-6 To
this end, we have discovered simple procedures that result in a variety of PEDOT
nanoparticle dimensions.
Soft template methods take advantage of the thermodynamic equilibrium of solute
concentrations.3 A surfactant, such as sodium dodecylsulfate (SDS) or sodium bis (2ethylhexyl) sulfosuccinate (DEHS), can be used to generate a micellar template.9 The
shape of this template is determined by the most favorable arrangement of the particles
within the solution.10 This template is then stabilized by iron (III) chloride (FeCl3) and
together the two make a brace for a monomer such as 3,4-ethylenedioxythiophene
(EDOT) to polymerize within the confines of the template. The template is then washed
off to yield polymer that is fixed in the shape of the template. To test which parameters
govern template formation in solution, this work evaluates the product of syntheses made
with various ratios of the reactants, heating times, mechanical disruption such as
sonication or stirring, and total solution volume. To see each of the permutations tested,
please refer to table 1. The reactant ratios for each synthesis are calculated in table 2 and
are referred to throughout the remainder of the text.
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Figure 1: TEM of each synthesis The syntheses are quite diverse in their products and
reflect the results of the table shown in the experimental section.
The results from these syntheses are controlled not only by both the relative ratios of the
constituent chemicals but also by mechanical disruption of the solution. Syntheses 1-3 are
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nearly identical with the exception of their SDS concentrations. However, their products
are quite different: the lowest ratio of SDS to EDOT is 3.8 (synthesis 2) and yields
spherical aggregates and some fibers, while increasing this ratio to 5.8 (synthesis 3)
produces short, thin fibers. Further increasing the ratio to 7.4 (synthesis 1) produces long,
thin fibers. When bath sonication is no longer applied, these trends still hold but the ratios
do not need to be so high before fibers can be generated. Given the ratios enumerated
before, one would expect synthesis 4 to have a few wispy fibers and perhaps some still
associating with spherical aggregates. Even though the chemical ratios for synthesis 4 are
intermediate between syntheses 2 and 3, its product is much farther along the growth
pathway as it yields large sheets made from thick fibers. This outcome is sensible given
that bath sonication during the initial 30 seconds of template formation with the SDS and
iron (III) chloride would disrupt the formation of longer templates that would later yield
fibers over spheres. As a consequence, it requires a higher concentration of the template
molecules before this disruption can be overcome.
The overall concentrations of surfactant and EDOT — not just their ratio — also have
some effect. A comparison between syntheses 5 and 9, which differ only in their total
volume (10 vs. 15 mL water) show that diluting the solution appears to stretch the
product laterally. Syntheses 6 and 7 behave similarly: each synthesis has nearly the same
ratio of SDS:FeCl3, but synthesis 7 has a lower ratio relative to the EDOT and its product
resembles a more distributed version of synthesis 6, with a gossamer-like sheet of fiber
instead of just a line. Both syntheses 6 and 7 were horn sonicated at the beginning of
template formation and they have a large population of spherical aggregates in their
product. This outcome mirrors the results of syntheses 1-3, which were also disrupted
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during early template formation and therefore have more difficulty overcoming the
spherical stage.
One more factor that seems to control product morphology is the ratio of the SDS:FeCl 3.
Fibers do not appear on their own (that is, without spherical aggregates) until the ratio of
these two reactants, without respect to the EDOT concentration, is about 2 (syntheses 3,
4, 5, and 9). Longer, more dispersed fibers require a ratio closer to 3 (syntheses 1 and 8).
Ratios much higher than this stay near the sphere realm (syntheses 10 and 11). This
suggests that if the concentration of surfactant greatly outpaces the concentrations of the
other solutions, there is insufficient material to fill out the template and the excess
surfactant will group together in spherical aggregates. Much higher concentrations, as
opposed to just ratios, also make longer fiber formation more difficult as it is more
favorable to have many short fibers instead of longer ones.9 For instance, syntheses 12
and 13 are similar to synthesis 8, but the higher concentrations in syntheses 12 and 13 do
not result in the long fibers observed in synthesis 8.
This principle of surfactant and iron (III) chloride mediated growth is most clearly
illustrated with syntheses 10-13. Syntheses 10 and 13 differ mostly in spin speed, with
synthesis 13 having been spun at half the rate of synthesis 10. This resulted in the
surfactant templates that would otherwise be spheres being allowed to grow into fibers
instead, as a slower spin speed imparts a smaller shear force on the particles. 11-12
However, synthesis 13 has only about half the amount of iron (III) chloride concentration
as in synthesis 12. This decrease in iron (III) chloride resulted in ribbon-like fibers that
were always found in a mesh of neighbors as opposed to the fibers in synthesis 12 that
were stable independently. This difference suggests both that the templates in synthesis
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12 were filled more fully than their ribbon-like counterparts and that insufficient filling
(and therefore insufficient structural reinforcement) of the template with iron (III)
chloride requires the particles to affiliate with one another to increase their overall
stability. A continuation of this idea is evident in comparison with synthesis 11, 5, and 9.
Syntheses 5 and 9 show that the ratios in synthesis 11 are well above the necessary level
(roughly 3.3:1.7:1) to make nanofibers, but there are no fibers in the product of synthesis
11, just nanoparticles that are starting to be more rectangular than round in cross section.
When the alternate surfactant DEHS was used in place of the SDS, the same trend
continued. Increasing the concentration of DEHS made a clear and significant difference:
when relative iron (III) chloride and EDOT concentrations were held constant, the
increase from spheres to aggregates of spheres to thick fibers and aggregates of those
were seen at DEHS relative concentrations of 2.4, 4.9, and 5.2 respectively. These
correspond to reactions 17, 14, and 15. Using a smaller stir bar as in synthesis 16 slightly
changed the overall product as the size of the aggregations appeared to generally
increase. A comparison of the TEM grids for reactions 16 and 14, which were identical
save for the stir bar size, shows the importance that effective stirring has on the size of
these aggregations. This principle becomes even clearer with the use of a larger stir bar in
synthesis 17. In addition to a slow spin speed and lower surfactant concentration, the
larger stir bar created an even more favorable environment than synthesis 14 for the
nanoparticles to be widely-distributed throughout the solution in contrast to the tightly
clumped product from synthesis 16. These results align with the shear force imparted to
the nascent templates during nanoparticle formation; generating a larger shear force
through stirring creates smaller particles.11
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In conclusion, nanoparticle shape and size is governed by an interaction of surfactant
concentration, how well it is reinforced with iron (III) chloride, and if the template has
been disrupted or guided through physical stresses such as sonication or stirring.
Generally, increasing surfactant concentration increases the propensity of fibers to form,
while increasing the concentration of iron (III) chloride makes the particles less
dependent on one another for stability. However, increasing surfactant concentration
alone results once again in spheres. Sonication during template formation requires a
higher concentration of surfactant to overcome the dissociation of the template, while
slow but effective stirring stretches the template and favors fiber formation. Taken
together, these constraints on particle formation can be manipulated to generate a wide
variety of particle dimensions.
Experimental Section
DEHS was initially tested, based on the results from Manohar et. al5, but we found it
difficult to create fibers. We then switched to SDS, which is a larger and longer-chained
surfactant, and used water instead of hexane to avoid one source of potential cytotoxicity
as we planned to use the products with cells. DI water (10 mL) was added to a 20 mL
scintillation vial. SDS (165.0 mg, 0.60 mmol) was added followed by anhydrous iron
(III) chloride (FeCl3, 82.0 mg, 0.48 mmol). The mixture was stirred at the spin speed 4 of
the stir plate at 80oC, but after 1 minute it was reduced to speed 3 for 30 min. EDOT (50
µL, 0.47 mmol) was then added to the mixture dropwise and the mixture was allowed to
continue stirring for 3 hrs at 80oC and then at room temperature for 18 hrs. The solution
was centrifuged and re-suspended alternately in water or ethanol for a total of 10 washes
to remove residual surfactant and catalyst. The product was vacuum filtered and dried to
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give the final product. (Yield 62.0 mg.) These amounts correspond to synthesis 5, but the
amounts of each chemical, and the speed, duration, and heat of the stirring after the
EDOT was added were varied.
Table 1: Parameters for Each Synthesis
#

FeCl3
(mg)
24
53

EDOT
(μL)
12
24

Spin
speed
3
3

Temp(°C)/Time (h)

Outcome

1
2

SDS
(mg)
89
90

80/3 followed by 20/18
80/3 followed by 20/18

3
4

139
92

50
43

24
20

3
3

80/3 followed by 20/18
80/3 followed by 20/18

5
6

165
24

82
31

50
12

3
2.5

80/3 followed by 20/18
70/18

7

28

33

24

2.5

70/18

8
9
10
11

165
165
325
650

50
84
84
82

25
50
50
50

2.5
3
3
2.5

80/3 followed by 20/18
80/3 followed by 20/18
80/3 followed by 20/18
80/3

12
13

150
88
FeCl3
(mg)
249
122

50
50
EDOT
(μL)
376
188

1.5
1.5
Spin
speed
2
2

80/3
80/3
Temp(°C)/Time (h)

14
15

325
325
DEHS
(mg)
1210
629

Thin fibers
Sphere aggregates
and some fibers
Thin, short fibers
Sheets made of
large fibers
Thick fibers
Sphere aggregates
and thick fibers
Sphere aggregates
and web-like fibers
Long, thin fibers
Mesh-like fibers
Spheres
Spheres turning
into fibers
Small fibers
Ribbon-like fibers
Outcome

16
17

1210
610

248
250

376
376

2
1

20/3
20/3

20/3
20/3

Sphere aggregates
Thick fibers and
their aggregates
Sphere aggregates
Spheres

A few other parameters were changed for several reactions: syntheses 1-3 were bath
sonicated for 30 seconds immediately before their 30 minute spin, syntheses 6 and 7 were
horn sonicated at the same point for 45 seconds, and synthesis 9 took place in 15 mL of
water instead of the usual 10 mL. In syntheses 12 and 13, the initial spin speed was
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reduced to 1.5 instead of 3. A smaller stir bar was used in synthesis 16 and a larger one
was used in synthesis 17. In addition, DEHS was substituted for SDS in the later
syntheses to determine if other surfactants produced nanoparticles similarly. In this case,
the FeCl3 was added in 300 μL of water and the reaction took place in 10 mL of hexane
instead of water. These reactions were not heated during any of their stirring.
For ease of analysis, the ratios of each reactant are also listed below.
Table 2: Reactant Ratios for Each Synthesis
Synthesis
1
2
3
4
5
6
7
8
9

Surfactant : FeCl3 : EDOT
7.4 : 2.0 : 1
3.8 : 2.2 : 1
5.8 : 2.1 : 1
4.6 : 2.2 : 1
3.3 : 1.6 : 1
2.0 : 2.6 : 1
1.2 : 1.4 : 1
6.6 : 2.0 : 1
3.3 : 1.7 : 1

Synthesis
10
11
12
13
14
15
16
17

Surfactant : FeCl3 : EDOT
6.5 : 1.7 : 1
13 : 1.6 : 1
6.5 : 3.0 : 1
6.5 : 1.8 : 1
4.9 : 1 : 1.5
5.2 : 1 : 1.5
4.9 : 1 : 1.5
2.4 : 1 : 1.5
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In Vitro Work with the PEDOT Nanoparticles
Logic and Principles
Because long, thin carbon nanotubes such as MWNT and SWNT, but not carbon
nanospheres, are able to significantly reduce contraction, we can conclude that the effect
is dependent on the particles’ aspect ratio. We also believe that this effect is due in part to
carbon’s conductivity, but we wonder if it extends to other particles.1-2 PEDOT
nanofibers are also high aspect ratio conductive nanoparticles.3 PEDOT has already been
shown to be biocompatible when used as a neural probe coating and the polymer is more
flexible than carbon.3-4 The ECM is naturally flexible and a polymer that already
specializes in impedance matching with soft tissue may be even more advantageous in
calming a pathological healing response.5 As a consequence, we expect PEDOT
nanofibers but not PEDOT nanospheres to also inhibit contraction. However, we do not
know by what magnitude the PEDOT particles may be able to achieve an inhibition of
contraction. The purpose of this study is to determine the relative utility of PEDOT
particles compared to the carbon particles tested in chapter 2.
Methods
The contraction and viability experiments described in chapter 2 were repeated using the
PEDOT particles generated in the earlier section of the current chapter. Synthesis 8 was
used as the nanofibers (NF) and synthesis 10 was used as the nanospheres (NS). Briefly,
collagen gels were formed by mixing 100 μL of 10X PBS, 20 μL 1M NaOH, 130 μL of
1X PBS with 1 mg/mL Pluronic F-127 or PEDOT in this solution, 800 μL of collagen
type I diluted in 0.02M acetic acid, and 250 μL of 1X PBS. The concentrations of
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PEDOT and collagen were both varied during the course of these experiments. PEDOT
nanoparticles were tested at 1 μg/mL, 10 μg/mL, 100 μg/mL, 500 μg/mL and 1 mg/mL.
The collagen concentration was usually 5 mg/mL, as in chapter 2, but gels were also
made using 2 mg/mL and 1 mg/mL concentrations and these differences are noted in the
results. PEDOT particles were used analogously to the carbon particles, with PEDOT
nanospheres (NS) modeling the carbon black and PEDOT nanofibers (NF) standing in for
the carbon nanotubes.
Two different cell types were tested: HEPMs (human fibroblastic cells and the same cell
type as used in chapter 2) and TIB-80s (fibroblasts from BALB/c mice). Initially the
mouse cells were investigated to create continuity with the later in vivo work with
BALB/c mice. However, HEPMs were also tested to determine how much these results
truly differed from those seen in chapter 2. Also for continuity and control, MWNT and
SWNT were tested with the TIB-80s at a concentration of 100 μg/mL, creating the same
gels as in chapter 2 but with mouse cells instead of human cells. The same number of
cells was used in both cases (106 cells per gel). Finally, the TIB-80s were also infected
with a dsRed lentiviral construct by Dr. Guangchao Sui in anticipation of these cells’
later use. Dr. Sui an affiliate faculty member at Wake Forest University who now also
works at the College of Life Science within Northeast Forestry University in Harbin,
China. The contraction and viability of these cells was tested as with the other cells to
ensure that the infection did not change their behavior.
For all experiments, viability and contraction were the parameters of interest. Contraction
was measured by photographing the gels in clear dishes on top of millimeter graph paper.
The images were later processed to measure the number of squares that constituted the
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diameter of the gel at the vertical and horizontal axes of the gels. The two values were
multiplied together with pi to generate the area of the gel. These measurements were
performed on the day of formation once the gels were set (day 0), one week later (day 7),
and also 10 days after formation for some experiments. The media on the gels was
changed the day after formation (day 1) and every other day thereafter. Both cells require
the same media, which is Hyclone DME/High Modified media (Gibco) with 4.5 g/L
glucose,

1.5

g/L

sodium

bicarbonate,

110

mg/L

sodium

pyruvate,

1%

penicillin/streptomycin, 1% L-glutamine, and 10% fetal bovine serum.
At the end of the contraction assay, whether the last measurement was at 7 or 10 days
post-formation, the cells were digested with collagenase IA (Sigma). The gels were
incubated in 2 mg/mL collagenase IA in media for 90 minutes until they were completely
dissolved. The solution was homogenized with vigorous pipetting and then an aliquot of
this solution was counted using a hemocytometer and trypan blue exclusion to measure
cell viability in the digested collagen gels. The volume of solution in each well was also
measured so as to generate a full cell count per gel. A one-way ANOVA was then applied
to each data set for viability and contraction. Post-hoc testing was also performed using
the Holm-Sidak method. Error bars on the graphs indicate the standard deviation.
Results and Discussion
PEDOT nanoparticles are not cytotoxic at low and moderate concentrations
For consistency and ease of comparison, the first in vitro testing with the PEDOT
nanoparticles was conducted at the same concentrations of particles as with the carbon
nanoparticles in chapter 2. Unlike the carbon nanoparticles, the PEDOT nanoparticles
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showed no significant differences in viability from the control gel as seen in Figure 3.2.
However, not even the control gel showed contraction, which is a significant problem in a
model testing the inhibition of contraction. Both the collagen concentration of the gels
and the duration of the contraction assay were varied in an attempt to observe contraction
in the control gel. Table III shows the results, which indicate that even if the contraction
assay is extended to 10 days from 7, a large amount of contraction will only occur at very
low collagen concentrations. Unfortunately, these gels are extremely fragile because their
structural protein is so dilute. It was difficult not to tear them accidentally during
measurement of their contraction. While the 2 mg/mL gels were still difficult to work
with, they were not as difficult as the 1 mg/mL gels and they offered a compromise
between contraction and structural integrity.

