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PROGRAM SUMMARY
l. Accomplishments of the Program

 Offered summer internship training for three undergraduate students in alliance with MD Anderson
Step-Up program.

» Awarded 2-year fellowships to two graduate students for collaborative, interdisciplinary research in
specific areas of nanotechnology.

*Successfully provided three post-doctoral fellowships in the advancement of nanotechnology research.
Some fellows have advanced to careers in academia and industry.

« Attracted several prominent leaders of innovation in the field of nanomedicine to engage research
discussion and foster potential collaborative opportunities through the prestigious ANH Distinguished
Investigator Awards.

1. Statement to the public purpose to be served by the project
Obijectives:

1) To promote the mission of the Department of Energy (DOE) Science, Technology, Engineering,
Math (STEM) Program by recruiting students to science and engineering disciplines with the
intent of mentoring and supporting the next generation of scientists.

2) To foster interdisciplinary and collaborative research under the sponsorship of ANH for the
discovery and design of nano-based materials and devices with novel structures, functions, and
properties.

3) To prepare a diverse work force of scientists, engineers, and clinicians by utilizing the unique
intellectual and physical resources to develop novel nanotechnology paradigms for clinical
application.

A. Background

The Alliance for NanoHealth (ANH) is the first multi-disciplinary, multi-institutional collaborative
research endeavor aimed solely at using nanotechnology to bridge the gaps between medicine, biology,
materials science, computer technology and public policy. The ANH comprises eight world-class research
institutions, scientists and clinicians located within the world’s largest collection of healthcare facilities,
namely the Texas Medical Center and the greater Houston region. Member institutions include the Baylor
College of Medicine, The University of Texas M.D. Anderson Cancer Center, Rice University, University
of Houston, The University of Texas Health Science Center at Houston, Texas A&M Health Science
Center, The University of Texas Medical Branch at Galveston, and The Methodist Hospital Research
Institute. This consortium of institutions forms a unique continuum that bridges Nobel-prize winning
nanotechnology laboratories to outstanding basic science, technology and education programs, and to
world-leading clinical establishments in cancer, cardiovascular care, infectious diseases, and many other
branches of medicine. The ANH comprises an important fraction of the investigators in the Texas
Medical Center area, making it by far the largest collection of nanomedicine researchers in the world.



The mission of the Alliance is to facilitate the translation of nanotechnology from the laboratory bench to
clinical practice and to collectively bridge the disciplines to develop nanotechnology-based solutions to
unresolved problems in medicine. The aspiration of the ANH is to lead the world in developing advances
in health care that nanotechnology will engender by combining excellence in basic, applied, and clinical
research, education, technology transfer, and commercialization efforts. Its principal goal is to provide
new clinical approaches to saving lives through better diagnosis, treatment, and prevention. ANH
institutions are committed to development and application of nanotechnology tools in the battle against
heart disease, cancer, diabetes, stroke, and infection. The willingness to share strengths among the
disciplines with educational and training activities as well as welcoming new scientific associations
provides a rich collaborative foundation upon which the ANH has established significant research and
development opportunities.

We have assembled a faculty with highly diverse expertise — mathematicians, engineers, physicians,
chemists, bioscientists, and cancer biologists — to mentor students who are interested in pursuing
research in nanotechnology. Our trainees provide essential bridges across disciplinary boundaries during
their training and into their professional careers. Because building these connections is the essential goal
of the program, we have chosen to feature a broad spectrum of faculty and research activities — all with
the goal of combining in-depth exposure to new methodologies as well as modern biological and
biomedical sciences.

B. Objectives

The central objective of the training program is to advance the ANH mission by integrating researchers
relevant to this task as well as drawing new students into nanomedicine research. This program targets the
scientific and technical areas of interest of the DOE Office of Science. These subject areas encompass the
intellectual framework needed to ask insightful biological and nanotechnological questions, develop
appropriate approaches to these problems, and to bring them together to advance our understanding.

C. Program Progress

This training program attracted the next generation of students to study biomedical nanotechnology,
supports graduate and post-doctoral fellows interested in interdisciplinary research in a collaborative
environment, and provides cutting edge nanotechnology awareness and the opportunity to create new
collaborative research programs with some of the field’s most prominent investigators.

Undergraduate Students: This outreach program served as a recruitment tool for attracting undergraduate
students into a graduate program. This summer internship in alliance with MD Anderson Step-Up
program funded three students to be trained in our cutting edge research laboratories under the mentorship
and guidance of ANH investigators: faculty, postdoctoral fellows and graduate students.

Graduate Students: The overarching goal of the graduate fellowship is to develop future generations of
Ph.D. level scientists in the interdisciplinary field of nanomedicine. This ANH training program recruited
talented graduate students to the Texas Medical Center for their graduate training and development of




research careers in biomedical nanotechnology. See Appendix A for graduate student Awardee’s progress
reports and career profiles.

Postdoctoral Research Fellows: The ANH postdoctoral training program fostered a mechanism for
maturing junior scientists to transition into sophisticated investigators and potential future faculty
members. The ANH Program has awarded and successfully trained three postdoctoral fellows: Dev
Chatterjee, Kyle Hammerick, and Elizabeth McCullum. Please see Appendix B for the individual
awardee’s final progress and current career profiles.

Distinguished _Investigator Award Program: The Alliance supported the ANH Distinguished
Investigators Award Program to attract prominent leaders of innovation in the field of nanomedicine from
across the nation and abroad to be featured as Keynote Speakers and invited guests. These lecturers were
engaged in ANH research laboratories, met our students, and fostered new potential collaborative efforts
with ANH Investigators. See Appendix C for the invited ANH Distinguished Investigators’ seminars and
bio.

D. Concluding Remarks

The ANH is an outstanding individually tailored, highly multidisciplinary training program. The outcome
of student participation has proven strong research support among our 8 varied institutions and a
community of scholars, researchers, and clinicians. We expect the training and opportunities provided to
the next generation of nanotechnology researchers will meet and address many challenging medical
problems through advanced innovative methods with nanotechnology. Our goal has successfully
supported the DOE mission of preparing a diverse work force of scientists, engineers, and clinicians to
remain at the forefront of novel nanotechnology paradigms for clinical application.

1. Appendix
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e Graduate Student Awardees: Laura Carpin Kennedy and Eric Frey



Alliance for NanoHealth (ANH) DOE Training Program
Graduate Student Research Training Fellowship 2009
Final Report
Name: Laura Carpin Kennedy
Institution: Rice University
Project Title: Photoablative Gold Nanoshell Therapy of Chemotherapy-Resistant Cancer Cells

. Summary of Research:

Chemotherapy resistance continues to present a challenge in the treatment of advanced stage breast
cancer patients. The development of new pharmaceuticals has done little to significantly change the
problem of chemotherapy resistance, and new forms of therapy are needed that can overcome the tumor
cells' ability to develop resistance. Breast cancer TICs are naturally resistant to chemo- and hormone
therapy, and thus provide a logical target for battling breast cancer relapse. With traditional chemo- and
hormone therapy, the non-tumorigenic cancer cells are killed, leading to tumor shrinkage, but the
tumorigenic TICs are left behind to begin proliferating anew. These TICs are also thought to be the
source of metastases (Morrison et al, 2008). By targeting and destroying TICs, cancer recurrence may be
prevented. We proposed to target breast cancer TICs using the TVA/RCAS technology to create a
surrogate marker that gold nanoshells can locate and bind. This would permit targeted destruction of the
breast cancer TICs, and would demonstrate the impact of TIC destruction on tumor recurrence in the
primary or distant sites. We also proposed to target trastuzumab-resistant HER2+ breast cancer for
destruction with trastuzumab-conjugated gold nanoparticles. Because these cells still express the
extracellular component of the HER2 receptor, we could use the HER2 receptor to locate the HER2+
breast cancer cells with the gold nanoparticles. We could then physically destroy the cells by heating the
gold nanoshells with a NIR laser, overcoming any intracellular resistance mechanism.

Gold nanoparticles have great potential in the diagnosis, management, and treatment of cancer due to
their versatile scattering and absorbing properties, as well as the ease with which their surfaces can be
modified. Gold nanoshells usually consist of a core particle, such as silica, that is coated with a thin layer
of gold. Nanoshells are "tunable™ to either scattering or absorbing wavelengths by adjusting the thickness
of the gold coating, making them potentially powerful as imaging contrast agents. When created to
primarily absorb light, nanoshells can also efficiently convert light energy to heat energy, and Kkill
adjacent cells via thermal ablation (Lal, Clare, & Halas, 2008). This feature of nanoshells suggests many
useful applications, including cancer therapy.

Trastuzumab is a humanized monoclonal antibody pharmaceutical that is specifically targeted to the
HER2 receptor, a marker that is frequently overexpressed in breast cancer. Although this drug has been
approved for the adjuvant treatment of metastatic breast cancer and has shown positive clinical results, the
majority of patients are intrinsically resistant (Nahta & Esteva, 2006). In 2005, Dr. Drezek's lab was the
first to demonstrate that gold-silica nanoshells conjugated to HER2 antibody can be successfully used to
target and ablate breast carcinoma cells in culture (Loo et al 2005). My work extended this demonstration
to the clinically relevant problem of trastuzumab resistance. Trastuzumab resistance is not associated
with changes in the HER2 receptor, but rather with changes in the associated intracellular signaling
cascades that result in resistance (Valabrega, Montemurro, & Aglietta, 2007). We created gold-silica
nanoshells with a peak optical absorbance of 780-800 nm as described by Oldenburg et al (1998). The
ideal absorbing wavelengths for therapy lie in the near infrared region, as these wavelengths possess
maximal transmission through tissues. The nanoshells were then conjugated to trastuzumab using a
OPSS-PEG-NHS linker, and then PEGylated to block nonspecific adsorption using an optimized
concentration of polyethylene glycol-thiol (PEG-SH). We used trastuzumab resistant HER2+ cell lines
JIMT-1and BT474 1L, trastuzumab-sensitive HER2+ breast cancer line SKBR3 cells, and HER2- cell
line MCF10A. Photothermal ablation was demonstrated by growing cells to near-confluence on a plate,
incubating the trastuzumab-conjugated nanoshells with the cells for 1 hour, rinsing off the unbound



nanoshells  with PBS, and

Hve/Dead Imaging Silver Staining irradiating the cells with a near-
antHER2 antHER2 infrared laser (wavelength = ~800

Media Only Nanoshells Media Only Nanoshells

nm) at a power density of 80
W/cm? for 2 minutes with a spot
size of 2 mm. After 24 hours, we
visualized the cells using a
live/dead stain under fluorescent
microscopy to evaluate cell
viability and silver staining to
confirm nanoshell binding. Figure
1 shows the results of this study.
We successfully ablated both the
trastuzumab-sensitive and
trastuzumab-resistant HER2+
breast cancer cell lines. By
Figure 1. Photothermal therapy of trastuzumab resistant cell lines. | demonstrating that trastuzumab-
Cells were incubated with antiHER2 immunoconjugated gold | conjugated nanoshells could both
nanoshells, then irradiated with NIR laser light. Calcein stain (green) | label and photothermally ablate
shows live cells, ethidium (red) shows dead cells. Silver staining (right | both trastuzumab-sensitive and
column) shows nanoshells binding to HER2+ cell lines. MCF10A = | trastuzumab-resistant HER2+
HER2-; SKBR3 = HER2+, trastuzumab sensitive; BT474 1L = HER2+, | preast cancer cell lines, we showed
trastuzumab resistant; JIMT-1 = HER2+, trastuzumab resistant. the potential for gold nanoparticle

(Carpin etal, 2011) photothermal therapy to be an

alternative or adjuvant treatment
for chemotherapy-resistant breast cancers (Figure 1; Carpin et al, 2011).