Figure 3.2: Viability of TIB-80 cells with PEDOT nanoparticles after one week of
incubation in a collagen gel. PEDOT particles were tested at various concentrations and
aspect ratios, with NS and NF denoting nanospheres and nanofibers respectively.
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1 mg/ml

2 mg/ml

5 mg/ml

% of original area
at Day 7

20

80

100

% of original area
at Day 10

15

79

88

Day 10 cell count

428,000

279,400

500,000

Table III: Gel Area and TIB-80 Viability in Control Gels Formulated with Different
Collagen Stock Concentrations and Lengths of Time in the Contraction Assay
A new experiment was conducted with the 2 mg/mL gel, carbon nanoparticles, and a
higher concentration of PEDOT particles. The concentration of PEDOT was increased
because the effect observed with the carbon particles is aspect ratio dependent with a
threshold concentration that increases with decreasing aspect ratio. During TEM
measurements of the particles, it was noticed that the PEDOT particles had a smaller
aspect ratio than the carbon particles – usually closer to 80 than the carbon particles’
~100. To be sure that the effect was not being missed due to this complication, a
concentration was tested that would certainly include the aspect ratio of these particles in
its effect. As seen in Figure 3.3, there were no observed differences even with the carbon
particles, which have an established effect (see chapter 2) at these concentrations. The
one obvious difference is the set of 10% NS gels. While these have a much lower cell
count, this particular set of gels fell apart by the end of the seven days and so the data is
less than trustworthy. Indeed, when this group was repeated in later experiments (see
Figure 3.7), it had no such issues or differing results. As a consequence, it was excluded
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from statistical analysis of the groups in Figure 3.3, and none of the remaining groups
were significantly different with this modification. None of the gels described in Figure
3.3 contracted either.

Figure 3.3: TIB-80 Viability after 7 Days in 2 mg/mL Carbon or PEDOT Gels
PEDOT nanoparticles are highly toxic at high concentrations
Another experiment showed promise when measuring only PEDOT particles at a wide
range of concentrations. Contraction was indeed inhibited at higher concentrations of the
particles as shown in Figure 3.4. However, the effect was quickly explained by the
viability data. As seen in Figure 3.5, the concentration that suddenly causes the most
inhibition of contraction (10% NF) also causes massive cell death. A gel will not contract
without live cells to pull on it. The 10% NF gels increased contraction on a p<0.001 level
and decreased viability on a p<0.01 level.
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*

Figure 3.4: Gel Area of 2 mg/mL Collagen Gels with TIB-80 Cells after 10 Days. An
asterisk denotes significance from the control on a p<0.001 level.

*

Figure 3.5: TIB-80 Viability after 10 Days in a 2 mg/mL Collagen Gel. An asterisk
denotes significance from the control on a p<0.01 level.
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One final round of experiments was completed with TIB-80 cells after they had
undergone a stable infection with a fluorescent dsRed complex. These cells were tested at
the widest range of concentrations of both nanospheres and nanofibers all in the same
experimental run. The results in Figure 3.6 show almost no significant differences in
contraction between the groups, though there is a small increase in gel area and therefore
decrease in contraction with the 1% NF group. This increase is significant relative to the
control on a p<0.05 level. The control gels also remained substantially larger than the
gels seeded with their non-dsRed counterparts from Figure 3.4. This difference results in
TIB-80 dsRed control gels that were roughly 1.75 times as large as regular TIB-80
control gels at the end of 10 days. Another relevant feature is that the viability of the
control dsRed cells was lower than the control viability of the regular TIB-80s. The
dsRed cells also show toxicity earlier than the uninfected cells, with a concentration of
1% NF being enough to kill nearly all of them in the gels. This decrease in viability is
significant from the control on a p<0.001 level at all concentrations at and above 1% NF.
These combined results suggest that the infected cells were somewhat more sensitive and
less robust than their original stock. This decreased survival, even in the control setting,
could also account for the decreased contraction and more sensitive cytotoxic response. If
the cells were not doing as well to start with, they would have a harder time surviving any
further challenges. Each component of the polymer synthesis is a potential source of
cytotoxicity. However, the syntheses were washed 10 times and did not react with
potassium thiocyanate, which shows that there was no detectable iron (III) chloride.
EDOT has been shown to be nontoxic.6 The most likely contribution to cytotoxicity was
from the SDS, which is only toxic once it reaches a high enough concentration.7
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*

Figure 3.6: Area of TIB-80 dsRed Gels after 10 Days. An asterisk denotes
significance from the control on a p<0.05 level.

*

*

*

Figure 3.7: TIB-80 dsRed Viability after 10 Days. An asterisk denotes significance
from the control on a p<0.001 level.
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Carbon nanoparticles outperform PEDOT nanoparticles for contraction and viability
Finally, we reverted to the HEPM model over the TIB-80s. The PEDOT particles were
tested at the same concentration where the carbon particles were active, plus a higher one
to account for differences in aspect ratio, and each of the PEDOT particle types and
concentrations decreased contraction as shown in Figure 3.8. All of the nanoparticle
dopants increased gel area significantly relative to the control on a p<0.001 level.
Interestingly, each group was also significantly different from one another on at least a
p<0.05 level. The 1% NF and 1% NS were also able to increase viability in Figure 3.9,
though neither group did so significantly relative to the control. The 1% NF group was
significantly increased on a p<0.01 level relative to the 10% NF, though. It is not unusual
that the 1% NS increased viability, as the carbon black also bordered on a significant
increase in viability when tested with the HEPMs in chapter 2. The 1% NF creates a
much larger increase, roughly doubling viability. While this is a great result, particularly
in conjuction with its ability to significantly decrease contraction, it is not as strong a
result as observed with the carbon particles in chapter 2.
We investigated further possibilities for success with these particles, but to no avail. We
thought that perhaps the nanofibers might require a higher concentration to have an effect
as a consequence of their lower aspect ratio, but going much above 1% enters a cytotoxic
regime; the 10% NF inhibited contraction via a large increase in cell death. Because we
already have a strong and well-characterized response with carbon particles and HEPMs,
it is more sensible to continue future work with this combination than to continue work in
a narrow range of potentially useful PEDOT concentrations. In addition, at the end of this
work I learned that the PEDOT particles largely conduct ions, whereas MWNTs conduct
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electrons.8-11 Both ions and electrons are important signalling molecules, but they have
different roles in the body. PEDOT has proven to be very useful for interfacing neural
probes with native nerves. This utility is quite sensible in since the human neural system
is based upon ionic conduction. However, PEDOT’s lack of an effect in our application
suggests that not just conductivity in general is necessary but that the MWNT’s electronic
conduction makes an important contribution to the effect. This realization may also be
related to the MWNT’s ability to scavenge reactive oxygen species as found in chapter 2,
as quenching errant electrons would be better suited to a molecule that prefers electronic
conduction. This property is reflected in the MWNTs’ delocalized pi bonds, which give
the molecules an intrinsic stability during fluctuations in their electron content. 9 While
PEDOT also has these bonds, there are far fewer of them in the PEDOT than in the
MWNT. 8

*

*
*

Figure 3.8: Area of Gels with HEPM Cells after 7 Days. An asterisk denotes
significance from the control on a p<0.001 level. Indeed, each group in this graph is
different from every other on at least a p<0.05 level.
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Figure 3.9: HEPM Viability after 7 Days
Conclusion
PEDOT nanoparticles are generally non-cytotoxic at concentrations up to and including
100 µg/mL (1% wt/vol) and their presence does not affect cell contraction. However, at
very high nanoparticle concentrations such as 1 mg/mL (10%) the particles are no longer
so cyto-compatible and they become quite toxic to cells, probably due to residual SDS.
Cells that are already weakened, such as through alteration of their genome with the
fluorescent construct dsRed, can have a cytotoxic response at lower concentrations such
as 100 µg/mL. Cell death through any means consequently inhibits the cells’ ability to
contract. A futher issue is that TIB-80 mouse cells are unable to contract well to start
with; these cells have no observable contraction in a 5 mg/mL gel whereas HEPM human
cells contract to 35-50% of their initial area in the same model. The human cells also
respond to the PEDOT particles in a manner that more closely resembles their reaction to
carbon particles, but the carbon nanoparticles elicit a much stronger response in regards
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to decreasing contraction and increasing viability. The carbon particles are therefore of
greater utility in this work going forward.
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Abstract
According to the American Cancer Society, breast cancer is the second leading cause of
cancer death in the US. Cancerous cells may have inadequate adhesions to the
extracellular matrix and adjacent cells. Previous work has suggested that restoring these
contacts may negate the cancer phenotype. This work aims to restore those contacts using
multi-walled carbon nanotubes (MWNTs). Varying concentrations of carboxylated
MWNTs in water, with or without type I collagen, were dried to create a thin film upon
which one of three breast cell lines were seeded: cancerous and metastatic MDA-MB-231
cells, cancerous but non-metastatic MCF7 cells, or non-cancerous MCF10A cells.
Proliferation,

adhesion,

scratch

and

autophagy

assays,

western

blots,

and

immunochemical staining were used to assess adhesion and E-cadherin expression.
Breast cancer cells grown on a MWNT-collagen coated surface displayed increased
adhesion and decreased migration which correlated with an increase in E-cadherin. This
work suggests an alternative approach to cancer treatment by physically mediating the
cells’ microenvironment.
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Introduction
According to the American Cancer Society, breast cancer is the second leading cause of
cancer death for women in the US.1 One of the hallmarks of cancer is altered contactdependent inhibition, resulting in decreased adhesion, increased migration, and
metastasis.2 Intercellular adhesion determines the polarity of cells and allows
maintenance of normal tissue architecture. Consequently, cell adhesion molecules play a
significant role in cancer progression. It has been extensively documented that
downregulation or loss of E-cadherin, a cell-cell adhesion protein, is correlated with
cancer progression and invasiveness.3-6 A change in the protein’s ability to function is
required for invasion and its decreased expression causes more aggressive tumors.4
Like many biological pathways, the downstream effects of E-cadherin are multifaceted.
However, only one critical component in the E-cadherin adhesion pathway would need to
fail in order to cause breast cancer.4 Tyrosine kinases such as the epidermal growth factor
receptor (EGFR) control E-cadherin through its interaction with the actin cytoskeleton.3
The TGF-β/Smad and NF-κB pathways both suppress E-cadherin formation and TGF-β
promotes an epithelial-mesenchymal transition (EMT).7-9 NF-κB also controls cancer
stemness and highly invasive tumor types by inhibiting the effects of integrin complex
αvβ3, which is associated with receptor tyrosine kinases, more invasive tumor types, and
contact independence.10-11 Previous work has attacked these tumors biochemically, but it
has also been shown that cells can be controlled by forcing them to attach to matrix as
αvβ3 is not harmful in its ligated state.12
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An alternative pathway by which physical methods of control can affect the cells is
through autophagy.13 This process causes the cells to recycle their components and has
been implicated in both protection from cancer and its improvement once established.14-17
It is mediated by Beclin-1, which can function as a tumor suppressor gene.18-19 It is
possible that increasing autophagy may increase Beclin-1 and suppress the cancer. For
instance, inhibition of EGFR increases autophagy and halts proliferation.16-17 Increasing
autophagy can be beneficial for many types of cells as it promotes cellular fitness and
genomic integrity.20 However, its role in cancer is controversial; sometimes autophagy
actually increases a tumor’s aggressiveness and resistance to treatment.17,20
While biochemical and physical inputs may seem like separate domains, their
interrelation can be understood through the EMT process. EMT is required for cancerous
cells to form, and E-cadherin is a strong effector of the epithelial phenotype.5 Cells that
lose E-cadherin lose their normal polarity and cell-cell adhesions which triggers
cytoskeletal remodeling that favors migration and intravasation.21 Such motility requires
a relaxation of the actin cytoskeleton in order to form flexible protrusions.21 However, the
close association of actin with E-cadherin coupled with the binding to adjacent cells
props the cell structure open when E-cadherin is present, forcing the cytoskeleton to
remain rigid and inhibiting cell rounding while blocking the EMT. Helping the cells to
maintain their E-cadherin levels blocks the EMT and can even revert them to morenormal epithelial cells.22-23
Breast cancer treatment is uncommonly approached from a more mechanical perspective,
even though it has been shown that the microenvironment of cells dominates their gene
expression.24 An extension of this concept was uncovered by Venugopalan et al., who
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showed that compressing breast cancer cells causes them to return to their normal
phenotype including not just their architecture and polarity but also their coherent
rotation.25 This effect was reversed when E-cadherin was blocked. While this is
groundbreaking research, compression is not a viable option in vivo. The work described
herein is aimed at finding something more translatable.
It is known that nanomaterials can affect adhesion, migration, and development of
cells.26-30 Any scaffold attempting to replicate normal extracellular matrix (ECM) must
have a large number of highly connected pores smaller than the cells and a high surface
to volume ratio.31-32 Surface roughness such as porosity or anodization on the nanoscale
significantly increases cell attachment, growth and protein adsorption32-33 and the
porosity of ECM is an important consideration for tissue integration with the matrix.34
Different physical features in a substrate also affect cell attachment and spreading. 35-38
Taken together, the various properties of nanomaterials can significantly alter cells’
environment and cells clearly respond to these changes. Tailoring the nanomaterial to the
intended application will strongly affect the outcome. Given these requirements and our
own findings that aspect ratio has a significant effect, we chose to investigate multiwalled carbon nanotubes (MWNTs) with a control group of carbon black. These two
particle types are made of the same material with roughly the same diameter, but have
different aspect ratios (AR). The MWNTs used in this work have ARs of roughly 20 to
60 while carbon black, which is spherical, has an AR of 1.
MWNTs comprise a unique type of nanomaterial that is exceptionally strong and
electrically conductive due to the chemistry and high aspect ratio of the particles.39-40
MWNTs are relatively long, cylindrical nanoparticles whose honeycomb structure yields
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high porosity and high surface area relative to their volume. These pores vary between 4
and 30 nm in diameter.32,41-43 The particles’ hydrocarbon content and large size makes
them normally insoluble in aqueous solutions, which impedes their biological use.
However, they can be made soluble through the addition of hydroxyl groups. When
carbon nanotubes have been used with cells, they have been shown to facilitate
adsorption of proteins such as fibronectin and collagen to encourage cell adhesion33,44 and
result in decreased migration.45 The particles have both strength and flexibility,32,46
similar to the ECM. Due to the importance of cells’ physical microenvironment, the
ability of MWNT to emulate the normal ECM might be able to alter cancer cell behavior
in a manner that is potentially clinically applicable.
Materials
MWNTs (>99% purity; outer diameter, 13-18 nm; length, 3-30 µM) were purchased from
Cheap Tubes Inc. Carbon black (17 nm diameter) was purchased from Cabot.
Concentrated nitric acid (70%), concentrated sulfuric acid (98%), acetic acid, triton X100, and ethanol were purchased from Fisher Scientific. Rat tail collagen type I was
purchased from BD Biosciences. CellTiter 96® AQueous One Solution Cell Proliferation
Assay was purchased from Promega. Pierce®RIPA Buffer, HALT Protease Inhibitor, and
Pierce®BCA Assay Reagents A and B were purchased from Thermo Scientific.
Whatman PROTRAN nitrocellulose transfer and immobilization membrane (0.2 µm pore
size) and Western Lightning®Plus-ECL Enhanced Chemiluminescence substrate was
purchased from Perkin Elmer. Anti E-Cadherin antibody (catalog number ab53033), anti
β-tubulin antibody (ab6046) and goat polyclonal secondary antibody to rabbit IgG –
H&L conjugated to Alexa Fluor®488 (ab150077) were purchased from Abcam.
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Rhodamine phalloidin conjugated antibody (R415) was purchased from Life
Technologies. Goat secondary antibody to anti-rabbit IgG (H&L) conjugated to
horseradish peroxidase (#7074S) was purchased from Cell Signaling Technology, Inc.
Metal rods (1/8 inch x 1/8 inch x 1 ¼ inch) were purchased from Ace Hardware (item
number 2157, made by the Hillman Group) and coated with methacrylate (Sally Hansen
Super Shine Top Coat.) Leupeptin hemisulfate was purchased from Life Technologies. A
lactate dehydrogenase (LDH) assay kit was purchased from Sigma.
Methods
Oxidation of MWNTs: To aid their dispersion in aqueous media, MWNTs were oxidized
by suspending 100 mg of pristine MWNTs in a 3:1 mixture of concentrated sulfuric acid
to concentrated nitric acid (40 mL total) followed by heating this mixture to 80 oC for 2
hours. Our team has previously demonstrated that MWNT oxidized in these concentrated
acids under intense sonication were resistent to shortening and were, on average, still
longer than 1 micron even after 7 hours’ ultrasonication.47 The suspension was then
filtered through a 0.2 µM polytetrafluoroethylene (PTFE) filter and washed with copious
amounts of water until the pH of the filtrate solution was neutral. The MWNTs were then
washed with ethanol and allowed to dry at room temperature in air overnight to yield
oxidized MWNTs (MWNT-COOH.) Particles treated similarly from the same
manufacturer yielded roughly 3.5% oxygen in OH or COOH groups as measured by
chemical derivatization and X-ray photoelectron spectroscopy (CD-XPS).48
Sterilization of MWNT-COOH and Carbon Black: MWNT-COOH and carbon black
(CB) were suspended in water and sterilized by autoclaving.
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Nanoparticle Coatings: All solutions used were sterile. Rat tail collagen type I was
diluted in 0.02 M acetic acid to a concentration of 2 mg/mL. Collagen was then diluted
1:5 with sterile MWNT or CB in water solutions to achieve final concentrations of 0, 5,
10, 20, 25, 30, 50, and 100 µg/mL. 200 µL of the collagen-nanoparticle mixture was
added to each well used in a 48 well plate (40 µL of 2 mg/mL collagen and 160 µL of
MWNT or CB in water, used for all experiments except for the scratch assay) or 1.5 mL
of the collagen-nanoparticle solution was added for a 6 well plate (0.3 mL collagen and
1.2 mL of the nanoparticle solution for the scratch assay.) For the proliferation, adhesion,
and autophagy assays, another set of experimental groups was created by using an equal
volume of water in place of the collagen for nanoparticle-only coatings. All plates were
air dried in a sterile environment to create nanoparticle-laden coatings. All experiments
were done in triplicate except for the western blot. Coatings were examined with a
Philips 400 transmission electron microscope (TEM) at 80 keV after adding 10 μL of
each solution to a formvar-coated copper grid and allowing the solution to dry.
Cell and Reagents: MCF7 and MDA-MB-231 breast cancer cell lines were purchased
from American Type Culture Collection (ATCC # HTB-22 and HTB-26 respectively)
and cultured in DMEM/F12 medium. Both media were supplemented with 1% Lglutamine, 1% penicillin/streptomycin and 10% fetal bovine serum and MCF7 was also
supplemented with 10 µg/mL of insulin. MCF10A human breast epithelial cell line was
purchased from ATCC (ATCC # CRL-10317) and cultured in DMEM/F12 medium
supplemented with 10 µg/mL insulin, 20 ng/mL epidermal growth factor, 0.5 µg/mL
hydrocortisone, 100 ng/mL of cholera toxin, 5% heat inactivated horse serum, and 1%
penicillin/streptomycin. Cell viability was quantified by 3-(4,5-dimethylthiazol-2-yl)-583

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS)

assay

using

96®Aqueous One Solution.
Proliferation Assay: MCF7, MDA-MB-231, and MCF10A cells were plated in 48 well
plates at densities of 20,000, 10,000, and 8,000 cells/well respectively and allowed to
grow for 2 days until about 80% confluent. An MTS assay was performed using a Tecan
Infinite M200 plate reader to quantify cell viability. Absorbance values were normalized
for the 0 µg/mL control for each type of coating and cell line after subtracting the values
of MTS-only blanks.
Adhesion Assay: MCF7, MDA-MB-231, and MCF10A cells were plated in 48 well plates
at densities of 20,000, 10,000, and 8,000 cells/well respectively and allowed to grow for
2 days until about 80% confluent. The media was removed, and cold 1X PBS was added
to the wells. Plates were then sealed and centrifuged upside down for 5 minutes at 50 Gs
in a Harrier 18/80 centrifuge in a manner similar to the procedure described by Reyes et
al.49 The PBS was removed and cell viability was then quantified by MTS assay as in the
proliferation assay. In addition to normalizing for the 0 µg/mL control, each result was
normalized by the corresponding viability measured in the proliferation assay to account
for any change in viability due to incubation with the nanoparticles.
Timed Binding Assay: MCF7, MDA-MB-231, and MCF10A cells suspended in
appropriate media were added onto MWNT-collagen coatings at a density of 30,000
cells/well and allowed to bind for 0, 15, 30, 45, or 90 minutes at 37°C. After incubation,
media was removed and cell viability was assessed by MTS assay as in the proliferation
and adhesion assays.
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Scratch Assay: MWNT-collagen coatings were made in 6 well tissue culture plates. To
permit a scratch assay without disturbing the coating, rods with a square cross section
were put on top of each of the coatings after the coating dried but before cells were
added. Rectangular metal rods were painted with methacrylate to prevent the release of
cytotoxic metal ions and then ethanol sterilized. MCF7, MDA-MB-231, and MCF10A
cells were added to plates at densities of 100,000, 50,000, and 40,000 cells/well
respectively and incubated until a confluent monolayer developed. The rods were then
carefully removed, wells were washed twice with PBS, and fresh media was added.
The 1/8 inch wide rods are significantly wider than the common scratch method, which
leaves a roughly 100-200 μm gap.50 To account for this increase in distance between the
sides of the scratch, the assay was followed for 5 days until the fastest gaps began to
close instead of the more common 24-48 hours alloted for the smaller scratches.
Pictures were taken immediately following the removal of the rod (day 0) and every 24
hours until day 5. Every 48 hours the media was removed, wells were washed twice with
PBS, and fresh media was added. Because some cells migrated as individuals instead of
as a sheet, ImageJ was used to measure the average pixel intensity in each scratch area
and the data were normalized by taking the difference between the intensities at days 0
and 5. These results were then divided by the average for the 0 μg/mL concentration at
day 5 for each cell line to make the cell lines more easily comparable.
Statistical Analysis: Statistical analysis was performed using SigmaStat 3.5 for analysis
of variance (ANOVA) and T tests. Holm-Sidak post-hoc testing was used as needed for
the ANOVA results.