Breast cancer TICs have become a subject of interest over the last several years as a possible
therapeutic target that could have significant impact on the recurrence rates of patients with advanced
breast cancer. However, to this point, they have not been targeted due to the lack of a single specific
marker — most groups have targeted breast cancer TICs using at least 3 markers (Al-Hajj et al, 2003; Ponti
et al, 2005, Clarke, 2005). To overcome this difficulty, the TVA/RCAS technology has been successfully
utilized by Dr. Yi Li and his group to create a breast cancer model in transgenic mice that mimics tumor
formation due to TIC mutations (Du et al 2006). TVA is a receptor for the avian leukosis virus, subgroup
A (ALV-A). Mammalian cells usually lack this receptor, and thus cannot be infected with ALV-A.
When this receptor is engineered into mammalian cells, the cells become vulnerable to infection by the
virus, which becomes integrated into the genome, but does not produce sufficient levels of viral protein to
permit the infection to spread or produce a host immune response. This also allows the introduction of
oncogenes into the TVA+ mammalian cells using the RCAS vector (Ochsenbauer-Jambor et al, 2002).
By expressing tva behind a keratin6-promoter (Bu et al, 2011), a TIC-enriched subpopulation of cells will
express the TVA receptor. The presence of this single surface receptor provides a convenient target for
nanoshell-based photothermal therapy and will direct nanoshells to a large percentage of the TICs present
in the tumor. We proposed creating a TVA antibody-conjugated nanoshell and verifying nanoshell
binding to the TVA receptor using a TVA+ 293T cell line and darkfield microscopy. We would then
perform the laser ablation, imaging, and live/dead testing as described above.

We then proposed extending these in vitro studies to in vivo models and transitioning from gold-silica
nanoshells to gold-gold sulfide nanoparticles, as these particles are smaller and will most likely be more
effective at bulk tumor penetration. Gobin demonstrated that the gold-gold sulfide particles can be used
in photothermal therapy, and actually heat faster than the gold-silica nanoshells (Gobin PhD thesis, 2007).
We would prepare the antibody-conjugated gold nanoparticles in a similar manner to what was described
above. To synthesize the GGS particles, we would combine aged 1 mM Na,S,03 and 2 mM HAuCI, and
optimize the ratio for particles with a high absorbance extinction peak of approximately 800 nm. The



GGS particles will be purified of residual gold colloid by sequential centrifugation as described by Gobin
(Gobin PhD thesis, 2007). We would then tag the GGS particles with either trastuzumab or anti-TVA
monoclonal antibody, and pegylate to prevent non-specific binding and to increase circulation time by
impairing the RE system's (RES) ability to uptake the particles. Two mouse models would be used for
the in vivo testing: for the anti-TVA-conjugated GGS particles, we will use tumors from MMTV-Wnt-1
mice with K6-controlled tva expression, and for the trastuzumab-coated GGS particles, we will use mice
with xenografted human ErbB2-expressing tumors. For the anti-TVA-conjugated studies, tumors will be
transplanted into syngeneic mice to prevent the nanoparticles from targeting stem cells in normal tissues.

To view the accumulation of the GGS particles in the tumor in vivo, we would use diffuse optical
spectroscopy (Zaman et al 2007) and 2-photon laser scanning microscope and compare the distribution of
the targeted GGS particles to the non-specific antibody and PEGylated only GGS particles 48 hours after
injection. We would also perform the same anti-TVA nanoparticle injections as above in tumors
modified to express GFP or another reporter protein in the breast cancer TICs. Using 2-photon
spectroscopy, we will evaluate the distribution of the TICs, and receive visual confirmation of calculated
percentage of TICs vs. tumor somatic cells. We would also evaluate if the GGS nanoshells were reaching
the TVA receptors or becoming trapped in the bulk of the tumor by comparing the positioning of the
reporter protein signal to the nanoshell scattering.

Once we had confirmed that the nanoshells were binding to the targeted receptors, we would
focus a NIR laser (wavelength = ~800 nm) on the tumor using 3 minutes at a power density of 4 W/cm?
and a spot size of 5 mm as starting points for therapy (Gobin PhD thesis, 2007) and follow tumor growth
for 2 weeks post-ablation. This time could then be extended to 6 weeks to evaluate for recurrence and
metastases with bioluminescent imaging in mice with reporter protein-expressing tumors.

II.  Reportable Qutcomes:
a. Publications
i. Carpin LB, Bickford LR, Agollah G, Yu TK, Schiff R, Li Y, Drezek
RA. Immunoconjugated gold nanoshell-mediated photothermal ablation of
trastuzumab-resistant breast cancer cells. Breast Cancer Research and Treatment
(2011), 125(1):27-34. doi 10.1007/s10549-010-0811-5

ii. Kennedy LC", Bear AS’, Young JK, Lewinski NA, Kim J, Foster AE*, Drezek
RA". "T Cells Enhance Gold Nanoparticle Delivery to Tumors in vivo."
Nanoscale Research Letters (2011) 6(1):283. doi:10.1186/1556-276X-6-283

iii. Kennedy LC, Bickford LR, Lewinski NA, Coughlin AJ, Hu Y, Day ES, West JL,
Drezek RA. "A New Era for Cancer Treatment: Gold nanoparticle-mediated
Thermal Therapies." Small (2011) 7(2):169-183. doi 10.1002/sml1.201000134

iv. Young JK, Lewinski NA, Langsner RJ, Kennedy LC, Satyanarayan A,
Nammalvar V, Lin AY, Drezek RA. "Size Controlled Synthesis of
Monodispersed Gold Nanoparticles via Carbon Monoxide Gas Reduction."
Nanoscale Research Letters (2011) 6:428.

v. Bickford LR, Carpin LB, Sun J, Lin AWH, Loo C, Hsu K, Yu T-K, Drezek RA.
“Optical Technologies for Noninvasive Functional and Molecular Imaging” in
Advanced Therapy of Breast Disease, 3" ed., edited by Francisco Esteva, MD,



Roman Skoracki, MD, and Gildy Babiera, MD (People’s Medical Publishing
House). Shelton, CT (2012): 1439-1457.

vi. Bear AS, Carpin LB, Cruz CR, Drezek RA, Foster AE. "Nanoparticles for
Targeting T Cells in Allergy and Inflammatory Airway Conditions" in
Pulmonary Nanomedicine: Diagnostics, Imaging, and Therapeutics, edited by
Neeraj Vij (Pan Stanford Publishing). Singapore, Singapore (2012): 135-155.

vii. Bickford LR, Langsner RJ, Chang J, Kennedy LC*, Agollah GD, Drezek RA.
“Rapid stereomicroscopic imaging of HER2/neu overexpression in ex vivo breast
tissue using topically applied silica-based gold nanoshells.” Journal of Oncology
(2012) 2012:291898.

viii. Bear AS", Kennedy LC", Young JK*, Mattos JP, Lin AY, Eckels PC, Drezek
RA", Foster AE*. “Elimination of Metastatic Melanoma using a Combined
Therapy of Gold Nanoshell-Enabled Photothermal Therapy and Adoptive T Cell
Transfer.” Conditional acceptance to PLoS ONE, March 2013.

b. Patents
i. Foster AE, Drezek RA, Kennedy LC, Bear AS, Young JK, Lin AY. "T Cell
Delivery of Gold Nanoshells for Cancer Immunotherapy.” U.S. Provisional
Patent Application Serial No. 61/349,319 (filed May 28, 2010)

c. Invited Presentations
i. Carpin LB*?Bear AS*, Young JK, Lewinski NA, Foster A, Drezek RA. "T
cell-mediated delivery of gold nanoparticles.” Oral presentation at Southwestern
Regional Meeting of the American Association for the Advancement of Science,
April 2010.

ii. Carpin L*, Bear A*, Young J, Lewinski N, Foster A, Drezek R. "T cell vehicles
enhance tumor accumulation of gold nanoparticles." Oral presentation at BMES
2010, October 2010.

iii. Kennedy L*, Bear A*, Young J, Lewinski N, Kim J, Foster A, Drezek R. "T cell
vehicles enhance tumor accumulation of gold nanoparticles." Poster presentation
at CPRIT 2010, November 2010.

iv. Kennedy L*, Bear A*, Young J, Lewinski N, Kim J, Foster A, Drezek R. "The
Use of T cell vehicles improves gold nanoparticle tumor delivery in vivo."
Poster presentation at BCM MSTP Symposium, March 2011.
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Il. Conclusion

We proposed targeting and ablating trastuzumab-resistant breast cancer cells and breast cancer TICs using
immunoconjugated NIR-spectrum gold nanoparticles. We demonstrated the potential of trastuzumab-
conjugated gold nanoparticle-mediated ablation for the treatment of chemotherapy-resistant HER2+
breast cancers in vitro. Alternative cancer therapies such as gold nanoparticle-mediated ablation may
highlight a future direction for the development of cancer treatments.
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Abstract Trastuzumab is a FDA-approved drug that has
shown clinical efficacy against HER2+ breast cancers and
is commonly used in combination with other chemothera-
peutics. However, many patients are innately resistant to
trastuzumab, or will develop resistance during treatment.
Alternative treatments are needed for trastuzumab-resistant
patients. Here, we investigate gold nanoparticle-mediated
photothermal therapies as a potential alternative treatment
for chemotherapy-resistant Gold nanoshell
photothermal therapy destroys the tumor cells using heat, a
physical mechanism, which is able to overcome the cellular
adaptations that bestow trastuzumab resistance. By adding
anti-HER2 to the gold surface of the nanoshells as a tar-
geting modality, we increase the specificity of the nano-
shells for HER2+ breast cancer. Silica—gold nanoshells
conjugated with anti-HER2 were incubated with both

cancers.
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trastuzumab-sensitive and trastuzumab-resistant breast
cancer cells. Nanoshell binding was confirmed using two-
photon laser scanning microscopy, and the cells were then
ablated using a near-infrared laser. We demonstrate the
successful targeting and ablation of trastuzumab-resistant
cells using anti-HER2-conjugated silica—gold nanoshells
and a near-infrared laser. This study suggests potential for
applying gold nanoshell-mediated therapy to trastuzumab-
resistant breast cancers in vivo.