85

Cell Lysate Collection for Western Blot: All lysates were generated from the same
experiment. Cell lines were plated onto 6 well tissue culture plates coated with MWNTcollagen at the same concentrations evaluated by adhesion assay. Cells were cultured for
48 hours until approximately 80% confluent before RIPA lysis buffer and HALT protease
inhibitor (at a ratio of 100:1) were added and cells were collected by sterile cell scraper.
Solutions were briefly homogenized by horn sonication using a Branson digital sonifier
with 1/8‖ tapered microtip attachment and amplitude of 20%. Solutions were then
centrifuged using an Eppendorf 5418 centrifuge for 20 minutes at 12,600 Gs to pellet cell
debris. The supernatant was collected and evaluated by bicinchoninic acid (BCA) assay
to determine protein concentration.
Western Blot: Equal amounts of protein were resolved on a 10% polyacrylimide gel and
transferred onto a nitrocellulose membrane. Non-specific binding was blocked by 2 hour
incubation with 5% nonfat dry milk in 1x TBS-T (999 mL water, 1 mL Tween 20, 8.76 g
NaCl, 1.21 g Tris Base at a pH of 7.5) at room temperature. The membrane was
incubated with primary antibodies: anti E-cadherin (at a dilution of 1:4000 for MCF7 ,
1:1000 for MDA-MB-231, and 1:5000 for MCF10A) in blocking solution overnight at
4°C and 1 hour at room temperature. After washing three times for 5 minutes with TBST, the membrane was incubated with goat anti-rabbit IgG peroxidase conjugated
secondary antibody (at a dilution of 1:8000 for MCF7, 1:2000 for MDA-MB-231, and
1:10000 for MCF10A) at room temperature for 2 hours. The nitrocellulose membrane
was again washed three times with TBS-T for 5 minutes. Detection was assessed by ECL
chemiluminescence using Western Lightning®Plus-ECL. Anti-β-tubulin (at a dilution of
1:10,000) with secondary antibody at a dilution of 1:15,000 was used as a loading control
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in all blots. Western blots have been cropped to show the proteins of interest, but have no
other alterations. ImageJ was used to measure the area of each band.
Immunochemical Staining: Cells were plated onto MWNT-collagen coated 48 well tissue
culture plates in triplicate. MCF7, MDA-MB-231, and MCF10A cells were plated at
densities of 15,000, 10,000, and 10,000 cells/well respectively and grown for 2 days. The
media was removed and the following steps were performed with 2 washes of PBS
between each one: cells were fixed in 4% paraformaldehyde for 10 minutes,
permeabilized in 0.1% triton X-100 in PBS for 5 minutes, and blocked in 1% BSA in
PBS for 30 minutes. The anti E-cadherin antibody (rabbit-based) was added at 1:375
dilution with 100 μL/well. The plates were then covered and left in a 4°C cold room
overnight. The next morning, 100 μL/well of the goat anti rabbit IgG labeled with Alexa
Fluor®488 secondary antibody was added at a 1:500 dilution in 1% BSA in PBS for 30
minutes. Then, 100 μL of rhodamine phallodin was added at a 1:40 dilution in 1% BSA
in PBS for 30 minutes. The samples were imaged in PBS with an Olympus IX70 inverted
fluorescent microscope with Image Pro Plus software.
Autophagy Assay: MCF7, MDA-MB-231, and MCF10A cells were plated in 48 well
plates at densities of 20,000, 10,000, and 8,000 cells/well respectively and allowed to
grow for 2 days until about 80% confluent. Based on previous protocols, the media was
then changed and replaced with a solution of leupeptin hemisulfate in media at a
concentration of 0.3 mM.14-15 The cells were incubated in this solution for 2 hours.
Afterward, an LDH assay was performed as directed in the kit. Media was removed and
assay buffer was added to each well before the plates were placed on a Lab-Line
Instruments, Inc. titer plate shaker at speed 10 for 5 minutes to release LDH from the
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cells. The contents of each well were then centrifuged at 10,000 G for 15 minutes and 20
µL of each supernatant was added to a 96-well plate. Each well then received 30 µL of
assay buffer and 50 µL of the LDH assay master mix. The absorbance of the reaction
solution was measured at 450 nm with the same plate reader as for the adhesion and
proliferation assays. The results were normalized by those of the 0 μg/mL concentration
for each cell line and coating type.
Results
Carbon nanoparticle coatings are more organized with collagen
As shown in Figure 1, MWNTs in MWNT-collagen coatings are distributed in a more
homogenous manner than MWNTs without collagen. Figure 1A shows that MWNTs
without collagen aggregate more easily and are distributed heterogenously, with some
areas of aggregation and other areas with very few MWNT. In contrast, Figure 1B shows
that suspending the MWNT in collagen results in a homogenous coating. It also staves
off aggregation until higher concentrations of MWNT are used and minimizes the
aggregation that occurs even then.
Carbon nanoparticle coatings are not cytotoxic
After 48 hours of culture on carbon black or MWNT coatings, with or without collagen,
the MCF10A cells showed no change in viability at any of the nanoparticle
concentrations, as shown in Figure 2. The MCF7 cells showed only a few small changes
in viability, but the MDA-MB-231 cells displayed greater sensitivity to both nanoparticle
types. This sensitivity resulted in a slight decrease in viability of the MDA-MB-231 cells
at the higher concentrations, but also an increase in viability at the 5 μg/mL concentration
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for MWNT alone. However, even where changes were observed, cell viability was
always at least 70% of the control viability, so a large percentage of the cells persisted in
every condition. In addition, the small decrease in viability was mostly resolved with the
addition of collagen to the MWNT but not the carbon black.
MWNT-collagen coatings increase adhesion strength of breast cancer cells but not noncancerous cells
The adhesion strength of cells on each coating type was tested by applying force via
centrifugation. As shown in Figure 3, trends for cells remaining after that force was
applied were flat across the concentrations for the carbon black, MWNT and carbon
black-collagen coatings. The slightly increasing trend observed with these coatings are
due to normalization by proliferation data, where small decreases are observed and so
register here as small increases. The MWNT-collagen coatings were quite different and
with increasing concentrations of MWNT showed a parabolic increase in adhesion for the
cancerous cells but no change in the non-cancerous cells.
The increase in adhesion strength is not immediate
Different cell lines adhere at different rates and this is very clear in the 15 and 30 minute
data shown in Figure 4. After giving the cells 15 minutes to adhere, MDA-MD-231 cells
had the most cells adhered at most of the concentrations, followed by the MCF7 cells,
and MCF10A cells had the fewest adherent cells. At the 30 minute mark, however, the
cancerous cells had adhered more uniformly across concentrations and between the two
cell lines while the MCF10A cells had increased their adhesion. By 90 minutes, all cell
types and concentrations were fairly similar in their adhesion.
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Increased adhesion strength correlates with increased E-cadherin
As shown in Figure 5, western blots indicated an increase in E-cadherin in a pattern of
expression similar to the trend in adhesion seen in the adhesion assay performed after 48
hours of culture. Both data sets show an increase in the middle range of tested MWNT
concentrations for the cancerous cell types but no change for the non-cancerous cell type.
The density of the bands in Figure 5A shows that this change is increasing the Ecadherin from a deficient level in the cancerous cell lines MCF7 and MDA-MB-231
towards the level of expression seen in the non-cancerous MCF10A cells. Figure 5B
quantifies the change in expression within each cell line and MWNT concentration.
MWNT-collagen coatings promote co-localization of E-cadherin and F-actin in cancer
cells
To better understand how the cells’ architecture may be affected by the MWNT-collagen
coating, both E-cadherin and the actin cytoskeleton were visualized. As seen in Figure 6,
all cell lines expressed both proteins at every concentration. However, their distributions
were different. There was no co-localization of the two proteins (seen in yellow) at the 0
μg/mL concentration of the MDA-MB-231 cells, but it was widespread in the 5-50
μg/mL concentrations and tapered off at 100 μg/mL. Co-localization was weakly present
in the 0 μg/mL concentration of the MCF7 cells, but it became common from 5 μg/mL up
to an including the 30 μg/mL concentration, after which it returns to a low level. Colocalization was more common in clustering cells and more cell clusters were observed at
the affected concentrations. The MCF10A cells remained fairly constant at each
concentration.
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Cells exhibit decreased motility where adhesion strength and E-cadherin expression are
higher
In Figure 7A the MDA-MB-231 cells, which are observed to migrate individually
instead of as a sheet, have a scratch area that is more opaque at the 0 and 5 μg/mL
concentrations by day 5, while it is darker at the remaining concentrations. The MCF7
and MCF10A cells migrate more as a sheet and while all cell lines were measured using
the same method, the differences are sometimes more apparent to a viewer when
considering the width of the unclosed scratch. The MCF7 scratches are wider at 25 and
30 μg/mL than the other concentrations. The MCF10As are almost completely closed and
appear uniform across concentrations.
The results shown in Figure 7B were measured with ImageJ and indicate that the
addition of MWNT decreases closure in the cancerous cells MDA-MB-231 and MCF7
but has no effect on the non-cancerous MCF10A cells. As is also evident in Figure 7B,
there was sometimes rather large variability using this method. T tests were used to
manage this variability. MCF7 cells were significantly inhibited (p<0.05) at 25 and 30
μg/mL and MDA-MB-231 cells were inhibited with high significance (p<0.01) at 10, 20,
and 30 μg/mL.
MWNT-collagen coatings greatly increase autophagy in MDA-MB-231 cells
In Figure 8 it is evident that the MDA-MB-231 cells have an extremely high rate of
autophagy when grown on MWNT-collagen (MW+) coatings of 10 μg/mL or higher. The
overall p values, whether from an ANOVA across all the groups (each concentration, cell
line, and coating type) or within each concentration, were generally less than 0.001.
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However, the individual comparisons of any one group to the MDA-MB-231 MW+ cells
were usually p<10-12 to p<10-10. Exceptions to this were the 0 μg/mL concentration,
which had no differences since all the values were normalized to 1, and the 5 μg/mL
concentration, which was also not significant.
Discussion
E-cadherin loss is a known signal of many cancers,5 but its return can also restore the
epithelial phenotype.51 The loss of E-cadherin has been shown to decrease cells’
adherence to one another and promote motility, leading to invasion and metastasis.52
Reinstating E-cadherin’s functionality should promote cell-cell adhesion and decrease
motility. Based on the data presented here, this appears to be the case, as cell adhesion
increases in a time-delayed manner that follows a pattern of increased E-cadherin
expression. Correspondingly, the same treatment increases the time to close a scratch
assay, indicating decreased cell migration.
Cells prefer to adhere to collagen, and MWNTs have been shown to sequester it as a
coating.53 This is an important functional aspect for the effect described in this work, and
the disparity is evident in the differences between the MWNT and MWNT-collagen
coatings. MWNT-induced reductions in cell viability are prevented by adding collagen,
and a change in adhesion is only observed when MWNT and collagen are used together.
However, this effect is not observed with the carbon black-collagen coatings. The fibershaped MWNTs have been shown to generate an optimized 3D arrangement on the
nanoscale which allows greater cell-scaffold interaction.32,54 This stable and harmonious
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ECM substitute allows cells to adhere and appears to help the cells maintain their
epithelial origin.
The adhesion assay shows a peak for cells adhered between the concentrations of 10-30
μg/mL MWNT. Since the proliferation assay showed little to no changes in cell viability,
this increased number of adhesive cells is not caused simply by increased proliferation.
The adhesion data are shown as a fraction of cells remaining after incubation with the
MWNT, thereby indicating that the coatings appear to be strengthening the cells’
connections so that a larger fraction of the population can resist an applied force. This
pattern also takes time to develop, as it is not yet evident after 90 minutes when the cells
should have completed the majority of their attachment process. This result is consistent
with the behavior of E-cadherin, which is known to take 48 hours to fully downregulate
even when using E-cadherin siRNA.5
One of the ways cells can increase their adhesion to a matrix is by also sticking to each
other. Even if the cells are somewhat loosely attached to the surface, distributing any
force among a group pools the attachments of each of the cells and lowers the strain on
any one cell. This improves the probability that these cells will remain attached after
being subjected to a given force. As E-cadherin was also implicated in a range of other
consequences of cancer, its role in these results was assessed with a western blot. Many
of the observations from the data correlate with the presence or absence of E-cadherin,
and we are able to reverse both the expression and behavior deficits that contributed to
the initial problem. In the MCF7 and MDA-MD-231 cells E-cadherin was (sometimes
sharply) increased and restored to a level closer to that of the non-cancerous MCF10A
cells.
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The interaction of E-cadherin with the actin cytoskeleton contributes to cell-cell adhesion
and thus both of these molecules contribute to tumor progression and metastasis.3 Our
investigation suggested that cells on MWNT-collagen substrates are more likely to colocalize actin and E-cadherin and form clusters of several cells, both of which are normal
behaviors that suggest an improvement in cell-cell adhesion and organization. Colocalization was more common in clustering cells, an observation that likely reflects the
proteins’ abilities to execute their intended cell-cell adhesive function. They also seem
more content in their locations, staying put instead of migrating. This behavior is
reflected in the slower closing rates in the scratch assay.
An interesting question is why the cells might prefer certain concentrations of MWNT in
collagen, particularly over other nanoparticles of the same material such as carbon black.
This may be because cells prefer binding to fiber-shaped particles,53 which is a natural
extension of cells’ preference in binding fibrillar collagen. Cells will also bind to multiple
fibers and change their behavior based on the stress that clinging to that fiber
arrangement creates.55-56 Cells migrate fastest on single fibers, while they migrate the
slowest – even slower than when on a flat surface – when settled at the intersection of
multiple fibers.56 This preference echoes the cell niche, where cells prefer a certain
topography with physical boundaries.57-58 Cells normally receive these physical signals
from the extracellular matrix. Only when cells ignore these signals, or they are no longer
presented properly, might cancer occur.
Cells will orient themselves based on their niche in the microenvironment, but they can
only reach so far.55 Perhaps the reason MWNT collagen coatings work at specific
concentrations is that the randomly distributed particles are far enough away from each
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other to cause the cells to perceive a niche, but close enough that the cells can reach
between them. The TEM images also corroborate this hypothesis, as the MWNT
concentrations only become significant once the particles frequently overlap and the
significance decreases with much higher concentrations. This idea reverts to one of the
mechanisms of EMT. If a cell exists in a taut configuration, as if it were held up by
connections to its neighbors instead of balling up on itself, it might be forced to maintain
an epithelial phenotype. The data here suggest that it is possible to interrupt the Ecadherin/actin feedback loop using MWNT to inhibit EMT.
Perhaps even more interestingly, the MWNT-collagen coatings cause a substantially
significant increase in autophagy in MDA-MB-231 cells. While the role of autophagy in
cancer is incompletely understood, its dual ability to promote or prevent cancer seems to
be controlled by what else is happening to the cells. Cells undergoing stress due to severe
hypoxia, chemotherapy, or radiation do retreat into autophagy as a protective measure.19
This is problematic in conventional cancer therapy because autophagy causes senescence
(while therapies target proliferative cells) and the cells survive mostly off of their
recycled components instead of uptaking toxic molecules designed to attack them.
However, our cells were under no such increased stress, and so cells’ voluntary retreat
from proliferation is a welcome result. The idea of cells fixing their internal damage is
also appealing, and while we have not proven that this process is completely reverting
cancer cells to their healthy equivalents, our other data suggest that cells might progress
somewhat in that direction.
The MWNT-collagen coatings seem to not only stop, but at least partially reverse some
of the problems that cause cancer. They decrease the cells’ motion, rescue their E95

cadherin expression, restore a degree of normal tissue architecture, and encourage protein
turnover. Potentially, these coatings could be quite a useful tool for cancer treatment. We
envision them as a supplementary treatment after resection of the primary tumor to both
fill the tumor void and protect the margins from recurrence. Resection disrupts the tumor
area and this process can result in some cancer cells being disturbed but not removed. By
interfacing any remaining cancer cells with the MWNT-collagen we believe that we can
attenuate further disease resulting from this population. Future in vivo work will also
investigate the immune response these particles may generate, such as a foreign body
response or neutrophil invasion that may further affect the cancer.
Conclusion
This work extends the understanding of the relationship between cells and their
microenvironment. We have shown that fiber-like carbon nanotubes, MWNTs, can
mimic the natural ECM to encourage cell adhesion and regulation of gene expression.
Our data bolster the idea that functional recovery of E-cadherin can mitigate the
problematic consequences of its loss that often lead to cancer and the disease’s
progression. Specifically, we have shown an increase in adhesion and autophagy with an
associated increase in E-cadherin expression and decrease in migration. This line of
research presents an innovative method of controlling cancer and should be considered
for further research to advance it towards clinical utility.
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MULTI-WALLED CARBON NANOTUBES INHIBIT BREAST CANCER CELL
MIGRATION
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Figure 1

Figure 1 TEM of MWNT and MWNT-collagen coatings. All pictures are shown at a
magnification of 13,000x. A: When the MWNT are dried in water alone, the vast
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majority of the particles exist within agglomerations. This leaves very few particles in
between these clumps. B: When collagen is added to the coating solution, the
nanoparticles become more homogenously distributed, though higher concentrations are
still prone to agglomeration.
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Figure 2

Figure 2 Cell viability as measured by MTS assay to assess the effect of MWNT
concentration on cell proliferation in breast cancer cell lines MCF 7 and MDA-MB-231
and non-cancerous breast cell line MCF 10A. Results for each group are normalized to
the 0 μg/mL control for that cell line and coating. An asterisk denotes significance on the
p<0.05 level. Error bars show SEM.
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Figure 3

Figure 3 Cell viability as measured by MTS after the adhesion assay. The results for each
group are normalized to the 0 μg/mL control for that cell line and coating as well as the
viability measured in the proliferation assay. For the carbon black-only, MWNT-only and
carbon black-collagen coatings there are only very small changes in cell viability on the
different concentrations of each coating and no larger trend emerges. Increased
nanoparticle concentration of the MWNT-collagen coating shows a parabolic increase in
adhesion for the MCF7 and MDA-MB-231 cancerous cells but not the non-cancerous
MCF10A cells. An asterisk denotes significance on the p<0.05 level. Error bars show
SEM.
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Figure 4
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Figure 4 Cell viability as measured by MTS during the timed binding assay. The
observed trends are generally a result of differences between cell type, not coating, and
any differences are almost completely resolved after allowing the cells to adhere for 90
minutes. Error bars show SEM.
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Figure 5

Figure 5 Western blots and their quantitative representation via ImageJ both echo the
parabolic increase in adhesion seen in the adhesion assay. A: Western blots indicate
increased expression of E-cadherin at MWNT-collagen concentrations that displayed
increased adhesion, again showing increases in the cancerous cells but not the noncancerous cells. MCF 10A displayed consistent E-cadherin expression across MWNT
concentrations. B: ImageJ analysis of western blot images quantifying the area of the
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band, normalized for the 0 µg/mL control for each cell type to quantitatively visualize Ecadherin expression and its change across the concentrations.
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Figure 6

Figure 6 E-cadherin (green) and F-actin (red) expression for each cell line and
concentration. For the cancerous cells there is an increase in E-cadherin and F-actin colocalization when MWNT are present and this effect appears to be particularly strong
where the cells cluster. MCF10A cells are consistent regardless of MWNT presence or
concentration. Cells are shown at 20x magnification.
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Figure 7A
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Figure 7B

Figure 7 Scratch assay results for each concentration (μg/mL) and cell line. A: No
difference is observed in the MCF10A normal cells, but closure is inhibited in some
concentrations for the MDA-MB-231 and MCF7 cells. Pictures are at 4x magnification
and the gaps at day 0 are each 1/8 inch wide. B: The values shown are normalized by
taking the difference in pixel intensities at days 0 and 5 for the same scratch, then
dividing by the average 0 μg/mL intensity at day 5 for that cell line to aid comparison
between the cell types. An asterisk denotes significance relative to the control on the
p<0.05 level, double dagger denotes significance on the p<0.01 level. Error bars show
SEM.
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Figure 8