Keywords Nanoshells - Photothermal therapy -
Chemotherapy resistance - Breast cancer - Trastuzumab

Introduction

Despite the advances in the treatment of early-stage breast
cancer, patients with advanced Stage III and IV disease
have 5-year survival rates of only 57% and 20%,
respectively [1]. Although many new chemotherapy drugs
and regimens have been developed, little improvement
has been seen in the ultimate outcome of these cancer
patients. Epidermal growth factor 2 receptor (Erb2 or
HER?2) is amplified in 20-25% of human breast cancer,
and is known to be a marker of poorer prognosis due to
HER2+ breast cancers aggressive nature and tendency to
recur [2, 3]. In 2006, a therapeutic antibody against HER2
(Trastuzumab) was developed as part of a new class of
drugs. Trastuzumab binds to the HER2 receptor and halts
tumor cell growth through suppression of HER2 signaling
and subsequent elevation of the levels of p27*'*! protein
[2]. Trastuzumab showed positive clinical results as a
treatment for HER24 metastatic breast cancer in clinical
trials [4, 5], and after subsequent studies was approved as
a treatment for patients with HER2+ metastatic breast
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cancer. Despite the initial success of trastuzumab, the
development of drug resistance has presented a major
barrier. The majority of patients are intrinsically resistant
to trastuzumab prior to starting therapy [6], and most
initially responsive patients develop resistance to treat-
ment within a year [2]. Second generation agents like
lapatinib, which is small molecule-based tyrosine kinase
inhibitor, have been developed for trastuzumab-resistant
patients, but chemotherapy resistance continues to be
problematic [7]. The development of gold nanoparticle-
mediated photothermal cancer therapy presents a new and
minimally invasive treatment possibility for chemotherapy-
resistant cancers [8]. To date, gold nanoparticle-mediated
treatment has only been applied to chemotherapy-sensitive
cell lines. Here, we demonstrate the targeting and photo-
thermal ablation of trastuzumab-resistant breast cancer cells
in vitro using anti-HER2-conjugated silica—gold nanoshells.

The development of trastuzumab resistance has been
attributed to a variety of mechanisms, including overex-
pression of glycoprotein MUC4 [9], overexpression of
insulin-like growth factor 1 (IGF-1) [10], and constitutive
P13K/Akt activity [11]. However, even in cases where
there is obstructed binding of the extracellular component
of the HER2 receptor, the receptor itself remains unchan-
ged. In addition, although a mutation of the extracellular
component of the HER2 receptor that results in trast-
uzumab resistance is theoretically possible, in most cases
of resistance this does not occur [2]. This presents the
possibility of using an antibody generated against the
HER?2 receptor as a targeting modality for an alternative
form of therapy, such as gold nanoparticle-mediated
photothermal therapy.

Gold nanoparticles have great potential in the diagnosis,
management, and treatment of cancer due to their versatile
scattering and absorbing properties, as well as the ease with
which their surfaces can be modified. For therapy applica-
tions, a variety of gold nanoparticles can be used, including
gold colloid [12], silica—gold nanoshells [8], gold nanorods
[13], and gold nanocages [14]. For this study, silica—gold
nanoshells are used due to their low cytotoxicity profile
and demonstrated efficacy as a therapeutic against HER2+
breast cancer cells [8, 15, 16]. Gold nanoshells usually
consist of a dielectric core, such as silica, which is coated
with a thin layer of gold. The unique optical properties of
nanoshells are due to the localized surface plasmon reso-
nance of the gold metal electrons, and these properties can
be modulated by controlling the thickness of the gold
coating during synthesis. When designed to primarily
absorb light, nanoshells can efficiently convert light energy
to heat energy, destroying adjacent cells via thermal abla-
tion [15, 17-19]. Unlike conventional hyperthermia treat-
ments, the use of nanoshells as an absorptive agent has the
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added benefit of decreasing the laser intensity requirements
for therapy, which prevents inadvertent ablation of normal
cells.

To further enhance therapy, ligands such as antibodies,
polymers, or DNA, can be conjugated to the gold nano-
particle surface. This modification has demonstrated
increased target specificity in vitro [8, 17, 20]. In the case
of HER2+ breast cancer, Loo et al. demonstrated that
gold-silica nanoshells conjugated to anti-HER2 can be
successfully used to target and ablate chemotherapy-sen-
sitive breast cancer cells in culture [16]. Here, we dem-
onstrate that anti-HER2-conjugated silica—gold nanoshells
can mediate effective targeting and photothermal ablation
of two cultured anti-HER2-resistant breast cancer cell
lines—JIMT-1 has a lower level of anti-HER?2 binding due
to overexpression of MUC4 [9], and BT474 AZ LR is
resistant to both trastuzumab and lapatinib. Using photo-
thermal therapy, the cancer cells can be destroyed by the
conversion of nanoshell-absorbed energy to heat. This
physical mechanism of cell ablation effectively evades any
developed intracellular resistance mechanism, presenting a
new possibility for the treatment of trastuzumab-resistant
breast cancers.

Methods
Breast cancer cell lines

Three HER2-overexpressing breast cancer cell lines were
chosen for this study: SK-BR-3, JIMT-1, and BT474 AZ
LR. The MCF10A cell line, which is an immortalized,
HER?2 negative breast epithelial cell line, was used as a
control. The SK-BR-3 and MCFIOA cell lines were
purchased from American Type Culture Collection. The
SK-BR-3 cell line is trastuzumab sensitive. The JIMT-1
cell line was purchased from DSMZ (Germany), and is
trastuzumab resistant. The BT474 AZ LR cell line, a sub-
culture of BT474, is resistant to both trastuzumab and la-
patinib. The SK-BR-3 and JIMT-1 cell lines were both
cultured in McCoy’s 5A and Dulbecco’s Modified Essen-
tial Medium, respectively, supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin.
The BT474 AZ LR cell line was cultured in Dulbecco’s
Modified Essential Medium High Glucose supplemented
with 10% FBS and 1% penicillin—streptomycin—glutamine
and with 1 uM of lapatinib to maintain HER2 therapy
resistance. The MCF10A cells were cultured in Mammary
Epithelial Basal Medium (MEBM) supplemented with a
BulletKit (Clonetics). All cells were maintained at 37°C in
a 5% CO, atmosphere.
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Quantification of HER?2 receptor antigens on cell
surface

Quantification of HER2 surface receptors was performed as
described by Bickford et al. [21]. Cells were grown to
confluence, trypsinized, counted, and incubated with either
media alone, PE antihuman CD340 (erbB2/HER-2) anti-
body (BioLegend, San Diego, CA), or PE mouse IgGl
isotype control antibody (BioLegend, San Diego, CA) for
30 min on ice in the dark. The IgGl isotype serves as
background signal correction. The cells were then washed
in 1 x PBS, resuspended in 500 pl of cell staining buffer
(BioLegend, San Diego, CA, USA), and stored on ice until
analysis. Immunofluorescence intensity was determined by
flow cytometry at The University of Texas M.D. Anderson
Cancer Center (MDACC) flow cytometry core. To corre-
late the immunofluorescence intensity with the quantity of
HER2 antigens available for binding on each cell, a
Quantum Simply Cellular anti-Mouse IgG kit (Bangs
Laboratories, Inc., Technology Drive Fishers, IN, USA)
was used. This kit has four different sets of microbeads
possessing a known number of antigen binding sites, which
permits the development of a calibration curve correlating
immunofluorescence intensity with the quantity of antigen
binding sites. The curve is then used to calculate the
number of antigen binding sites per cell.

Silica—gold nanoshells and antibody conjugation

The silica—gold nanoshells were synthesized using previ-
ously described methods [15-17, 22]. In brief, silica cores
were created using the Stober method [23], and the silica
core surface was functionalized with amine groups. These
amine groups were then used to seed 4—7-nm gold colloid
onto the silica surface. The size of the silica cores was
determined to be 120 nm by scanning electron microscopy
(SEM) prior to gold seeding. The gold shell was then
completed by adding additional gold solution, potassium
carbonate, and formaldehyde. After synthesis, the UV—-Vis
spectrum of the nanoshells was correlated with Mie Theory
to determine the absorption, extinction, and scattering
coefficients of the nanoshells, and subsequently the
approximate concentration. The average nanoshell diameter
was confirmed to be 150 £ 10 nm by SEM. The nanoshell
peak absorbance was determined to be 780 nm with a
concentration of 3.85 x 10” nanoparticles/m] (Fig. 1).

To modify the surfaces of the nanoshells with anti-HER?2
antibody, the methods of Loo et al. were employed [16]. The
anti-HER?2 antibody (C-erbB-2/HER-2/neu Ab-4, Lab Vision
Corporation) was incubated with a custom orthopyridyl-
disulfide-polyethylene glycol-N-hydroxysuccinimide ester
(OPSS-PEG-NHS, MW = 2kD, CreativeBiochem Labora-
tories, Winston Salem, NC, USA) linker at a molar ratio of
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Fig. 1 Absorbance spectrum of the silica—gold nanoshells (silica core
radius = 60 nm, total radius = 75 nm). Inset shows SEM image of
the nanoshells; scale bar is 300 nm

3:1 in sodium bicarbonate (100 mM, pH 8.5) overnight on
ice at 4°C. Aliquots were then stored at —80°C until use,
when they were thawed on ice. The antibody binds to the
OPSS-PEG-NHS linker via the amide group, and adsorbs
to the gold surface of the nanoshell via the thiols of the
OPSS group. To attach the antibody-linker to the gold
nanoshells, nanoshells were incubated with the antibody-
linker at 4°C for 2 h, then 1 mM polyethylene glycol-
thiol (PEG-SH, MW = 5kD, Nektar) was added and the
nanoshells were incubated overnight at 4°C for further
stabilization. After nanoshell conjugation, the unreacted
PEG-linker and PEG-SH were removed by centrifugation
of the nanoshell solution and removal of the supernatant.
The anti-HER2 nanoshells were then resuspended in cell-
line appropriate media prior to use in cell studies.

Two-photon laser scanning microscopy to confirm
binding efficiency

For in vitro two-photon nanoshell binding studies, 5 x 10°
cells in suspension from each cell line (MCF10A, SK-BR-
3, JIMT-1, and BT474 AZ LR), were incubated with
1.73 x 10” nanoshells in 1 ml of media for 1 h at 37°C
with rotation in a hybridization oven. Cells incubated with
media alone were used as a control. After the incubation,
the cell lines were washed three times with 1 ml of
1 x phosphate-buffered saline (PBS) to remove unbound
nanoshells, and resuspended in 0.5 ml of cell line appro-
priate media. Each treatment and control group was then
seeded onto an inverted coverslip and allowed to attach
overnight. A Zeiss Laser Scanning Microscope 510 META
multiphoton system (Zeiss, Thornwood, NY, USA) was
used in combination with a Coherent Chameleon femto-
second mode locked Ti:sapphire laser (Coherent, Santa
Clara, CA, USA) for imaging.
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Nanoshell-mediated photothermal therapy

For in vitro photothermal ablation studies, 5 x 10° cells
in suspension from each cell line (MCF10A, SK-BR-3,
JIMT-1, and BT474 AZ LR) were incubated with
1.71 x 10" nanoshells as described above. Media alone
was again used as a control. Cells were washed with PBS
and seeded in coverslips as described above.

Laser irradiation of the cells was performed in a similar
manner to previous photothermal therapy studies [16—-18].
After the cells were attached, each well was uncovered,
placed on top of a glass microscope slide, and exposed to
an 808-nm NIR diode laser (Coherent Inc., Santa Clara,
CA, USA) at 80 W/cm? with a 1.5-mm spot size for 5 min.
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Fig. 2 Anti-HER2 binding capacity of each breast cancer cell line,
determined by flow cytometry. The HER2+ cell lines (SK-BR-3,
JIMT-1, BT474 AZ LR) show a significantly higher binding capacity
than the HER2-cell line (MCF10A). Data for MCF10A, SK-BR-3,
and JIMT-1 reused with permission from [21]. Copyright 2009 from
Springer

Fig. 3 Verification of nanoshell
binding using two-photon laser
scanning microscopy. Images
depicted are phase contrast
images overlaid with two-
photon images. SK-BR-3,
JIMT-1, and BT474 AZ LR cell
lines, all HER2+-, show greater
binding of the anti-HER2
nanoshells than the MCF10A
normal epithelial cell line
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Following laser irradiation, the cells were returned to the
37°C incubator with 5% CO, for several hours. Live/dead
viability staining was then performed using an Invitrogen
Live/Dead viability/cytotoxicity kit (Carlsbad, CA, USA),
and cells were imaged using a Zeiss Axiovert 135 Fluo-
rescence microscope (Zeiss, Thornwood, NY, USA). To
confirm nanoshell binding, silver staining was performed
using Sigma—Aldrich Silver Enhancement solutions (St.
Louis, MO, USA), followed by brightfield imaging.

Results
Quantification of antigen binding for each cell line

Using flow cytometry, the number of antigen binding sites
for each cell line was determined, as displayed in Fig. 2.
Data for the MCF10A, SK-BR3, and JIMT-1 cell lines are
being reused with permission from [21]. A one-factor
ANOVA test indicated significant differences between cell
lines in the number of binding sites (P < 0.01). Each of the
HER2+ breast cancer lines used in this study had a larger
number of anti-HER?2 binding sites than the normal epi-
thelial cell line, MCF10A (2.43 x 10* &+ 3.77 x 10°
receptors), by the Tukey comparison test (P < 0.01). The
BT474 AZ LR cell line had the greatest anti-HER?2 binding
capacity (2.19 x 10° + 3.25 x 10° receptors), followed
by the SK-BR-3 (1.68 x 10° £ 6.78 x 10" receptors) and
then the JIMT-1 (3.82 x 10° + 1.47 x 10* receptors) cell
lines. Notably, the JIMT-1 cell line has a significantly
lower HER2 binding site expression when compared to the
SK-BR-3 and BT474 AZ LR cell lines (P < 0.01).

Two-photon microscopy of nanoshell-cell binding

Nanoshell binding is evaluated through two-photon laser
scanning microscopy in Fig. 3. The figure shows phase-
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300 pum
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contrast images overlaid with the two-photon images. The
cells incubated with media only demonstrate no nanoshell
signal. The HER2+ cell lines incubated with nanoshells
each show nanoshell signal, while the HER2-cell line
shows significantly less. The SK-BR-3 and BT474 AZ LR
cell lines show the most nanoshell binding. The JIMT-1
cell line demonstrates less nanoshell binding than the
SK-BR-3 and BT474 AZ LR cell lines, but greater nano-
shell binding than the MCF10A cell line. There is some
degree of binding seen with the MCF10A cell line, but this
binding is still significantly less than the HER2+ breast
cancer cells.

Nanoshell-mediated cell destruction of trastuzumab-
resistant cell lines

Figure 4 shows the live/dead imaging and silver staining
for the treatment and media control group of each cell line.
None of the media alone groups show evidence of cell
death on the live/dead images or evidence of nanoshell
binding on the silver stain. The silver staining confirms that
nanoshells are bound to each of the HER2+ cell lines
(SK-BR-3, BT474 AZ LR, JIMT-1), with minimal nano-
shell binding to the MCF10A cell line. The MCF10A-
nanoshell group does not demonstrate localized area of cell
death, while each of the HER2+ breast cancer-nanoshell
groups show a clearly defined region of dead cells (red)

Fig. 4 Photothermal therapy
results. Live/dead imaging
demonstrates cell ablation in
HER2+ cell lines (SK-BR-3,
JIMT-1, BT474 AZ LR) treated
with anti-HER2 nanoshells and
NIR laser irradiation. Silver
staining shows nanoshell
binding for each of the HER2+
cell lines

MCF10A

SKBR3

BT474 1L

JIMT-1

Live/Dead Imaging

Media Only

corresponding to the laser spot surrounded by non-irradi-
ated, nanoshell-bound live cells (green).

Discussion

Anti-HER? resistance continues to be a challenge for cli-
nicians treating advanced cancers. Gold nanoparticle-med-
iated photothermal therapy could present new possibilities
for cancers that are currently resistant to conventional
chemotherapy and radiation treatments. The objective of
this study was to demonstrate that immunoconjugated
silica—gold nanoshells can effectively destroy both che-
motherapy-sensitive and chemotherapy-resistant breast
cancer cell lines. Two trastuzumab-resistant breast cancer
cell lines were selected for testing, JIMT-1 and BT474 AZ
LR. A trastuzumab-sensitive breast cancer cell line,
SK-BR-3, and a HER2 negative normal epithelial cell line,
MCF10A, were also chosen as positive and negative bind-
ing controls. Each of the HER2-+ breast cancer cell lines
selected was effectively ablated using nanoshell-mediated
photothermal therapy. These results suggest gold nanopar-
ticle-mediated photothermal therapy may have potential to
be employed against chemotherapy-resistant breast cancers
in vivo.

As the first step of this study, we evaluated nanoshell
binding efficiency using two-photon laser scanning

Silver Staining

anti-HER2
Nanoshells

anti-HER2
Nanoshells

Media Only
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microscopy. Silica—gold nanoshells have demonstrated
two-photon properties, and can be used to label HER2+
breast cancer cells in vitro [24, 25]. Nanoshell binding has
also been demonstrated using darkfield microscopy [15]
and optical coherence tomography [26], which depends on
the enhanced scattering of the nanoshells for contrast.
However, for future in vivo studies, two-photon lumines-
cence may prove superior in bulk tissue to these scatter-
based techniques. This is due to the improved signal to
noise ratio of two-photon microscopy, as well as its dem-
onstrated ability to more effectively investigate the nano-
shell distribution within the tumor with the assistance of
software [25]. In Fig. 3, we observe that the anti-HER2
conjugated silica—gold nanoshells bind specifically to
trastuzumab-resistant HER2+ breast cancer cell lines, with
very little binding to the normal breast epithelial cell line,
MCFI10A (Figs. 3, 4). The degree of nanoshell binding
shown by both the two-photon and silver stain images
seems to correlate with the HER2 antigen binding capacity
of the breast cancer cell lines. The JIMT-1 cell line has the
lowest anti-HER2 binding capacity of the three breast
cancer lines studied. Nagy et al. found that only 20% of
HER?2 receptors are available for trastuzumab binding due
to obstruction of the extracellular component of the HER2
receptor by MUC4 [9]. Despite this, anti-HER2 nanoshell
binding is still clearly seen in both the two-photon and
silver stain images, though to a lesser degree than the other
two HER24 lines. Importantly, this lesser degree of
binding is still sufficient for the photothermal destruction
of the JIMT-1 cells, while the action of trastuzumab is
impaired against these cells [9]. In the case of the BT474
AZ LR cell line, the nanoshell binding is more than ade-
quate to ensure cell death upon NIR laser irradiation.
Photothermal therapy is also effective against the BT474
AZ LR cell line, while the action of both trastuzumab and
lapatinib is impaired against these cells.

Using silica—gold nanoshells as a mediating absorptive
agent for photothermal therapy has advantages over con-
ventional hyperthermia treatments. In Fig. 4, the ablated
areas (red) are surrounded by living, healthy cells (green),
and cell lines with minimal or no nanoshell binding show
no regions of cell death. Only HER2+ cells with bound
nanoshells with in the region of the laser spot are ablated.
Targeting the gold nanoparticles with an antibody or pep-
tide permits single cell specificity in vitro [27, 28]. This
specificity is important during in vivo studies, when heal-
thy tissues such as skin will be in the laser path to can-
cerous tissue. Because nanoshells efficiently absorb the
irradiating laser energy and convert it to heat, the laser
power requirements to induce cell death are lowered. In
conventional hyperthermia treatments, this specificity is
lacking, as the power of the irradiating energy source must
be high enough to kill cells without the assistance of a

@ Springer

mediating agent. Thus, using nanoshells as part of photo-
thermal therapy in vitro lowers the power requirements of
the irradiating energy, as well as increasing the specificity
of therapy for malignant cells.

Figure 4 does demonstrate some variation in the size of
the ablated regions. This variation was seen consistently
among several replicate experiments. These differences are
likely due to variations in the laser intensity distribution,
the degree of cell confluence, and density of HER2
receptors on the cell surfaces. In order for cell death to
occur, a temperature of 70-80°C must be achieved for
approximately 4 min [13]. The net temperature increase of
the cells within the laser spot is dependent on a combina-
tion of variables, including: the absorptive cross-section of
the silica—gold nanoshells, the physical distribution of the
nanoshells among the cells, the intensity and duration of
the laser illumination, and the heat transfer and dissipation
properties of the cells and media [29]. Nonuniform laser
intensity could lead to cells at the periphery of the spot
receiving less laser power [30], resulting in the minimum
temperature and duration needed for cell death not being
achieved. However, the laser spot size, power, and duration
were held consistent throughout each of the treatment
groups and experiments, so it is unlikely that this is a large
contributor. The nanoshell binding density could also be
playing a significant role, and, based on the information in
Figs. 2 and 3, is a likely contributor to the variation in
ablated area size.