Figure 8 Autophagy results for each concentration (μg/mL), cell line, and coating type.
MW refers to the MWNT and CB is carbon black; plus or minus refers to the presence or
absence of collagen in the coating. Autophagy is drastically increased for the MDA-MB231 cells on MWNT-collagen coatings at MWNT concentrations of 10 μg/mL or higher,
but no other experimental group displays significant change. When every group is
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analysed together, the treatments were significantly different with p<0.001. An asterisk
shows significance on a p<0.0001 level relative to the other treatments for the same
concentration. Two asterisks indicate significance at a p=0.028 level.
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CHAPTER 5: Multi-walled Carbon Nanotubes Inhibit Cancer Cell Invasion of the
Mesenchymal Cell Layer
While the below data is not currently published, it will soon be adapted into a
manuscript and submitted to the Journal of Functional Biomaterials, which is
calling for manuscripts for its special issue on Biomaterials Approaches for Cancer
Research.
Logic and Principles
When cancer occurs, there is a stromal reaction to the cancer cells which generates a
fibrotic response like the kind seen in wound healing: the surrounding fibroblasts
upregulate into myofibroblasts to secrete more collagen.1-3 Instead of a scar, these
myofibroblasts generate the hard, fibrotic tissue that is often described as a ―lump‖
around a tumor.4 Myofibroblasts within the tumor stroma are also known as cancerassociated fibroblasts, and their presence greatly increases the likelihood that the tumor
cells will metastasize, as the body’s response to the cancer cells causes the cells to
become more aggressive.2,5-9 Cancer cells escape this fibrotic encapsulation by secreting
matrix metalloproteinases, which are enzymes that break down the extracellular matrix to
facilitate invasion.5 MMP-2, 9, and 14 are common in breast cancer and are a predictor of
poor prognosis.10 Because fibroblasts create and maintain the connective tissue layer that
instructs epithelial cell behavior via stromal-epithelial interactions, perhaps MWNT could
again alter the fibrotic reaction as in chapter 2, but with a new application to cancer. In
this chapter, we extend the concept of substrate-influenced behavior one step further: by
controlling the activity of the fibroblasts, we can also control the epithelial cells and
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thereby change their behavior.
Methods
While this chapter also involves making gels, these contain both fibroblasts and cancer
cells. Prior to use in this chapter, HEPM fibroblasts were infected to express GFP and
MDA-MB-231 cancer cells were infected similarly with dsRed. The core lab facility at
the medical center performed the infections with lentiviral constructs to ensure stable
expression of the markers. These constructs were generated by Dr. Guangchao Sui. After
infection, cells were selected using fluorescently activated cell sorting (FACS) to ensure
that only cells that express their new marker were used in subsequent experiments.
The gels used in this set of the experiments were formulated in the same manner as in
chapter 2. Briefly, collagen gels were formed by mixing 100 μL of 10X PBS, 20 μL 1M
NaOH, 130 μL of 1X PBS with 1 mg/mL Pluronic F-127 or 0.1 mg/mL MWNT in this
solution, 800 μL of collagen type I diluted in 0.02M acetic acid, and 250 μL of 1X PBS.
On occasion, these samples were scaled down to fit in smaller culture plates (for instance,
using one quarter of the gel solution to scale from a 12-well plate to a 48-well plate) and
they were scaled down even further for cell tracking to reduce the gel height and
accommodate the tracking microscope’s limited focal length. For these tracking
experiments the volume of solution was reduced to one third of the normal volume for a
48-well plate to reduce the gel to one third of its usual height.
There were six groups of gels: control gels without any cells in them, gels with
fibroblasts, and gels with myofibroblasts; each of which were made with and without 1%
MWNT. Each group was tested in triplicate. The fibroblast-populated gels and the control
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gels were maintained in their usual media (HyClone DME/High Modified media with Lglutamine, penicillin and streptomycin antibiotics, and 10% fetal bovine serum). The
myofibroblast gels were generated by making fibroblast gels and then incubating them
with 10 ng/mL of transforming growth factor beta (TGF-β) in their media for 3 days,
which is sufficient to induce fibroblasts to become myofibroblasts.11 All media was
changed the day after gel formation and every second day thereafter. TGF-β media was
made fresh each week as the protein is only stable in solution for up to one week when
generally refrigerated.
Fibroblasts?

1% MWNT

TGF-β

Group name

N

N

-

Acellular gels without MWNT

N

Y

-

Acellular gels with MWNT

Y

N

-

Fibroblast gels without MWNT

Y

N

+

Myofibroblast gels without MWNT

Y

Y

-

Fibroblast gels with MWNT

Y

Y

+

Myofibroblast gels with MWNT

Table I: List of Experimental Groups
At the end of the 3 day incubation period, 2.5x103 cancer cells were plated on top of the
gel to generate a cancer cell layer of roughly 30% confluency, which is helpful for
imaging and especially cell tracking. After the cancer cells incubated on the gels
overnight, invasion assays were undertaken to determine the effect of the
(myo)fibroblast-populated substrate on the cancer cells. Invasion was measured by zstack imaging of the gels using a confocal microscope. The distance (in micrometers)
between the first plane where dsRed-expressing cells were observed and the last was
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measured as the invasion distance. Contraction assays were also undertaken at this time
to test how the fibroblasts reacted to the TGF-β and MWNT in co-culture. Contraction
was tested in a similar manner as in chapter 2; the gels were photographed over
millimeter-square graph paper while in a clear chamber slide and the diameter of each gel
was measured in two perpendicular directions. These tests were repeated 3 days later, a
total of 7 days after the formation of the initial gels.
Cancer cells
No MWNT

Fibroblasts

Myofibroblasts

No cells in gel

1% MWNT

Figure 1: Schematic of the Experimental Groups. Note that the gels on the right still
have cells on top of the gels and so are not totally acellular. To emphasize their different
contents within the gels, they are also referred to as a group as having ―no HEPMs.‖
To assess migration, a separate set of gels with cancer cells and fibroblasts,
myofibroblasts, or collagen alone were prepared similarly to others in this chapter,
though they were only one third the height of the other gels to stay within the focal plane
of the tracking microscope. In addition, the fibroblasts for these gels were pre-treated
with TGF-β because previous attempts had demonstrated that once cells had contracted
they were no longer able to be imaged properly with the tracking microscope. To avoid
this contraction, gels were made with pre-treated myofibroblasts and the cancer cells
were plated shortly after the gels set. Imaging was started the next day before contraction
could occur in earnest and these gels were placed under time-lapse photography for 60
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hours. Using the pictures generated from this experiment, 21 cells were tracked per
group. The path length of each of these cells was measured with ImageJ with the plugin
MTrackJ, which works by taking the center of the cell as defined by the user, who
manually selects this point from the image, and using the distance formula:

to track each cell’s movement in the x and y directions between each frame of the
tracking experiment.12-13 These distance values were summed to calculate each cell’s total
movement over the course of the experiment. Other interesting features were also noted,
such as the propensity of cells to die on their respective substrate.
Further gels were made to test proliferation. The proliferation gels were analysed with a
fluorescence plate reader to gauge proliferation of each cell type. Flow cytometry was
initially used, but failed due to the presence of many tiny collagen pieces that were
roughly the same size as the cells and buried their fluorescent signal. The number of each
type of fluorescent cell was calculated by comparing the fluorescent intensity of the
samples with that of known numbers of each cell type. Cell counts using trypan blue and
a hemocytometer were also used, as in chapter 2, to generate total cell counts based on
the concentration of cells and the total volume of solution once the gels had dissolved in
5 mg/mL collagenase. For fluorescence measurements, the intensities of the gels alone,
without any cells but with or without MWNT, were subtracted from their respective
groups to control for any signal from something other than the cells. This was done for
both the dsRed and GFP signals, except that for the GFP measurements, two of these
groups had no HEPMs and therefore no GFP-emitting cells in them. The GFP gels were
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controlled with their cell-less equivalents, but then also by their HEPM-less equivalents
by adjusting the ―myofibroblast‖ and ―no HEPM‖ signals for each group until the ―no
HEPM‖ group had an intensity of zero. These set points were different for the MWNT/no
MWNT groups and they were adjusted separately. The ―no HEPM‖ groups that were
used to measure these baseline intensities are omitted from this graph (figure 17).
Other gels were generated to test MMP expression via western blot. At the end of 7 days,
the gels were dissolved with 5 mg/mL collagenase for 90 minutes to strongly degrade the
collagen and decrease its contribution to the total protein concentration of the samples. 14
Western blot samples were generated by adding the digested gel solution to 1 mL of
1:100 HALT protease inhibitor to RIPA lysis buffer while on ice. The cells were then
lysed using horn sonication for 2 seconds at 10% amplitude with pulses that were on for
0.3 seconds then off for 0.7 seconds.
To perform the western blots for MMP expression, BCA assays were undertaken to test
the protein concentration in each sample. Albumin standards were used to make a protein
concentration curve based on their colorimetric reaction with the BCA reagent, which
was made from a kit designed for this purpose. The reaction was quantified by using a
plate reader to measure their absorbance at 562 nm. The samples were then measured
similarly and their absorbance values were compared to the calibration curve to
interpolate their protein concentrations. Sample concentrations did not exceed the range
of values tested in the calibration curve.
Once the protein concentrations were known, four 12% acrylamide gels with 10 wells per
gel were poured using 10-well, 1.5 mm combs. Once these were set, the samples were
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loaded. Each well received 25 μL of solution, which was comprised of enough volume of
the sample to contain 10 ug of protein, 1 μL of 5X Laemmli Sample Buffer (LBS) for
each 5 μL of volume required to achieve that much protein, and the remaining volume
consisted of 1X LSB. For instance, a sample that had a protein concentration of 0.91
mg/mL required 11.04 μL of sample to contain 10 μg of protein. This sample was then
mixed with 2 μL of 5X LSB, since that volume was between 10 and 15 μL, and 11.96 μL
1X LSB to generate a 25 μL sample.
The gels were run at 200 V for 2 hours in Laemmli electrophoresis buffer and then the
protein bands were transferred to nitrocellulose using a Bio-Rad semi-dry transfer
apparatus at 22 V for 11 minutes. Following this, they were blocked overnight at 4°C in
Carnation non-fat powdered milk reconstituted in 1X TBS-T. The samples were on a
tilting shaker plate during blocking and many of the later steps, though all later washes
and staining were performed at room temperature after this initial blocking step. After
blocking, the samples were washed three times with 1X TBS-T for five minutes each.
They were then tilted for 2 hours in a solution of 1:500 anti-MMP-9 and 1:10,000 antibeta actin in the milk solution described earlier. All primary antibodies used for this
experiment were monoclonal antibodies generated in mice that were purchased from
Abcam and had been shown to also react with the human forms of those proteins. The
TBS-T washes were repeated as described before and then the samples were tilted again
for 1 hour in a secondary antibody solution of 1:5,000 horseradish peroxidase goat antimouse in milk. The samples were washed again and then developed.
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To develop the samples, they were rinsed with Western Lightning Plus ECL solution for
1 minute, then covered in plastic wrap and film was exposed to the chemiluminescence
for 1-90 seconds. The film was the developed with an x-ray film developing machine.
The samples were then washed again in TBS-T, stripped of the stains via a 5 minute rinse
in Restore Plus Western Blot Stripping Buffer, and then re-blocked for 2 hours at room
temperature. The blots were then re-stained with anti-MMP-2 in the same manner and
antibody ratio as described above, but the signal from this blot was much weaker, even
after using very high antibody concentrations as the protein concentrations for these
samples were quite low.
Each film was scanned and then quantified with ImageJ. To quantify the bands, the
integrated pixel density was measured in the area of each band. Because ImageJ assigns
bright pixels a higher value than dark ones, I measured an area on the gel without any
bands and then subtracted each band’s value from this ceiling to get a more intuitive
reading of the bands’ intensities, as larger values now represent a more intense band. This
was done after ImageJ would not invert the colors of the image. From these values, each
isoform’s result for each sample was divided by its corresponding actin value (42 kDa) to
normalize the data. The average expression of each isoform was then calculated for each
group of gels.
The model of cancer cells being plated atop fibroblasts was used because tracking and
invasion assays require cells that all start in the same plane. However, tumors have far
less organization than normal tissue. They are much more heterogenous and are generally
comprised of 80% stromal cells with cancer cells at various points within the stroma.15
We next tested our model with a mixed co-culture to better replicate reality. The gels
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were made in the usual manner using the normal volume of cell solution, but with the cell
count being 80% fibroblasts and 20% cancer cells. These cells were added at the same
time and mixed into the gel during its formation; the cancer cells were not plated on top
of the set gel. Contraction, proliferation, and MMP expression assays were repeated for
this model. However, the western blots for these gels also suffered from low protein
concentrations.
The differences between each of the groups in the tests described above were measured
using an ANOVA for each experiment. The statistical analysis was performed in
SigmaStat 3.5 and Holm-Sidak post-hoc testing was used when the ANOVA was
significant.
Results and Discussion
MWNT decrease both contraction and invasion even when TGF-β is added
TGF-β is known to stimulate fibroblasts to become their more aggressive and contractile
counterparts known as myofibroblasts, and this growth factor is also known to increase
cancer cell invasion.3,11 However, as seen in figures 2-5, the addition of 1% MWNT to a
collagen gel results in no difference from the control when collagen-only gels show
significant contraction or invasion. This effect is even maintained when TGF-β is added
to the fibroblasts, though in this case it is only able to delay significant contraction
instead of prevent it. The MWNT did however prevent significant invasion for the full
duration of these experiments.
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Figure 2: Contraction of the gels after 4 days’ incubation. An asterisk denotes
significance from the appropriate ―No HEPM‖ control group on a p<0.0001 level.