The low anti-HER?2 binding capacity of the JIMT-1 cell
line versus the higher binding capacities of the SK-BR-3
and BT474 AZ LR cell lines correlates with the small
ablated area for the JIMT-1 cells and the larger ablated
areas for the SK-BR-3 and BT474 AZ LR cells. This
supports the nanoshell binding density being a major
contributor to the variation in ablation size. However,
although the SK-BR-3 cell line has a lower anti-HER2
binding capacity than the BT474 AZ LR cell line, the size
of the ablated area for this cell line is larger. This could be
due to several factors. Some of this variation may be due to
the differences in how the SK-BR-3 and BT474 AZ LR cell
lines tend to grow. The SK-BR-3 cells grow in a mono-
layer, while the BT474 AZ LR cell line tends to grow in
conglomerates. These growth differences may have resul-
ted in different heating profiles between the two cell lines,
affecting the sizes of the ablated regions. Another possible
contributing factor is differences in thermal sensitivity
between the SK-BR-3 and BT474 AZ LR cell lines, which
has been seen in response to conventional hyperthermia
treatments in tumors resected from breast cancer patients
[31]. Regardless of variation in the size of the ablated
regions, each of the HER2+ breast cancer cell lines was
successfully ablated using nanoshell-mediated photother-
mal therapy. Each of these variables (laser intensity profile,
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nanoshell binding density, the tumor cell density/tumor
shape, the thermal sensitivity of the tumor) will need to be
considered in applying and optimizing nanoshell-mediated
therapy to trastuzumab-resistant cancers in vivo.

The successful application of gold nanoshell-mediated
photothermal therapy to trastuzumab-resistant breast can-
cer cells in vitro suggests a promising new approach for the
treatment of advanced HER2+4- breast cancers. By virtue of
its physical means of destroying cancer, nanoshell-medi-
ated thermal ablation of these types of cancer has an innate
advantage over trastuzumab, lapatinib, and other antibody
or small molecule-based therapies. Gold nanoparticle-
mediated photothermal therapies also have demonstrated
synergistic cell killing in combination with chemotherapy
in vitro [32]and radiation in vivo [33], suggesting that the
combination of conventional treatments and this technol-
ogy could also be beneficial for cancer therapy. In vivo
studies with xenografted trastuzumab-resistant breast can-
cers are currently underway to further confirm the efficacy
and applicability of this nanotechnology to anti-HER2-
resistant breast cancers.
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Abstract

Gold nanoparticle-mediated photothermal therapy (PTT) has shown great potential for the treatment of cancer in
mouse studies and is now being evaluated in clinical trials. For this therapy, gold nanoparticles (AuNPs) are
injected intravenously and are allowed to accumulate within the tumor via the enhanced permeability and
retention (EPR) effect. The tumor is then irradiated with a near infrared laser, whose energy is absorbed by the
AuNPs and translated into heat. While reliance on the EPR effect for tumor targeting has proven adequate for
vascularized tumors in small animal models, the efficiency and specificity of tumor delivery in vivo, particularly in
tumors with poor blood supply, has proven challenging. In this study, we examine whether human T cells can be
used as cellular delivery vehicles for AUNP transport into tumors. We first demonstrate that T cells can be efficiently
loaded with 45 nm gold colloid nanoparticles without affecting viability or function (e.g. migration and cytokine
production). Using a human tumor xenograft mouse model, we next demonstrate that AuNP-loaded T cells retain
their capacity to migrate to tumor sites in vivo. In addition, the efficiency of AuNP delivery to tumors in vivo is
increased by more than four-fold compared to injection of free PEGylated AuNPs and the use of the T cell delivery
system also dramatically alters the overall nanoparticle biodistribution. Thus, the use of T cell chaperones for AuNP
delivery could enhance the efficacy of nanoparticle-based therapies and imaging applications by increasing AuNP

tumor accumulation.

Introduction

Gold nanoparticles (AuNPs) have been successfully used
to enable photothermal therapy (PTT) for the treatment
of cancer in small animal studies [1-5], and has recently
moved towards clinical application [6]. A variety of
AuNPs have been examined for PTT, including silica-
gold nanoshells [2], gold nanorods [7], gold nanocages
[8], gold-gold sulfide nanoparticles [9], and hollow gold
nanoshells [3]. These particles can be engineered to
absorb light in the near infrared (NIR) range, where
light is maximally transmissive and minimally absorbed
by tissue. AuNP delivery can be accomplished by sys-
temic administration (intravenous injection). The nano-
particles, depending on their shape, hydrodynamic size,
and surface charge, will accumulate within the tumor
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via its irregular vasculature; this passive accumulation is
known as the enhanced permeability and retention
(EPR) effect [10,11]. Polyethylene glycol (PEG)-coated
particles with a hydrodynamic diameter of approxi-
mately 60 nm have demonstrated the most efficient
delivery to the tumor using the EPR effect [11], and
more recently, the use of smaller hollow gold [3] and
gold-gold sulfide nanoshells [12] (20-40 nm diameter)
has further improved nanoparticle half-life in the blood.
However, even with these smaller particles, the percen-
tage of the injected dose (ID) delivered to the tumor is
low [13,14], and accumulation in non-target sites such
as the liver and spleen is comparatively high [13,15].
Thus, new methods aimed at improving tumor delivery
and specificity may increase the tumor concentration of
gold nanoparticles and ultimately the efficacy of anti-
tumor PTT and enhance nanoparticle mediated imaging
techniques.

Attempts at augmenting gold nanoparticle tumor
delivery have included a variety of nanoparticle surface
modifications, including conjugation with antibodies [3]

© 2011 Kennedy et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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and hormone analogs [16]; however, inclusion of target-
ing ligands has only modestly improved tumor accumu-
lation and specificity. This is likely due to the reliance
of these nanoparticles on passive accumulation through
EPR, which is highly dependent on adequate blood flow
to the tumor. Therefore, tumors or tumor regions that
exhibit poor vasculature and hypoxia are less likely to
be effectively targeted using nanoparticles, ultimately
limiting their therapeutic use. Choi et al. [17] recently
demonstrated that macrophages could be used as a cel-
lular delivery vehicle to deposit AuNPs in tumors and
hypoxic tumor tissues, facilitating delivery through
active cellular migration and extravasation in response
to chemotactic factors produced by malignant cells.
These encouraging results suggested that other immune
cells might be used as cellular delivery vehicles. In this
study, we assessed the capacity of activated T cells to
function as chaperones for AuNPs. Unlike macrophage,
T cells are readily isolated and expanded in vitro, and
upon infusion, circulate throughout the body and
migrate into tumors in response to tumor-associated
chemokines. This tumor-tropic property permits their
use as cellular vehicles for the delivery of molecular
therapeutics [18-21].

Combining the advantages of T cells with nanotech-
nology has the potential to generate innovative new
approaches to cancer therapy. Several studies have
demonstrated that T cells may serve as efficient drug
delivery vehicles for the treatment of cancer, including
transport of magnetic particles bearing doxorubicin and
for use in boron neutron capture therapy [22,23]. Here
we have explored whether T cells can be used as AuNP
carriers to increase delivery to tumor sites in vivo using
gold colloidal nanospheres (40-45 nm), comparable in
size to hollow gold nanoshells and gold-gold sulfide
nanoparticles used for PTT. Although gold colloid in
this size range has maximal absorbance in the visible
wavelengths, there are several variants of AuNPs that
are of similar size (25-60 nm) and absorb optimally in
the NIR region, permitting translation of this delivery
method for PTT. These gold nanoparticle variants
include gold-gold sulfide nanoparticles, hollow gold
nanoshells, and gold nanocubes, all of which have
demonstrated efficacy as PTT-mediating agents in
mouse studies [24]. Additionally, there have been studies
demonstrating photothermal therapy using gold colloid
that has been strategically aggregated to red-shift the
peak absorbance into the NIR [25,26]. The possible
applications of a AuNP-T cell delivery system could
further be extended to imaging and drug delivery appli-
cations, as gold nanoparticles also have demonstrated
potential as scatter- and absorption-based imaging con-
trast agents [27-30] and drug delivery agents [31]. In
this study, we demonstrate that gold colloid is readily
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taken up by activated human T cells without impairing
their viability or cellular functions, and that following
intravenous infusion into tumor bearing micecan more
efficiently deliver AuNPs to distant tumor sites.

Results

Loading of activated human T cells with AuNPs
Synthesized gold colloid was determined to be 40-45
nm in diameter by transmission electron microscopy
(TEM) (Figure la and Figure S1 in Additional file 1).
Activated and expanded human T cells were cultured
in the presence of AuNPs for a period of 1 to 24 h to
permit AuNP internalization. AuNP loading was con-
firmed using bright field and dark field microscopy
demonstrating that T cells co-localize with AuNPs
(Figure 1b). We further optimized loading conditions
by altering AuNP concentration (per cell) and time of
incubation. To determine the number of nanoparticles
present per T cell, an inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) analysis was
used. T cells from three different human donors were
first cultured with concentrations of AuNPs ranging
from 0.05 to 0.5 nM for a period of 24 h to evaluate
for variability in gold nanoparticle loading due to dif-
ferences in T cells from different donors (Figure 1c). A
maximum of 14,900 £ 2,400 AuNPs was internalized
per T cell using a AuNP loading concentration of 0.5
nM (Figure 1c). We then performed a time course
study using T cells from a single donor to determine
the minimum amount of time required to load the T
cells with the maximum number of AuNPs (Figure
1d). For this study, we incubated T cells with nanopar-
ticle concentrations ranging from 0.05 to 1 nM. At 24
h, the 0.5 and 1 nM groups have similar gold content,
suggesting that there is a maximum amount of AuNPs
that can be internalized by T cells. These results
demonstrate that maximal AuNP loading of T cells
can be achieved using a concentration of 0.5 nM
AuNP and an incubation period of 24 h.

AuNP-loading does not affect T cell viability or function

We next measured T cell viability and function post-
AuNP loading to assess potential toxicity that may inhi-
bit T cell performance as an in vivo delivery vehicle.
Loading T cells with AuNPs had no immediate effect on
T cell viability as determined by Annexin-V/7-AAD
staining (Figure 2a) and did not alter the phenotype of
the cells (Figure S2 in Additional file 1). Furthermore,
there were no prolonged effects on T cell proliferation
as measured by thymidine incorporation (Figure 2b).
Importantly, AuNPs did not affect migration when
tested in a transwell chemotaxis assay against superna-
tant produced from human LCL tumors, suggesting that
T cells retain their migratory behavior post-AuNP
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Figure 1 Gold nanoparticle uptake by human T cells. (A) TEM imaging of gold colloid (diameter = 40-45 nm). (B) Brightfield (upper) and
darkfield (lower) images of human T cells demonstrate gold nanoparticle uptake by the increased light scattering seen in the AuNP-T cell group
compared to T cells alone. (C) ICP-OES analysis of T cell gold content at 24 h using different nanoparticle loading concentrations. Each point is a
composite of data acquired from three different T cell donors. (D) Time course data for T cells from a single donor loaded with different
concentrations of gold nanoparticles. Optimal loading occurred after 24 h at a concentration between 0.5 and 1.0 nM.

J

loading (Figure 2c). Finally, production of IFN-y follow- T cells to subcutaneous LCL tumors in immune defi-
ing mitogen activation (PMA-I) was not impaired by cient SCID mice (Figure 3a). This timepoint was
AuNPs (Figure 2d). These results show that AuNPs selected based on previous studies that have demon-
have no detrimental effects on T cell viability and func-  strated T cell localization to tumor sites 48 h post-infu-
tion in vitro and indicate that T cell migration in vivo sion [32,33]. We next resected the tumors and

will likely be retained following loading. performed histology to determine if AuNPs and T cells
co-localized within the tumor. Immunohistochemical
T cells migrate and transport AuNPs to tumors in vivo staining using CD3 antibody (a pan-T cell marker)

In vivo AuNP-T cell migration to tumor sites was first demonstrated infiltration of T cells into the tumor (Fig-
examined using bioluminescent imaging and histology.  ure 3b). In addition, areas of increased scatter in the
T cells were first genetically modified to express firefly — darkfield images correlated well with areas of CD3"
luciferase and then subsequently loaded with AuNPs. staining. This observation demonstrates that the T cells
Bioluminescent imaging 48 h post-intravenous injection = maintain internalized AuNPs during in vivo migration
of AuNP-T cells demonstrate specific migration of the to the tumor site.
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Figure 2 AuNP loading has no significant effect on T cell viability or function. T cells were loaded in the presence of 0.5 nM AuNPs for 24
h or cultured in medium alone and then measured for viability using Annexin-V/PI staining (A), proliferation using thymidine incorporation (B),
migration through a transwell membrane in response to tumor (LCL) produced supernatant (C) and intracellular analysis of IFN-y cytokine

Delivery of AuNPs by T cells alters nanoparticle
biodistribution

We next performed a comprehensive in vivo biodistribu-
tion study using inductively coupled plasma mass spec-
trometry (ICP-MS) and ICP-OES to map the location of
free PEGylated AuNPs (40-45 nm gold colloid coated
with 5000 MW PEG) and AuNPs delivered by T cells.
Prior to injection, ICP-OES was performed to determine
the absolute gold dose for PEG-AuNPs and AuNP-T
cells. Following intravenous injection with PEG-AuNPs
or AuNP-T cells, tumors, and organs (bone, brain,
heart, intestine, kidney, liver, lungs, muscle, plasma, and
spleen) were harvested and analyzed for gold levels
using ICP-MS. For PEG-AuNP treated mice, organs
were harvested at 4, 8, 24, and 48 h post-injection, while
for AuNP-T cell treated mice, organs were harvested at
24 and 48 h (Figure 4a). Predictably, the biodistribution
of AuNP-T cells is altered when compared to that of

the PEG-AuNPs. As observed in previous studies
[13,15], the highest percentages of AuNPs using PEG
coating were delivered to the liver and spleen (5.65 and
17.03%, respectively, at 48 h, Figure 4b,c). In compari-
son, T cells delivered AuNPs to the lung, liver, and
spleen, which received 4.76, 33.5, and 2.69% at 48 h,
respectively (Figure 4b and 4c). The plasma half-life of
the PEG-AuNPs was calculated to be 6.05 h, and no
gold was detected in the plasma for the AuNP-T cell
group, suggesting no significant AuNP leakage from the
T cells during in vivo migration. The AuNP-T cell bio-
distribution over time correlates with the normal biodis-
tribution of human T cells, suggesting that the presence
of internalized AuNPs does not significantly change the
T cell biodistribution [32]. These data suggest that cellu-
lar delivery of AuNP will result in a unique biodistribu-
tion pattern that is dependent on the cell type used for
delivery.
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Figure 3 AuNP-loaded T cells migrate to tumors in vivo. (A) T cells were retrovirally modified to express firefly luciferase then loaded in the
presence of 0.5 nM AuNP for 24 h. Cells were subsequently injected intravenously into SCID mice bearing subcutaneous xenografted LCL
tumors. Bioluminescent imaging of AuNP-T cell biodistribution at 48 h post-injection showing AuNP-T cell localization at the tumor site (red
circle) and within the spleen. (B) Resected tumors were analyzed by bright field imaging (top row) and immunohistochemistry for human CD3
expression and dark field imaging (bottom row) to indicate the presence of AuNPs. Red arrows indicate the colocalization of CD3" T cells and
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T cell delivery increases tumor accumulation of AuNPs
Closer examination of LCL tumors following treatment
with either PEG-AuNPs or AuNP-T cells showed an
increase in AuNP delivery to tumors following cellular
transport. For PEG-AuNPs, the highest level of accumu-
lation in tumors was observed at 24 h post-injection,
while peak tumor gold accumulation following T cell
delivery was seen at 48 h. Using PEG-AuNP, ICP-MS
analysis of gold content of excised tumor tissue showed
that 0.39 + 0.33% of ID reached the tumor at 24 h.
Whereas, using AuNP-T cells, 1.55 + 0.72% of the ID
localized to the tumor at 48 h (P < 0.01) (Figure 5).
This represents a four-fold increase in the efficiency of
AuNP delivery to the tumor site using T cells as
vehicles.

Discussion

One of the greatest challenges of translating nano-
technologies to the clinical realm is optimizing in vivo
delivery. Maximizing AuNP accumulation at the tumor
site has the potential to enhance photothermal cancer
therapy, as well as other applications such as optical ima-
ging. In this study, we show that human T cells can be
used to transport AuNPs to distant tumor sites following
intravenous administration. Following short term incuba-
tion with AuNPs, T cells can be efficiently loaded with
over 14,000 AuNPs per cell without affecting cell viabi-
lity, proliferation, and cytokine production. Importantly,

T cells loaded with AuNPs retain their ability to migrate
in vitro, and demonstrate tumor-specific homing in mice.
Using T cells as a vehicle to deliver AuNPs resulted in a
four-fold increase in the efficiency of AuNP tumor accu-
mulation, demonstrating that active transport of AuNPs
by cellular chaperones is superior to that of passive accu-
mulation through the EPR effect.

Stephan et al. [33] recently demonstrated that syn-
thetic drug-carrier nanoparticles could be stably conju-
gated to the surface of immune cells, including T cells,
for delivery of therapeutic molecules. In these studies, T
cells efficiently carried surface-tethered nanoparticles to
tumors in mice, and when loaded with cytokines to sup-
port T cell growth, dramatically increased antitumor
efficacy. However, our study conclusively demonstrates
in vivo that internal loading of AuNPs in T cells can
improve tumor localization, and thus may be a useful
technology for a variety of nanoparticle based therapies.

In this study, we elect to use AuNPs. AuNPs are known
to have low cytotoxicity, and gold has been used in
humans for the treatment of arthritis for over 50 years
[34], which makes AuNPs a logical choice in the pursuit
of clinical applications. For this study, 40-45 nm gold col-
loidal nanospheres were selected for internalization by
activated human T cells. The internalization of nanopar-
ticles by cells is believed to be accomplished predomi-
nantly by receptor-mediated endocytosis, and particle
size is an important variable in determining the kinetics
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Figure 4 Biodistribution comparison of AuNPs and AuNP-T cells in mice. Mice were injected with PEG-AuNPs (60-65 nm hydrodynamic
diameter), AUNP-T cells, or PBS and subsequently sacrificed at various time points to determine biodistribution. PBS gold levels were negligible
in comparison to AuNP and AuNP-T cell groups for all organs. Values are percentage of the injected gold dose (%ID) were calculated from ICP-
MS and are normalized for dry weight differences. The AuNP-T cell group exhibited significantly higher gold delivery to the lungs, liver, and
bone, while the AuNP group demonstrated higher gold levels within the small intestine. No significant differences were seen in the spleen,
kidney, muscle, or brain. An asterisk indicates statistically significant (P < 0.05) differences.

of cellular uptake, with maximal uptake in a size range of
40-50 nm [35,36]. We selected the size of our AuNPs for
this proof-of-concept delivery study to optimize nanopar-
ticle cellular uptake. We modulated the degree of nano-
particle internalization by altering the concentration of
nanoparticles incubated with the T cells (Figure 1c). We
also evaluated nanoparticle uptake using T cells isolated
from three different human donors (Figure 1c) and saw
only small variation, suggesting that this technique could
be extrapolated to the T cells of any patient.

The internalized gold colloid used in this study also
had no detrimental impact on the viability or function

of activated human T cells in vitro (Figure 2), and the T
cells were able to migrate to tumors in vivo while main-
taining their AuNP payload (Figure 3). In addition to
their ability to carry AuNPs to tumors, T cells can be
selected for tumor-specificity for adoptive immunother-
apy studies [37-39]. Furthermore, T cells may be geneti-
cally engineered to improve their function [40,41] or
enhance their ability to migrate to tumors in vivo
[42,43]. It has been demonstrated that systemically
administered AuNPs tend to accumulate mainly in the
perivascular regions of the tumor [11], limiting passive
accumulation of nanoparticles by the EPR effect to well-
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Figure 5 AuNP-T cells enhance the delivery of gold nanoparticles to the tumor site in vivo. Tumor-bearing mice were injected iv. with
PEG-AUNPs or AuNP-T cells. Tumors were subsequently resected at various time points and measured for AUNP content using ICP-MS. Values
displayed represent the percentage of injected gold normalized for tumor dry weight differences (mean + SEM). The percentage of gold
delivered by the AUNP-T cells at 48 h represents a significant, four-fold increase over the PEG-AuNP group at 24 h (P < 0.01).

vascularized regions of the tumor. T cells may naturally
localize to tumors, and tumor-specific T cell clones have
been demonstrated to penetrate into the hypoxic cores
of the tumors in vivo [44]. The more extensive infiltra-
tion of tumor sites by antigen-specific T cells may per-
mit enhanced penetration of the tumor when compared
to freely-injected nanoparticles, potentially augmenting
therapeutic efficacy.

The use of T cell vehicles also significantly affects
nanoparticle biodistribution (Figure 4). Freely injected
nanoparticles (40-45 nm gold colloidal nanospheres
coated with 5000 MW PEG) accumulate most signifi-
cantly in well-vascularized organs such as the liver,
spleen, kidney, and gut (Figure 4). Maximal AuNP
tumor accumulation for the freely injected PEG-AuNP
group is seen at 24 h (Figure 5). After 24 h, increased
gold content for the PEG-AuNP group is seen in the
spleen, liver, and kidney with a corresponding decrease
in gold content within the tumor and other organs,
which represents a shift towards AuNP clearance.

AuNP-T cells present a much different biodistribution
from the systemically administered nanoparticles that
correlates with the expected biodistribution of T cells.

After adoptive transfer of AuNP-T cells, a large percen-
tage of the ID is seen within the liver and lungs at 24 h.
T cells are known to accumulate within the liver and
lungs after administration due to the vascularity and
number of adhesion molecules present in these organs
[45]. This pattern of T cell migration is consistent with
the biodistribution of adoptively transferred T cells seen
in previous studies [33,45]. AuNP-T cells are also seen
accumulating in the spleen and bone of the mice; these
locations are also normal reservoirs of T cells [46]. The
large number of AuNP-T cells seen in the liver likely
represents apoptotic T cells. This large accumulation is
not observed by bioluminescence imaging in Figure 3,
and the liver is a known site where apoptotic T cells are
entrapped [47]. Tumor accumulation of AuNP-T cells
increases from 24 to 48 h as T cells escape from the
lungs and migrate to the tumor (Figure 5). The biodis-
tribution of AuNP-T cells matches the expected biodis-
tribution of normal activated T cells, suggesting that
AuNP biodistribution can be modulated based on the
selection of the cellular vehicle. In the case of T cells, it
is possible that the biodistribution may be altered to to
further favor tumor accumulation and persistence by
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manipulating cell culture conditions [45] or by genetic
modification of T cells [43].