Figure 3: Contraction of the gels after 7 days’ incubation. An asterisk denotes
significance from the appropriate ―No HEPM‖ control group on a p<0.0001 level.
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As in chapter 2, the 1% MWNT gels were able to reduce contraction so strongly that
HEPM gels maintained nearly 90% of the area of their control without HEPMs at the end
of one week. The MWNTs are also able to inhibit contraction with TGF-β at day 4, when
the HEPMs have been treated with the growth factor for 3 days and then incubated
overnight with the cancer cells on top of the gels. However, this treatment and subsequent
introduction of the cancer cells seems to create a stronger reaction from the fibroblasts
which is unable to be overcome by the MWNT and by day 7 the contraction of the
MWNT gels with TGF-β is not statistically different from the same gels without MWNT.
This increased reaction that is observed in the contraction data from the introduction of
the cancer cells does not appear in the invasion assay. MWNT are able to hold off
invasion at both days 4 and 7, with both timepoints showing no difference among any of
the MWNT groups. This result is in contrast to the collagen-only gels which show an
early and obvious increase in cancer cell invasion. The TGF-β group without MWNT is
significant already at day 4, when the cancer cells have only been on the gel overnight,
and both the magnitude and significance increases over the next 3 days with the result
after one week being very highly significant. Again, the MWNT groups show no such
difference; if anything, the invasion of the cancer cells trends towards a decrease relative
to the control gel of MWNT without HEPMs.
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Figure 4: Invasion of the cancer cells after their overnight incubation on gels that
were prepped for 3 days prior to generate myofibroblasts. An asterisk denotes
significance from the appropriate ―No HEPM‖ control group on a p<0.05 level.

Figure 5: Invasion of the cancer cells 3 days after the prior measurement. An
asterisk denotes significance from the appropriate ―No HEPM‖ control group on a
p<0.0001 level.
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MWNT selectively decrease cancer cell proliferation

*

*

Figure 6: DsRed signal after 7 days. An asterisk denotes significance from each group’s
respective ―No HEPM‖ control on a p<0.0001 level.

*

Figure 7: Counts of all cells in the gels. Error bars are show the standard error of the
mean. An asterisk denotes significance relative to the group’s control without HEPMs.
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The MWNT decrease the number of dsRed-expressing cells when TGF-β is added, but
increase the number of fibroblasts without the growth factor. These interesting
relationships can be seen in figures 6 and 7. The MWNT HEPM cell count reflects the
data from chapter 2, where these gels had 2-3 times as many cells as their comparable
gels without MWNT. Unsurprisingly, the gels without HEPM cells, which constituted the
majority of the initial cell population, have lower cell counts at the end of one week. The
really interesting data is how the MWNT interact with fibroblasts exposed to TGF-β; it
appears that the presence of the MWNT switches the environment for the cancer cells
from one that promotes cancer growth to one that inhibits it. This difference in viability is
mirrored in figure 7, where in the two HEPM+TGF-β groups the MWNT group has
fewer cells than the group without MWNT.
MWNT inhibit cancer cell movement
Cancer cells often invade the matrix through the use of gelatinases, which break down the
matrix around the cells and allow them to more easily migrate through it. MMP-9 is one
such enzyme and along with MMP-2 it is one of the most common MMPs that are found
to be upregulated in breast cancer.10 MMP-14 is also commonly upregulated, though its
function is to mediate the action of MMP-2.10 MMP-9 is found in several isoforms, of
which the 82 and 64 kiloDalton (kDa) forms are the most active.16 These are also the
isoforms on which the MWNT have the greatest influence, as seen in Figures 8-11.
Adding 1% MWNT to a collagen gel significantly reduces the expression of the 82 kDa
isoform in the ―no HEPM‖ group and significantly reduces the expression of both the 82
and 64 kDa isoforms in the groups with TGF-β. There is no observable difference
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between the various groups in the versions of them with or without MWNT for the least
active isoform at 67 kDa.

kDa
82
67
64
42

MW+H-

| MW+H+T | MW+H+ | MW-HEPM- | MW-H+T

|

MW-H+

Figure 8: MMP-9 expression per gel type. MMP-9 and actin expression were measured
using a western blot. Due to space constraints, abbreviations were used to denote the
groups as follows: MW: MWNT, H: HEPM, T: TGF-β, +: presence, -: absence. The data
shown in figure 8 were then quantified with ImageJ for figures 9-11.
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Figure 9: Quantified expression of the 82 kDa MMP-9 isoform. The average
expression of the isoform was calculated after each sample was normalized by its
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associated actin band. An asterisk denotes a significant difference on a p<0.005 level
between treatments that are otherwise identical except for their MWNT content.
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Figure 10: Quantified expression of the 67 kDa MMP-9 isoform. The average
expression of the isoform was calculated after each sample was normalized by its
associated actin band.
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Figure 11: Quantified expression of the 64 kDa MMP-9 isoform. The average
expression of the isoform was calculated after each sample was normalized by its
associated actin band. An asterisk denotes a significant difference on a p<0.005 level
between treatments that are otherwise identical except for their MWNT content.
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Myo-MW-

Myo+MW-

Myo-MW+

Myo+MW+

Figure 12: Tracking of cells made with pre-treated fibroblasts. Twenty-one dsRedexpressing MDA-MD-231 cancer cells per group were tracked as they moved across the
surface of their respective gels, which in addition to collagen contained each possible
combination of MWNT and/or myofibroblasts (fibroblasts pre-treated with TGF-β). Each
cell’s total path length was then calculated with ImageJ. The images above show the total
paths taken by the cells after 18 hours of observation.
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Figure 13: Quantified tracking of cells made with pre-treated fibroblasts. An asterisk
denotes a significant difference on a p<0.001 level between groups that are otherwise
identical except for their MWNT content. These differences were found after only 18
hours of observation. Error bars show the SEM.

Figure 14: A cancer cell undergoing apoptosis. The MDA-MB-231 cells were
observed to die off in a specific manner when they were grown on myofibroblasts and
MWNT. This cell looked healthy until it died roughly one day after being plated.
As seen in Figures 12 and 13, the MWNT gels reduced the movement of the cancer cells
on the surface of the gels, which is consistent with the results of the scratch assay and
adhesion results from chapter 4. Interestingly, the MWNT gels with myofibroblasts were
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sometimes observed to undergo autophagy, as seen by the cell expelling its contents after
involution, followed by a gradual dimming and finally disappearance in figure 14. No
cells in the other groups were observed to undergo this change. The cell death after a
relatively long period of incubation, as opposed to rapid death, fits well with the huge
spike in autophagy that was also observed with the MWNT-collagen coatings in chapter
4. Autophagy leads to programmed cell death, though it takes longer than a directly
cytotoxic molecule would to achieve this kill. This mechanism is consistent with the
results seen in figure 6. The cells also appear normal on the gel for quite a while, and
these cells had already survived overnight on the same matrix before the start of the
experiment. Something that was simply cytotoxic would generally be expected to
provoke a negative reaction from the cells by this point. No such issues are observed
here, right up until the cells die.
MWNT have similar but blunted effects in a more advanced model of a tumor
We used the model of cancer cells on top of fibroblasts because tracking and invasion
assays require cells that all start in the same plane, and a normal cross-section of tissue
has epithelial cells growing adjacently to one another with fibroblasts supporting them. In
addition, very early cancers – such as cells that are just seeding or becoming cancerous –
would more closely resemble this model of more normal tissue distribution. However,
once tumors develop they are generally a heterogenous mix of the cell types and consist
of 80% stromal cells.15 We next tested our model with a mixed co-culture, with the gels
made in the usual manner and the normal volume of cell solution, but with the cell count
being 80% myofibroblasts and 20% cancer cells. The myofibroblasts were generated in
the same manner as for the tracking assay: by pre-treating the cells with TGF-β in culture
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for 3 days before encapsulating them in gels. Both the myofibroblasts and the cancer cells
were added at the same time and mixed into the gel during its formation; the cancer cells
were not plated on top of the set gel.
Figure 15 shows that in this model, as in the one used for the first part of this chapter, the
MWNT were unable to overcome the pro-contractile effects of the TGF-β. However, the
myofibroblast groups with and without MWNT were essentially identical this time. In the
previous model the MWNT still reduced contraction to yield an increased gel area, even
though this difference was not statistically significant. One factor that may contribute to
this change is the huge increase in cancer cells that were added to the gel: in the prior
model, only 2.5x103 cells were added, but in this model 5.0x104 were included in the gel
to make the MDA-MB-231s 20% of the cell population. Adding 20 times more cancer
cells likely further increased the reaction that the fibroblasts had to them and increased
the contraction relative to the comparable gel without MWNT.
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Figure 15: Contraction of mixed gels after 7 days. An asterisk denotes significance
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from each group’s respective control without HEPMs on a p<0.000001 level. This
experiment had an N of 6.

Thousands of dsRed-expressing cells
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Figure 16: Number of dsRed-expressing MDA-MB-231 cells in the mixed model at
the end of one week. Two asterisks denote significance from its ―no HEPMs‖ control on
a p=0.0001 level. One asterisk indicates significance from its control on a p=0.01 level.
This experiment had an N of 6.
Figures 16 and 17 demonstrate that while the two myofibroblast groups are not
significant from one another, the MWNT-collagen gels decrease cancer cell number and
increase fibroblast number relative to their collagen-only equivalent. The presence of the
myofibroblasts significantly increases the number of cancer cells, as is well established in
the literature3, but the MWNTs reduce both the magnitude and the significance of this
difference at one week. When the tracking data is taken into account, it backs up the trend
that the MWNT are causing the cancer cells to slowly die, potentially through autophagy.
This pathway is effective, but slow, so the effect may become significant with more time.
137

Indeed, this effect is observed to increase from day 4 to day 7 in the original model and is
also seen in the mixed model.
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Figure 17: GFP signal in the mixed model at the end of one week
Conclusion
The beneficial effects of the MWNT as seen in chapters 2 and 4 carry over when the
fibroblasts and cancer cells are cultured together. Furthermore, there are additional
benefits that could only be observed when the two cell types are allowed to interact, such
as the potential for fibroblasts to encourage cancer cells to migrate through the gel matrix
or to stay where they were seeded. The MWNTs appear to encourage the latter option,
decreasing cancer cell migration, invasion, and even viability. They are able to do this
selectively, without killing the fibroblasts. Indeed, the fibroblasts benefit from the
MWNT as they did in chapter 2. There are some limitations to the utility of the MWNT,
as they appear to only protect against so much of an insult to homeostasis: if too many
cancer cells are present or if the pro-contractile signals of TGF-β are too strong, the
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MWNT system can be overcome and the observed effect reverts towards that of the
control. However, the MWNT-doped collagen gels show great promise in controlling less
severe instances of cancer and this ability would be advantageous in its proposed usage as
a secondary line of treatment.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS
Overall, this work proves that MWNT are useful for a variety of applications including
reducing pathogenic contraction in fibroblastic cells, inhibiting the epithelialmesenchymal transition in cancerous epithelial cells, and reducing the ability of
cancerous cells to thrive and invade their surrounding tissue. Furthermore, data in the
appendix suggests that these benefits may continue in vivo, potentially reducing tumor
burden, delaying disease progression, and decreasing the expression of MMP-2, a marker
which correlates with tumor aggression and invasion.
Carbon nanoparticles are compatible with many cell types when coated with collagen,
even though their cytocompatibility has been extensively contested in the literature.
Given the results herein with HEPMs, TIB-80s, MCF 10As, MCF7s, and MDA-MB231s, the MWNTs seem quite safe to cells when coated; the only ones that respond in an
even slightly toxic manner are the MDA-MB-231 cells. However, the MDA-MB-231
cells have been shown in related work with our collaborators to be sensitive to
nanomaterials in general (such as silver nanoparticles). This observation may be due to
their unusual physical properties, which differ from both normal and other cancer cells
(shown by Dr. Guthold’s group).
While none of the nanoparticles tested were cytotoxic, using them as dopants in a
collagen substrate created many cellular changes. Once a certain threshold of MWNT or
SWNT concentration was reached and the particles were homogenously distributed (with
aid from the collagen matrix), cells lost their pathological phenotype; whether they were
fibroblasts that would have otherwise strongly contracted or cancer cells that generally
migrate and metastasize, both cell types reduced this behavior. This change reflects an
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alteration in the cells’ relationship with their matrix. Many concentrations and aspect
ratios were tested to determine the proper type and amount of nanoparticle to elicit this
effect, but 1% wt/vol MWNT in a collagen gel seems to be roughly the optimal
concentration for use. This percentage corresponds to a 10 μg/mL MWNT concentration
in the gel.
Cells that are remodeling their matrix, such as strongly contractile cells reorganizing
collagen in a model of wound healing, are activated and often pro-inflammatory, but this
inflammation resolves when the wound is healed. The MWNTs appear to cause a shift in
the cells’ microenvironment such that the cells sense the wound is healed and they can
halt their inflammation, leaving their contractile state and instead returning to a normal
state of proliferation. Other cells can have different issues arising from an altered
connection with the matrix, such as many of the cell behaviors seen in cancer. Cells that
are motile, whether through migration or metastasis, form looser contacts with their
substrate and these weaker connections also contribute to the loss of cellular organization
and polarity that is common in cancer. However, when seeded on a MWNT-collagen
matrix, cancer cells adhere more strongly, migrate less, and regain some of their
organization. For both the fibroblasts and cancer cells, these deleterious effects seem to
be reversible; when the cells regain normal matrix connections they abandon their
pathological state of contracture or metastasis to behave more like their healthy
equivalents. These effects are generated in both cell types with similar concentrations of
MWNT, allowing for diverse effects from the same particle and principle.
MWNTs contribute several additional advantages beyond simply being high aspect ratio,
conductive nanoparticles. They quench reactive oxygen species as shown in chapter 2.
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Reactive oxygen species are pro-inflammatory molecules that can promote both
pathological wound healing and cancer, so suppressing these signalling molecules is a
further benefit. Even SWNTs, which are otherwise quite similar to MWNTs, are unable
to contribute this benefit. In addition, the MWNTs generate autophagy in the cancer cells,
which may help the cells dispose of their malfunctioning proteins or of themselves
entirely. Part of the particles’ effect may be due to their conductivity, which is based on
electron transport. The PEDOT particles are also conductive, but they generally work
through conduction of ions such as sodium (Na+) and potassium (K+), which is more like
the human neural system. As such, the PEDOT particles function very well as coatings
for neural probes. However, they do not elicit the same effect as the MWNTs.
To investigate how biological variability changes the observed effect, both mouse and
human cells were tested. The MWNTs have a much greater effect on the human cells.
This could be due to the large differences in cell sizes between the species as the physical
organization of the strong, conductive MWNTs might be generating a niche for the cells
and its specificity would be cell size dependent. Because the PEDOT particles did not
seem to elicit a strong effect from either species, one contributor to the effect seen in the
MWNTs is likely the stiffness of the tubes as both types are high aspect ratio, conductive
particles but the PEDOT tubes are much more flexible. Further trials could investigate the
effects of the cell niche size by pairing the SWNT, which are much smaller than the
MWNT but otherwise nearly identical, with these small mouse cells. Mathematical
models of nanotube distribution would further augment this analysis of how nanoparticle
aspect ratio and concentration combine to create a chicken-wire-esque lattice for cells to
grow upon. These experiments should be coupled with experimental visualization of the
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nanotubes in the collagen matrix and an investigation into how the various lattice
arrangements alter an array of cell behaviors such as cell growth, migration patterns, and
E-cadherin expression.
When the fibroblasts and cancer cells were tested together, many of the benefits observed
in monoculture persisted. The cancer cells were less prone to invade their matrix, migrate
within their initial plane, or grow heartily. The fibroblasts continued to be inhibited in
their contraction and increased in their proliferation. All of these benefits are excellent
features for this material’s intended purpose of promoting healing after a tumor resection
while also reducing recurrence at the tumor site. The ability of the MWNT-collagen
matrix to help one cell type while killing another is an unusual and favorable combination
for this role.
It has also been interesting to see how the various pieces of the puzzle have fit together to
accomplish this combined functionality. For instance, the data in chapter 4 did not show
much difference in the ability of the MWNT to kill the cancer cells at the most favorable
concentration (25 μg/mL), but that was after only 48 hours. When more time is allowed
for the effect to take place, differences start to emerge and the MWNTs seem to cause a
slow death for the cancer cells but not the fibroblasts. This again fits with the autophagy
data seen in chapter 4, since autophagy takes a long time to kill cells. The co-culture data
also showed that the MWNT system has limits and can only buffer a small number of
cancer cells. This realization is helpful and again suggests the treatment modality of
something that is added to the tissue after most of the tumor is removed. The MWNTcollagen gel could potentially be very useful for keeping any cancer cells that were
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loosened from the primary tumor and left behind during resection from creating a new
tumor.
Finally, the MWNT were tested in vivo. Preliminary results show that injecting a
MWNT-collagen gel in proximity to the cancer cells may confer a wide array of benefits,
including decreased tumor burden, delayed disease progression, and a decrease in MMP2 expression. However, this conclusion was only reached once outliers have been
removed from the data set, and there were quite a few of them. Development of the
method saw some issues with the injections, including difficulty with multiple injections
at the same site and the propensity of MWNT-collagen gels to move away from the
injection site before setting. To combat this, multiple injections methods were attempted.
Analysis suggests that even though it is the most difficult setup, the best method is
multiple injections into the same site, i.e. injecting the cells into an already injected and
set gel. To generate appropriately powered conclusions, a larger study will need to be
undertaken. Future work along these lines should repeat these studies using a stereotactic
micromanipulator and an ultrasound-based photoacoustic system to guide the injections
and confirm that the two serial injections are concentric and appropriately placed within
the mammary fat pad. Several more parameters may also be pursued in the analysis, such
as the distributions of the metastases and nanoparticles along with the breakdown or
clearance of the nanoparticles. Raman spectroscopy may be of use in testing for the
presence of nanotubes in the various tissues.
Given the carbon nanotubes’ ability to generate the effects of interest and also yield
several beneficial side effects, the MWNTs seem to be uniquely suited for the ways they
have been used herein. The goal of this work has been to create a novel method to
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mechanically treat cancer instead of relying on methods that also endanger healthy cells,
such as biochemical or radiological means. A further benefit of this method with the
MWNTs is that it actually aids the healing of the tissue instead of only suppressing the
cancer. While it needs further study in vivo, this work details the development and in
vitro testing of the effect, its mechanism, and several interesting consequences for both
wound healing and cancer metastasis. The results are encouraging and will hopefully
direct more attention to cell control through mechanical means and the wide range of
possibilities that are available.
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APPENDIX: IN VIVO DATA
Evaluation of the use of a nanoparticle gel to inhibit stromal activation
Logic and Principles
During tumor resection, some cancer cells can become separated from the tumor and are
left behind in the wound.1 These cells are more likely to metastasize because they have
lost cell-cell adhesion and become mobile, which are often the first steps of metastasis.2
However, research has shown that with the proper cell-matrix attachments, some cancer
cells can actually be reverted to their normal equivalent.3-4 By inhibiting fibrosis and
restoring matrix cells to their normal phenotype, we can encourage this conversion or at
least block the metastasis of any resulting tumor cells, which are the most dangerous
when they are already dissociated from a tumor and are actively looking for somewhere
to attach. While in vitro models such as those described in chapters 4 and 5 are useful
tools to measure cell migration, animal models are a closer simulation of human health
than any other model found in the lab. The 4T1 cell line is also able to reliably reproduce
metastatic human breast cancer in a mouse when injected into the mammary fat pad.5 To
determine if the nanoparticle gel can inhibit metastasis and aid healing in vivo, the gel
will surround 4T1 cancer cells in a variant of a common cancer model in mice.
Methods
All procedures with the BALB/c mice were approved by the Animal Care and Use
Committee of Wake Forest University. The mice were anesthetized using 2% inhalation
isofluorane. The mammary fat pad number 4 (shown in the figure on next page6) was
injected with 100 μL of collagen or collagen-MWNT gel made with the same protocol as
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in chapter 2 but without cells. Briefly, the following solutions were combined: 100 μL of
10X PBS, 20 μL of 1M NaOH, 130 μL of 1X PBS with 1
mg/mL Pluronic F-127 or 100 µg/mL MWNT in this
solution, 800 μL of 5 mg/mL collagen type I diluted in
0.02M acetic acid, and 250 μL of 1X PBS. Mice were
injected 5 at a time for each group (with or without
MWNT) and each group’s syringes were filled using the
same batch of gel solution. The gel was introduced to the
fat pad with a 25G syringe . The gel was allowed to set for
an hour before 106 luciferase-expressing 4T1-12B cancer
6
cells in 50 μL PBS were injected into the center of the gel. The fat pads in a mouse.