Using T cells as cellular vehicles for AuNP delivery,
we achieve a four-fold increase in tumor delivery effi-
ciency at 48 h when compared to freely injected PEG-
coated AuNPs at 24 h (Figure 5). This represents a sig-
nificant increase in delivery efficiency (P < 0.01, Stu-
dent’s t-test) using T cells. These results demonstrate
for the first time that T cells can be used to enhance
AuNP delivery to a tumor in vivo. The use of AuNPs
and T cells together combines the photothermal therapy
and imaging advantages of AuNPs with the immu-
notherapy and biodistribution advantages of T cells.
Future directions will focus on utilizing the AuNP-T
cell system for cancer therapy by modifying the T cells
to further enrich AuNP tumor accumulation and
enhance anti-tumor effects.

Conclusions

In this study we demonstrate the internalization of
AuNPs into activated human T cells for the delivery of
nanoparticles in vivo. AuNP uptake has no negative
impact on T cell viability, proliferation, or immune
function, and T cells are able to transport the AuNP
payload to tumor sites in vivo. Furthermore, the use of
T cells as a AuNP vehicle enhances in vivo delivery effi-
ciency by four-fold. This delivery method alters the bio-
distribution of gold compared to freely injected AuNPs,
and demonstrates that the selection of a particular cellu-
lar vehicle may dictate AuNP biodistribution.

Methods

AuNP synthesis and PEGylation

Gold(III) chloride trihydrate (HAuCl, 3H,O 99%) and
potassium carbonate anhydrous (K,CO3 99%) were pur-
chased from Sigma-Aldrich (St. Louis, MO). Deionized
water was provided by a Milli-Q system. In this synth-
esis method, Au®" is reduced to Au® using CO as a
reducing agent. A 0.38 mM HAuCl, solution was pre-
pared and aged in an amber bottle at 4°C for a mini-
mum of 72 h prior to use. After aging the chloroauric
acid solution, the temperature was allowed to gradually
rise to 16°C. A 1.8 mM K,COj solution was then pre-
pared by adding 75 mg of K,COj3 to the aged 200 mL
HAuCl, solution. This solution was aged for 30 min
prior to aeration with CO gas. A 40 mL volume of the
aged solution was added to the beaker and stirred con-
tinuously prior to aeration. CO gas (Matheson-Trigas)
was injected into the continuously stirring solution at a
flow rate of 30.5 mL/min. The CO flow was controlled
via a flow rate control valve. A visible color change
from clear to dark purple to red is observed during
synthesis, indicating formation of AuNPs. TEM images
were taken to confirm size and monodispersity. Particles
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were sterilized by filtration through a 0.22 pm poly-
ethersulfone filter. To stabilize the particles in prepara-
tion for mouse injection, 0.5 mM polyethylene glycol-
thiol (PEG-SH, MW = 5 kD, Nektar) was added to the
particles. After a 24-h incubation, excess PEG-SH was
removed by centrifugation and PEGylated particle stabi-
lity was confirmed by increasing solution tonicity with 1
M NaCl. Dynamic light scattering measurements were
taken to assess the hydrodynamic diameter of the PEGy-
lated gold colloid.

T cell isolation and preparation

Peripheral blood was obtained with informed consent
from willing healthy donors using a Baylor College of
Medicine Institutional Review Board approved protocol.
Peripheral blood mononuclear cells (PBMC) were iso-
lated by Ficoll gradient centrifugation (Lymphoprep,
Nycomed, Oslow, Norway). PBMC were used to gener-
ate EBV-transformed B cells lines (LCL) and T cell
lines. LCL and T cells were maintained in RPMI 1640
supplemented with 10% fetal calf serum (FCS; Hyclone,
Logan, UT) and 2 mM GlutaMAX (Invitrogen, Carlsbad,
CA). For T cell expansion, non-tissue culture treated 24-
well plates were coated with OKT3 (1 pg/mL; Ortho
Pharmaceuticals, Raritan, NJ) and anti-CD28 antibody (1
pg/mL; BD Biosciences, San Diego, CA) overnight at 4°
C. Plates were washed and 2 x 10° PBMC were plated
per well in complete RPMI supplemented with 100 U/
mL recombinant human interleukin-2 (IL-2). On day 3,
T cell blasts were harvested and further expanded or
transduced in IL-2 supplemented media.

T cell internalization of AuNPs

Day 7 OKT3 blasts were harvested and suspended in
complete RPMI supplemented with IL-2 and 0, 0.05,
0.1, 0.25, 0.5, or 1 nM of AuNPs for 24 h (1 mole =
6.022 x 10** nanoparticles). Cells were harvested and
washed a minimum of three times using 1 x phosphate-
buffered saline (PBS) prior to subsequent experiments.
To confirm loading, T cells were imaged using darkfield
microscopy. To quantitatively characterize loading, 2 x
10° T cells per sample were prepared for ICP-OES ana-
lysis by digesting the cells in three parts trace metal
grade hydrochloric acid (Fisher Scientific, Pittsburgh,
PA) and one part trace metal grade nitric acid (EMD
Chemicals, Gibbstown, NJ) overnight. Samples were
then diluted to 10 mL in distilled water and filtered. T
cells incubated with media alone were used as a control.

T cell viability and functionality after AuNP loading

To determine the effect of AuNP loading on T cell phe-
notype, we used the following monoclonal antibodies
conjugated to FITC, PE, PerCP, or APC (BD Bios-
ciences): CD3, CD4, CD8, CD45RA, CD45R0, CD56,
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CD62L, CCR5, and CCR7. An Annexin V apoptosis
detection kit (BD Biosciences) was used to determine T
cell viability post-AuNP loading. Cells were analyzed
using a FACSCalibur flow cytometer (BD Biosciences)
and FCSExpress software (De Novo Software, Los
Angeles, CA). A [°H] thymidine incorporation assay was
used to assess the effects of AuNP loading on T cell
proliferation. Following AuNP loading, T cells were
seeded in triplicate into 96-well round bottom plates at
1 x 10° cells per well in complete RPMI containing 100
U/mL IL-2 for 24 h. T cells were then pulsed with 5
uCi [*H] thymidine (Amersham Pharmacia Biotech, Pis-
cataway, NJ) overnight. Cells were then harvested onto
glass filter strips and analyzed using a TriCarb 2500 RT
B-counter (Packard Biosciences, Downers Grove, IL). To
determine if AuNP-loaded T cells retain the ability to
migrate in vitro, we used a transwell migration assay. T
cells were labeled with 50 pCi Chromium®" (Cr®'; MP Bio-
medicals, Solon, OH) and 1.5 x 10° cells were placed in
the upper chamber of 24-well 6.5 mm diameter, 5 pm
pore size transwell chambers (Costar Transwell, Corning,
NY). Media alone or LCL tumor supernatant was placed
in the bottom chamber. Plates were then incubated for 3 h
at 37°C. Cells in the bottom chamber were then harvested
and analyzed using a y-counter (Cobra Quantum, Perkin
Elmer, Shelton, CT). Specific migration was calculated
using the following equation: Specific Migration (%) =
(Experimental [LCL supernatant] - Spontaneous [media
alone])/(Maximum [1.5 x 10° cells] - Spontaneous [media
alone]) x 100. To measure the ability of AuNP-loaded T
cells to secrete IFN-y following mitogenic stimulation, 2 x
10° T cells were seeded into 96-well round bottom plates
for 24 h. T cells were then stimulated with 25 ng/mL
phorbol myristate acetate (PMA; Sigma-Aldrich, St. Louis,
MO) and 1 pg/mL Ionomycin (I; Sigma-Aldrich). Follow-
ing 2 h of PMA-I stimulation, Brefeldin A (Sigma) was
added to allow for intracellular cytokine retention. Four
hours later, cells were permeabilized using 1% Saponin
(Sigma) and IFN-y expression was detected by intracellular
cytokine staining using PE-conjugated anti-IFN-y mono-
clonal antibody (BD Biosciences).

In vivo delivery studies

SCID xenograft model

In vivo migration, AuNP delivery, and biodistribution
studies were performed using severe combined immune
deficient mice (SCID [strain ICR-Prkdc(scid)]; Taconic,
Hudson, NY). All mouse experiments were performed
under a Baylor College of Medicine Institutional Animal
Care and Use Committee (IACUC) approved protocol. 1
x 107 LCL tumor cells were resuspended in Matrigel
(BD Biosciences) and injected subcutaneously (s.c.) into
the shaved right flanks of mice. Tumors were allowed to
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establish and grow to at least 0.5 mm x 0.5 mm in size
(2-3 weeks) before use.

Mouse injections and sample collection

To prepare AuNP-T cell injections, T cells were pre-
pared as above and incubated with 0.5 nM AuNPs for
24 h. Cells were harvested and washed extensively using
1 x PBS prior to injection. For delivery studies, mice
received either PBS, 1 x 107 AuNP-T cells, or 1 x 10"
PEGylated AuNPs via the tail vein in a 200 pL bolus.
These dosages were selected based on previous in vivo
studies using AuNPs and adoptively transferred T cells.
To determine optimal time points for delivery analysis,
tumors were resected at either 4, 8, 24, or 48 h for the
PEGylated AuNP group and 24 or 48 h for the AuNP-T
cell group. In addition, plasma as well as portions of the
liver, spleen, kidneys, small intestine, muscle, heart,
lung, bone, and brain were also collected for analysis at
4, 8, or 24 h for the PEGylated AuNP group and 24 or
48 h for the AuNP-T cell group. All tissues, including
tumors, were flash frozen with liquid nitrogen after col-
lection and stored at -80°C until analysis.

Bioluminescent imaging

To determine if AuNP-loaded T cells can migrate to
tumors in vivo and thereby deliver AuNP to the tumor
site, T cells were transduced with retrovirus encoding
GFPluc as previously described by our group [48].
Transduced cells were then loaded with AuNPs for 24 h
then injected intravenously (i.v.) via the tail vein (1 x
107 T cells per mouse). Forty-eight hours post-T cell
infusion, the biodistribution of T cells was visualized
using the In Vivo Imaging System (IVIS; Xenogen) fol-
lowing intraperitoneal (i.p.) injection of 150 mg/kg D-
luciferin (Xenogen, Alameda, CA).