Number 4 is circled for clarity.

Later groups were also injected with the cells mixed throughout the gel prior to injection.
The same gel formation protocol was used as above, but 250 μL of a cell solution with
5.2x107 cells/mL in PBS was used instead of that volume of PBS alone. This increased
cell density over the concentration used in chapter 2 (4x106 cells/mL) allows for 106 cells
per injection (volume 100 μL) instead of 106 cells per gel (volume 1300 μL). Mice were
also ear-punched during the same anesthesia period so each mouse could be followed
individually. For a desired power of 0.9, significance on the α = 0.05 level, and an
expected effect size and standard deviations as seen with the collagen gel results from
chapter 2, it was calculated that 5 mice should be used for each testing group. They are
referred to herein by their punches: no hole (NH), RE (right ear), LE (left ear), RL (right
and left ears), and 2RE (2 punches in the right ear).
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The cancer cells express luciferase, so they can be imaged non-invasively after being
injected with 3 mg luciferin (the chemical substrate of luciferase) in PBS and given 10
minutes for it to distribute. A sample of weekly scans documenting the progression of the
cancer over a course of 6

Weeks
1

2

3

4

5

6

weeks is shown in the
figure at right.5 For the
current work, the mice
were scanned using an in
vivo

imaging

system

(IVIS) twice per week for
up to 8 weeks to noninvasively measure tumor

Sample IVIS Scans From the 4T1 cell line in a Mouse.5

growth and metastasis. Observations were ended earlier if a humane endpoint was
reached, such as a drop in body weight of greater than 20% of the initial weight, lethargy
and lack or grooming, or extensive metastasis. Body weight was measured three times
per week. Tumor area was evaluated by measuring the illuminated area of the IVIS scan
area around the primary tumor using ImageJ. These cells generally metastasize to the
lungs, bone, brain, and liver starting at 3-6 weeks, and the time to the first metastasis
detected with the IVIS system was also noted and analyzed.
At the end of the observation period, the animals were euthanized via CO2 asphyxiation
followed by cervical dislocation. The primary tumor was harvested immediately
postmortem for further testing. Three tumors from each group were used for western blot
testing of matrix metalloproteinase 2 (MMP-2) expression. MMPs have been shown to
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encourage collagen breakdown and also control intravasation, which is the movement of
cancerous cells from a tumor to the vasculature.7 It is generally the first step in metastasis
and MMP-2, 9, and 14 are most strongly correlated with invasiveness in breast cancer.8
The remaining 2 tumors from each group were used for histology, yielding sections from
each for separate Masson’s Trichrome and Picosirus Red staining, which allow for
visualization of overall tissue architecture and collagen subtype distribution.
Western blot samples were created by homogenizing tumor with a tissue tearer (Biospec
Products, Inc.) and digesting it with RIPA lysis buffer and HALT protease inhibitor at a
ratio of 100:1. Solutions were then further homogenized by horn sonication (1 second,
20% amplitude, 0.3 seconds on 0.7 seconds off) and centrifuged for 20 minutes at 14,000
Gs to pellet cell debris. The supernatant of this result was then transferred to its own
eppendorf tube and frozen at -80°C while the rest was discarded. Histology samples were
made by submerging the tumor in 10% formalin for at least a week before further use.
Before the western blot could be started, a bicinchoninic acid (BCA) assay was
performed to determine protein concentration in each sample. A standard curve of protein
samples of 0, 1.25, 2.5, 5, 10, and 20 μg/μL protein was generated using an albumin
solution. The western blot samples from the tumors were each diluted 1:20 with RIPA
lysis buffer and 10 μL of each sample or standard were added to the wells of a 96-well
plate in triplicate. These volumes were then topped with 200 μL of BCA reagent and
allowed to incubate for 30 minutes at 37°C before a plate reader was used to measure
their absorbance at 562 nm. The resulting values were used to gauge the protein
concentration of the tumor samples. With this information, new samples were generated
that each contained 35 μg of protein, 1 μL 5X TBS-T (990 mL water, 10 mL Tween 20,
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87.7 g NaCl, 12.1 g Tris Base at a pH of 7.5), and enough 1X TBS-T to bring the total
volume to 25 μL. These samples were then boiled for 5 minutes, cooled, and
nanocentrifuged for 30 seconds to make the small volume coalesce.
With help from Mary Kearns, the samples were run on a 12% polyacrylimide gel and
transferred onto a nitrocellulose membrane. Non-specific binding was blocked using a 2
hour incubation with 5% nonfat dry milk in 1x TBS-T at room temperature. The
membrane was incubated with primary antibodies anti MMP-2 (Abcam) at a dilution of
1:500 and anti β-actin at a dilution of 1:10,000 (Abcam) in blocking solution overnight at
4°C and 1 hour at room temperature. After washing three times for 5 minutes with 1X
TBS-T, the membrane was incubated with goat anti-mouse IgG peroxidase conjugated
secondary antibody (Abcam) at a 1:10,000 dilution at room temperature for 1 hour. The
nitrocellulose membrane was again washed three times with 1X TBS-T for 5 minutes.
Detection of the bands in the blot was assessed by ECL chemiluminescence using
Western Lightning®Plus-ECL (PerkinElmer).
For the histological staining, Rong Ma embedded the tumors in paraffin, sectioned them,
and affixed them to glass slides. She also guided me through the staining process with the
Masson’s Trichrome kit (Sigma). The protocol involves washing the samples twice in
xylene for 3 minutes each, then twice in 100% ethanol for 3 minutes each, and 1 minute
each in 95%, 80%, 70%, and 0% ethanol in deionized water to deparaffinize and
rehydrate the samples. They were then mordanted in 56°C Bouin’s Solution for 15
minutes before being cooled and washed in tap water. The samples were stained in
Working Weigert’s Iron Hematoxylin Solution for 5 minutes before being dipped three
times in Scott’s Tap Water Substitute, dipped ten times in tap water, and rinsed in
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deionized water. They were then stained in Biebrich Scarlet-Acid Fuschin for 5 minutes,
rinsed

in

deionized

water,

and

stained

further

with

Working

Phosphotungstic/Phosphomolybdic Acid Solution and Aniline Blue Solution for 5
minutes each. Next, they were kept in 1% acetic acid for 2 minutes, rinsed, dehydrated by
dipping the samples 5 times each in 50%, 70%, and 80% ethanol, then keeping them in
95% ethanol for 1 minute and then two 100% ethanol rinses at 3 min each. Finally, they
were cleared with xylene twice for 3 min each and mounted with Cytoseal XYL and a
cover slip.
The Picosirus Red stain was deparaffinized and rehydrated as in the Masson’s Trichrome
procedure above. The samples were then stained in Weigert’s Hematoxylin for 8 minutes,
dipped three times in Scott’s Tap Water Substitute, and rinsed well in tap water. Using
the staining kit (Polysciences, Inc.), the samples were placed in solution A for 2 minutes,
rinsed in distilled water, and placed in solution B for 1 hour. Afterwards, they were
moved directly to solution C for 2 minutes. They were kept in 70% ethanol for 45
seconds and then 80% and 95% ethanol for 1 minute each. Finally, they were washed in
100% ethanol twice for 3 minutes each and then washed twice in xylene for 3 minutes
each. The slides were mounted and dried as in the Masson’s Trichrome protocol above.
The finished slides from both sets of stains were left in the hood for several hours to clear
off some of the remaining xylene vapors and then allowed to fully dry overnight. When
dry, the slides were scanned by the Department of Pathology Virtual Imaging Core. They
used a Hamamatsu Nanozoomer 2.0 HT NDP slide scanner with Olympus objective
lenses and NDP.View software.
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Data from the study were each evaluated with a Kaplan-Meier log rank test, one-way
ANOVA or a student’s T-test. All post-hoc testing was done with the Holm-Sidak
method. It was determined for each experiment if each treatment and injection method
had significantly different outcomes between the groups. The data was analyzed both
with and without outliers present in the data and the classification of these outliers is
discussed.
Results and Discussion
Cage 3: collagen gels were injected, set, and then 4T1 cells were injected into them
Cage 4: MWNT-collagen gels were injected, set, and then 4T1 cells were injected into
them
Cages 5+7: 4T1 cells were pre-mixed into collagen gels, then injected together
Cages 6+8: 4T1 cells were pre-mixed into MWNT-collagen gels, then injected together

Cage 6 did not go well due to retroperitoneal seepage of the gels before they set. This
issue artificially decreases survival time and time to metastasis. I was able to fix this for
cage 8. For all cages, I have analyzed both the whole data set and also the remaining mice
once outliers such as these are removed. The data is also displayed in that order.
Raw Data – IVIS
To save space, only images of the front view at 20 seconds of exposure with one image
per week are shown. However, mice were imaged at 1, 10, 20, and 30 seconds on both
the front and back twice a week for the duration of the experiment.

154

Day 0
NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

RL

2RE

Cage 3

Cage 4

Cage 5

NH

RE

LE

Cage 6

155

NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

Cage 7

Cage 8

Day 7

Cage 3

Cage 4

156

NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

RL

2RE

Cage 5

Cage 6

NH

RE

LE

RE

LE

Cage 7

NH

RL

Cage 8

157

2RE

Day 14
NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

NH

RE

LE

NH

LE

Cage 3

Cage 4

RL

Cage 5

RL

Cage 6

158

2RE

NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

NH

RE

LE

RL

2RE

Cage 7

Cage 8

Day 21

Cage 3

159

NH

RE

LE

RL

Cage 4

NH

RE

LE

RL

Cage 5

NH

2RE

Cage 7

RE

2RE

Cage 8

160

2RE

Day 28
LE

RL

NH

RE

Cage 3

LE

RL

Cage 4

RE

LE

Cage 5

161

2RE

Cage 7

2RE

Cage 8

Day 35
NH

LE

Cage 4

162

RE

LE

Cage 5

Day 42
NH

LE

Cage 4

RE

Cage 5

163

Day 49
LE

Cage 4

Day 56
LE

Cage 4

Body Weight
Body weight was monitored as part of the humane endpoint decision.
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Mice were to be euthanized if they dropped below 20% of their initial weight. This did
not occur for any mouse and many mice gained weight. Overall, mice did not seem to be
in discomfort from these treatments.
Event Timepoints
The time to metastasis was measured as the first appearance of luminescence separate
from the primary tumor when the mice were imaged with IVIS for a 30 second exposure.
Cage
3
3
3
3
3
4
4
4
4
4

Mouse
NH
RE
LE
RL
2RE
NH
RE
LE
RL
2RE

5

NH

5

RE

5

LE

5
5
6

RL
2RE
NH

Time to first metastasis (days)
10
7
21
18
18
10
25
25
7
Did not metastasize before
humane endpoint was reached
Did not metastasize before
humane endpoint was reached
Did not metastasize before
humane endpoint was reached
Did not metastasize before
humane endpoint was reached
3
17
0
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Time to humane endpoint (days)
25
25
32
32
25
43
32
56
32
25
21
46
35
21
17
14

6
6
6
6
7
7
7
7
7
8
8
8
8
8

RE
LE
RL
2RE
NH
RE
LE
RL
2RE
NH
RE
LE
RL
2RE

0
7
7
0
10
0
14
3
14
0
7
18
3
14

7
14
14
7
21
14
14
14
28
18
14
21
14
28

Clearly, there are some unusual data points. These are explored in more detail below.
Survival
Kaplan-Meier survival curve for whole data set:
6

Surviving Mice

5

4

Cage 3
Cage 4

3

Cage 5
Cage 6

2

Cage 7
Cage 8

1

0
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58
Time (Days)

The only significance using the log rank test with Holm-Sidak post-hoc testing is that
cages 3, 4, and 5 live longer than cage 6 on a p=0.003 level. Again, this is likely a result
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of several strong outliers from cage 6. The next graph is equivalent to the Kaplan-Meier
curve, but might be more intuitive for many as Kaplan-Meier curves are predominately
used by physicians.

Survival Time
60

Time (Days)

50
40
30
20
10
0
3

4

5

6

7

8

Cage

No matter how the data is displayed, the only result is that cage 6 did poorly, but this was
no surprise after seeing the IVIS data. A bit more is significant here (due to use of the
ANOVA test instead of the log rank test with the Kaplan-Meier). Cages 3 and 5 survive
longer than cage 6 (p<0.005) and cage 4 survives longer than cages 6, 7, and 8 (p<0.004).
However nothing is different from its matched partner (3 vs. 4, 5/7 vs. 6/8) except that
cage 5 survives longer than cage 6 (whereas one would hope for significance in the
opposite direction). Power here is 0.975.
Metastasis
Because the cancer-ridden gels spred so far in cage 6 upon injection, their time to
metastasis was also very quick and sometimes immediate. Mice that did not metastasize
have no appropriate numerical value for this measure and are not included in this graph.
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Time to First Metastasis

There is no statistical
significance here either,
but the power is only
0.365 when typically a
power of at least 0.8 is
desired.

30

Time (Days)

20
10
0
-10

3

4

5

6

7

8

Cage

Total tumor area - 3

200
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150
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100
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0
0

20

40

3 2RE

Normalized tumor area

Normalized tumor area

Tumor Area and Volume
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100

4 RE

50
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0
0

Time (Days)

4 2RE

Total tumor area - 6
Normalized tumor area

Normalized tumor area

100

Time (Days)

Total tumor area - 5
5 NH

150

5 RE

100

5 LE
50

5 RL

0

5 2RE
0

50

50
Time (Days)

400

6 NH

300

6 RE

200

6 LE

100

6 RL

0

6 2RE
0

10
Time (Days)
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20

Total tumor area - 8

200

7 NH

150

7 RE

100

7 LE

50

7 RL

0

7 2RE
0

20

Normalized tumor area

Normalized tumor area

Total tumor area - 7

40

Number of Voxels

Total Tumor Volume
2000
1500
1000
500
0
4

8 NH

300

8 RE

200

8 LE

100

8 RL
8 2RE

0
0

20

40

Time (Days)

Time (Days)

3

400

5

6

7

8

Cage

Areas were generated by summing the
area (in pixels as calculated in ImageJ)
from each set of IVIS images
(front+back) at 1 s exposure for each
mouse and timepoint. Volumes were
generated by integrating under the area
curves using Riemann sums. No
differences are evident with this
arrangement, but the areas often show
two subgroups of outcomes per cage
(quick growth and slow growth).

Outliers and Their Removal
Bolded data points are considered outliers. Individual explanations follow.
Cage
Mouse Time to first metastasis (days)
Time to humane endpoint (days)
3
NH
10
25
3
RE
7
25
3
LE
21
32
3
RL
18
32
3
2RE
18
25
4
NH
10
43
4
RE
25
32
4
LE
25
56
4
RL
7
32
4
2RE
Did not metastasize before 25
humane endpoint was reached
5
NH
Did not metastasize before 21
humane endpoint was reached
5
RE
Did not metastasize before 46
humane
endpoint
was
reached
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5

LE

5
5
6
6
6
6
6
7
7
7
7
7
8
8
8
8
8

RL
2RE
NH
RE
LE
RL
2RE
NH
RE
LE
RL
2RE
NH
RE
LE
RL
2RE

Did not metastasize before
humane endpoint was reached
3
17
0
0
7
7
0
10
0
14
3
14
0
7
18
3
14

35
21
17
14
7
14
14
7
21
14
14
14
28
18
14
21
14
28

4 RE and RL: The tumor area increases much faster for them than their cagemates.
5 RE, while it did very well, did so because it never showed any tumor formation beyond
a small and transient blip several weeks into the experiment.
6 NH, RE, and 2RE had terrible initial IVIS scans because the MWNT-collagen gel
seeped immediately after injection and was distributed widely within the mouse. This
also created faux metastasis since the gel went to several locations.
7 RE and RL had problems similar to those from cage 6, but not as severe.
8 NH had a small amount of gel seepage. 8 RE had no tumor until day 14, when it was
massive.
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Survival

Time (Days)

Survival Time - No Outliers
60
50
40
30
20
10
0
3

Cage
3
4
5
6
7
8

4

5

6

Avg survival time (days)
27.8
41.33
23.5
14
21
21

7

stdev
3.83
15.57
7.90
0
7
7

8

n
5
3
4
2
3
3

Cage 4 lives significantly longer than cage 6 (p=0.003), but nothing else is statistically
significant. However, if you look at the actual numbers, cage 4 has a much higher
survival time. If cage 4 had the same standard deviation as its control (cage 3), the
difference would be significant on a p=0.004 level. Power for this analysis is 0.613.
Metastasis

Time to Metastasis - No Outliers
Time (Days)

30
20
10
0
3

4

5

6

7
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8

Cage

Avg time to mets (days)
14.8
17.5
10
7
12.67
11.67

3
4
5
6
7
8

stdev
5.97
10.61
9.90
0
2.31
7.77

n
5
2
2
2
3
3

Nothing is significant, but the power is an abysmal 0.05.
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0
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20

80

Total tumor area - 8
7 NH

60
7 LE

40
20

7 2RE

0
0

20

40

Number of Voxels

Total Tumor Volume
2000
1500
1000
500
0
4

5

6

7

8

stdev
508.42
193.54
459.93
38.78
108.70
353.14

n
5
5
5
2
3
3

Cage

Cage
3
4
5
6
7
8

400

8 LE

300
200

8 RL

100
8 2RE

0
0

20

40

Time (Days)

Time (Days)

3

Normalized tumor area

Normalized tumor area

Total tumor area - 7

Avg tumor volume
1150.76
556.84
904.51
742.15
683.20
852.77

While no differences are evident with this
arrangement, encouraging trends are seen.
Cage 4 has half the total tumor volume as its
matched control (cage 3) and all the
nanoparticle gels in (cages 4, 6, and 8) take
longer to reach the final phase of growth,
which occurs after metastasis and can be
seen as an uptick in growth after a strong
reduction. The rate of growth in this phase is
also much slower than in their controls.

Actual numbers for above tumor
volume graph. Note that cage 4 has
half the tumor volume of cage 3.

This cell model, when used in an immunocompetent BALB/c mouse, has 3 phases of
growth. The first is primary tumor growth, followed by tumor regression due to an
immune reaction to the tumor. After that, the tumor often metastasizes and all tumor sites
grow more. ―Time to first correction‖ refers to when the tumor area has its first decrease.
Before this point is the first growth phase and after it is the second. As mentioned on the
previous page, this correction can be observed in the changes in tumor area, which start
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out strong, drop off, and then come back. The MWNT-collagen gels seem to take longer
to start this second growth phase and often do not recover as violently when they do start
up again. This observation was quantified and the results are shown below.

Time to First Correction
60

Time (Days)

50
40
30
20
10
0
3

4

5

6

7

8

Cage

Cage
3
4
5
6
7
8

Time to first correction
16.8
30.67
14.67
8.5
5
13.67

stdev
3.83
21.13
8.08
2.12
2.83
3.51

n
5
3
3
2
2
3

Unfortunately, again nothing is significant, but the actual numbers suggest that 3 vs. 4
would be highly significant and at roughly twice the value of the control if only the
standard deviation were not so huge. This time, the comparison between cages 7 and 8
would have a similar result, which suggests that the effect holds regardless of the
injection method. However, cells that begin as a more concentrated injection live longer
than those with a wider initial dispersion of cells, which is a logical result. Power is
0.285. Evaluating just cages 7 and 8 with a t-test increases the power to 0.456 – a
welcome improvement but not nearly enough to be trustworthy.
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Secondary Analyses
The tumors were used for either western blots (3/cage) or histology (2/cage).
Histology
Each mouse had a sample stained with Picosirus red, which indicates collagen subtypes,
and Masson’s Trichrome, which shows the general structure of the tissue and gives more
detail than the standard H&E stain.
3 LE

Picosirus Red

Masson’s Trichrome

3 RL

4 NH

176

4 2RE

Picosirus Red

Masson’s Trichrome

5 LE

5 2RE

177

6 RE

Picosirus Red

Masson’s Trichrome

6 2RE

7 NH

178

7 2RE

Picosirus Red

Masson’s Trichrome

8 RE

8 RL

Western Blot
One western blot with two gels was run to evaluate all 17 samples. In this 2 second
exposure, the top row is MMP-2 and the bottom row is β-actin. MMP-2 is used at a 1:500
dilution and β-actin at 1:10,000.
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8-2RE|6NH|8NH|4RE|3RE|7RE|5NH|3NH|5RL

8LE|3-2RE|6RL|6LE|7RL|4LE|4RL|7LE

The actin concentration is still too high even at this strong dilution, but the MMP-2
dilution looks right. Clearly there is variation among the samples. When quantified using
ImageJ and normalized by the β-actin expression, MMP-2 expression can be shown as
below.

Normalized Expression

MMP-2 expression
1
0.8
0.6
0.4
0.2
0
3

4

5

6

7

Cage

Cage
3
4
5
6
7
8

MMP-2
0.52
0.36
0.68
0.62
0.46
0.60

stdev
0.15
0.05
0.15
0.18
0.14
0.30

n
3
3
2
3
3
3
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8

MMP-2 No Outliers
Normalized Expression

1
0.8
0.6
0.4
0.2
0
3

4

5

6

7

8

Cage

Cage
3
4
5
6
7
8

MMP-2
0.52
0.31
0.68
0.43
0.33
0.60

stdev
0.15
0
0.15
0
0
0.30

n
3
1
2
1
1
3

Interestingly, there is a decrease in MMP-2 expression for cage 4 relative to cage 3, but
an increase between cage 7 and 8. However, nothing is significant and the power is only
0.071. This effect intensifies when the outliers are removed, but removing samples
further decreases the power to 0.051.
Sample sizes for a power of 0.8 (calculated from effect sizes observed with outliers
removed)
Cage
3
4

Avg survival time (days)
27.8
41.33

stdev
3.83
15.57

n
5
4

As it stands, a sample size of 22 would be required to have a power of 0.8. If the standard
deviation was the same for cage 4 as it is for cage 3, it would only require a sample size
of 3.
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Cage
3
4

Avg time to mets (days)
14.8
17.5

stdev
5.97
10.61

n
5
2

For a difference in means of 3 and a standard deviation of 5, an N=45 would be needed.
Cage
3
4

Avg tumor volume
1150.76
556.84

stdev
n
508.42 5
193.54 5

For a difference in means of 600 and a standard deviation of 200, N=4 would be needed.
For the same difference but with a standard deviation of 500, an N of 12 would be
required instead.

Cage
3
4
7
8

Avg time
correction
16.8
30.67
5
13.67

to

first
stdev
3.83
21.13
2.83
3.51

n
5
3
2
3

For cages 3+4: with an expected difference of about 14 and a standard deviation of 4,
only a sample of 3 is needed. However, with a standard deviation of 21, the required N
grows to 37.
For cages 7+8: with an expected difference of about 9 and a standard deviation of 3, I
would only need a sample of 4. For a standard deviation of 4, I would need an N of 5.
Avg MMP-2 (with
Cage outliers)
stdev
3
0.52
0.15
4
0.36
0.05

n
3
3

Avg MMP-2
outliers)
0.52
0.31

(no
stdev n
0.15
3
0
1

To achieve a power for the expected mean difference seen between cages 3 and 4 with a
standard deviation of 0.05, an N of 4 is needed. If the standard deviation is 0.15, the
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required N jumps to 15. Once the outliers are taken into account, the new mean
difference and the old minimum standard deviation (0.05, since the new one is 0) would
only require 2 samples for the proper power. With the new mean difference and a
standard deviation of 0.15, 10 samples would be needed.
Conclusion
Some promising trends have emerged from the cleaned data set, but as it stands, nothing
is actually reliably significant. In addition, many of the negative studies are badly
underpowered. This fact is a consequence of calculating the sample size required when
the effect size could only be estimated (the values used to estimate the expected effect
size and standard deviation were those seen with the fibroblasts and (MWNT-)collagen
gels). In addition, a reduction in effective sample size due to outliers arising from some
issues with developing the protocol further diluted the power. Given the effect size seen
here, it would probably take 15 mice total per group to achieve the minimum desirable
power of 0.8. When this study is repeated at a later date, 20 mice per group should be
sufficient to hedge against any further issues and/or result in a larger power value.
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