Ex vivo tissue analysis and imaging

To image AuNP-T cells within the tumor, tumors were
thawed in a 37°C water bath and embedded in optimal
cutting temperature (O.C.T.) compound (Sakura Finetek
USA, Inc., Torrence, CA) using dry ice. The embedded
tissue was then sectioned into 8 pm slices using a cryo-
stat, dried overnight at room temperature, and stored at
-80°C. Tissue sections were then fixed with acetone and
stained for CD3 using anti-CD3 (Abcam ab5690, Cam-
bridge, MA) as the primary antibody and the Invitrogen
Histostain® Plus Broad Spectrum (AEC) kit. Slides were
coverslipped with immunomount (Thermo Scientific,
Pittsburgh, PA) and imaged by bright field and dark
field microscopy. Resected mouse tissues were prepared
and analyzed for gold content using ICP-MS and ICP-
OES. Samples were lyophilized and weighed, then
digested and prepared as previously described. Samples
of the AuNP-T cell and AuNP boluses were also ana-
lyzed to confirm the amount of gold systemically
administered.
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Statistical methods

For the biodistribution analysis, we performed a one-way
ANOVA followed by Tukey’s method. Each organ was
examined individually at various time points for each
treatment group (n = 3 for all time points and treatment
groups). Significance was set at P < 0.05. An asterisk indi-
cates significant differences between every possible
AuNP:AuNP-T cell comparison pair at all time points for
each organ. For the tumor delivery analysis, we used a
Student’s ¢-test to compare AuNP systemic administra-
tion to AuNP-T cell delivery. For this study, n = 8 for the
AuNP group, while # = 11 for the AuNP-T cell group.

Additional material

Additional file 1: Figure S1 Gold colloid size distribution. Particle
sizes were determined using TEM. A total of 585 particles were examined
over multiple images to generate the histogram. Figure S2 AuNP-
loading does not affect T cell phenotype. T cells were loaded in the
presence of 0.5 nM AuNP for 24 h and subsequently stained with a
panel of antibodies and analyzed by flow cytometry.
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Abstract

An in depth analysis of gold nanoparticle (AuNP) synthesis and size tuning, utilizing carbon monoxide (CO) gas as
a reducing agent, is presented for the first time. The sizes of the AuNPs are tunable from ~4 to 100 nm by altering
the concentration of HAuCl, and inlet CO gas-injection flow rate. It is also found that speciation of aqueous
HAuCl,, prior to reduction, influences the size, morphology, and properties of AuNPs when reduced with CO gas.
Ensemble extinction spectra and TEM images provide clear evidence that CO reduction offers a high level of
monodispersity with standard deviations as low as 3%. Upon synthesis, no excess reducing agent remains in
solution eliminating the need for purification. The time necessary to synthesize AuNPs, using CO, is less than 2 min.

J

Background
Metallic nanoparticles have attracted substantial attention
due to their distinctive properties and various applications.
AuNPs can exhibit a strong optical response to the extinc-
tion of surface plasmons by an alternating electromagnetic
field [1]. By simply adjusting the size of the gold nanopar-
ticles, this optical resonance can be positioned over hun-
dreds of nanometers in wavelength across the visible into
the near infrared spectrum [1,2]. Since these oscillations
are located on the boundary of the metal and the external
medium, these waves are very sensitive to changes in this
boundary, such as the absorption of molecules to the
metal surface [3]. These features render AuNPs useful as
building blocks, and pave the way for fabricating biological
labels, biological sensors, environmental detection of bio-
logical reagents, and clinical diagnostic technologies [4-6].
Many researchers have also exploited the unique optical
properties of AuNPs for biomedical applications, such as
thermal ablative cancer therapy and gene therapy [7-9].
Since the plasmon-derived optical resonance of gold
nanoparticles is strongly related to the dimensions and
morphology of the nanoparticles, the ability to synthesize
monodispersed AuNPs is essential. The most popular
and reliable method of producing AuNPs is an aqueous
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phase synthesis, which relies on the reduction of tetra-
chloroauric acid in the presence of a reducing agent to
form colloid [10-15]. A number of different reducing
agents can be used for the tetrachloroauric acid reduc-
tion. These agents have a significant influence on the
morphology of the final product, and most of them lead
to polydispersed nanoparticle solutions. To date, only a
few methods have been established to synthesize AuNPs
from about one nanometer to several hundred nan-
ometers in diameter. A widely used method is based on
the reduction of tetrachloroaurate ions in water using
sodium citrate as a reductant to obtain AuNPs with dia-
meters ranging from 16 to 147 nm [2,16,17]. While this
method has demonstrated good quality control over par-
ticle size, a high level of monodispersity is limited to the
synthesis of larger particles typically in the range of 22 to
120 nm. Another disadvantage to this synthesis method
is that excess citrate remains in the solution. The residual
citrate, which acts as a passivation layer on the surface of
the nanoparticles, can reduce the effectiveness of surface
functionalization with other biological markers [18].
Smaller-sized AuNPs, 1 to 5 nm, are usually prepared
by borohydride reduction in the presence of thiol capping
agents [19]. Disadvantages of this method include the use
of toxic organic solvents and the potential presence of
impurities introduced by using capping agents, which can
also hinder the surface modification and functionality of
particles for particular applications [20]. Also, AuNPs
have been synthesized using formaldehyde as a reducing

© 2011 Young et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
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agent. One disadvantage is that formaldehyde is toxic,
and the excess formaldehyde in the solution leads to
solution instability and eventual particle aggregation [13].

Non-chemical based reduction methods, to synthesize
AuNPs, have also been employed. Size-selected AuNPs
have been synthesized by use of laser irradiation in a sur-
factant based aqueous environment [21]. Yet this method
limits AuNPs sizes to sub 10 nm diameters. Meunier et
al. were able to synthesize gold nanoparticles from 3 to
~80 nm via a femtosecond laser-assisted method [22]. An
involved multi-step process, including a seeding step, was
necessary to produce the larger particles. This process
requires a complicated femtosecond laser setup and
nanoparticle synthesis was also dependent on polymer
utilization. Dispersed AuNPs were also synthesized using
glow discharge plasma [23-26]. Researchers showed that
this method can produce particles in less than 5 min yet
these particles were limited to ~4 nm diameters [26].
Takai et al. used discharge plasma to produce larger
AuNPs of irregular shapes [24]. Polydispersed spherical
AuNPs, ~20 nm in diameter, were only produced after
exposure times greater than 45 min.

As compared to the current synthesis methods, CO has
an advantage in that no excess reducing agent remains in
solution. This eliminates the need for purification via
multiple centrifugation steps. The reduction of HAuCl,
with CO can also take place at room temperature, unlike
other methods such as citrate reduction that require boil-
ing of the solution. The time necessary to produce
AuNPs using CO is less than 2 min compared to 20 min
for comparable particle sizes using citrate reduction and
45 min for discharge plasma synthesis. CO reduction
offers a cheap and flexible alternative to femtosecond
laser-based AuNP synthesis processes while eliminating
the need for surfactants and polymers to tune the nano-
particle sizes. To the best of our knowledge, there has
never been an in depth study of AuNP synthesis, utilizing
CO as a reducing agent, to enable size tuning from sub 5
to 100 nm diameters.

In this paper, an in depth analysis of AuNP synthesis
utilizing CO gas as a reducing agent is presented. After
synthesis, AuNP mono- and polydispersity was examined.
The size and monodispersity of the AuNPs were tunable
by controlling variables such as HAuCl, concentration
and gas flow during synthesis. The CO reduction method
offered excellent tunability over a broad range of sizes
while maintaining a high level of monodispersity. Ensem-
ble extinction spectra and TEM images provide clear evi-
dence that CO reduction offers excellent AuNP tunability
and is a viable alternative to other synthesis methods.

Results and discussion
AuNPs, synthesized by CO reduction, with average dia-
meter ranging from 4 to 52 nm, were prepared as
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described below. A set of solutions consisting of HAuCl,
concentrations ranging from 0.01 mM up to 0.09 mM
was used. Each HAuCl, concentration was duplicated to
ensure reproducibility. For each HAuCl, concentration,
five 40 mL samples were prepared. Each sample was aer-
ated at different flow rates controlled by a control valve.
The five solutions were exposed to CO gas at flow rates
of 16.9, 25.45, 31.59, 37.0, and 42.9 mL/min, respectively.
The effect of stirring speed was examined, and it was
found that the number of revolutions per minute (rpm),
by which the solution was stirred, played a role in particle
size and morphology. The optimal stir speed, for produ-
cing the most monodispersed particles, was found to be
500 rpm. For the following discussion, each solution was
constantly stirred at a rate of 500 rpm during synthesis
unless noted otherwise. Additionally, the effect of gas-
injection flow rates and diffuser pore size on nanoparticle
monodispersity and reaction completion times were
investigated. It was found that a 60-um average diffuser
pore size was sufficient for producing monodispersed
particles. The solution temperature, prior to aeration,
was maintained between 20 and 22°C.

Formation of colloidal gold

The Au®* reduction, by CO, to Au® takes place via a
number of redox reactions. When the CO gas is intro-
duced into the aqueous HAuCly solution, electrons are
donated to the [AuCl,] ions. For [AuCl,] ions to be
reduced to gold atoms, a series of redox reactions take
place. This includes the liberations of Cl™ ions and is
described by Equations 1 and 2.

AuCl, +2e¢~ — AuCl; +2Cl~ 1)

AuCl; +e” — Au® +2Cl~ (2)

The electrons are contributed from the reaction of CO
and dihydrogen monoxide and the reducing half reac-
tions are given in Equations 3 and 4.

CO(g) + H,O — COy(aq) +2¢~ +2H* 3)

CO(g) + 2H,0 — HCO3™ +2¢~ +3H* (4)

The thermodynamics of HAuCl, reduction in aqueous
solutions using CO is presented (see Additional file 1).

Synthesis of AuNPs

To illustrate the effects of CO gas flow injection rates
on nanoparticle synthesis, nanoparticles were synthe-
sized from an aqueous solution of HAuCl, acid at a
concentration of 0.01 mM. Even at this lower concentra-
tion, which is normally not used for the synthesis of
AuNPs, the extinction spectra is clearly visible and well
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formed as evident in Figure 1. A smoother, more pro-
nounced spectrum was generated at the minimum flow
rate of 16.9 mL/min when compared to the other injec-
tion flow rates. As the flow rate was increased from 16.9
to 42.9 mL/min the change in spectral symmetry was
clearly visible. TEM micrographs of the corresponding
nanoparticles are displayed in Figure 1. The gas-injec-
tion flow rate of 16.9 mL/min produced individual
nanoparticles compared to the other injection rates. The
nanoparticles produced by the 16.9 mL/min flow rate
ranged in size from 5 to 11 nm in diameter. A flow rate
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Figure 1 Effect of CO flow rate on nanoparticle morphology.
UV-visible extinction spectra of nanoparticles synthesized from a
chloroauric acid concentration of 0.01 mM aerated at flow rates of
16.9, 25.5, 37.0, and 42.9 mL/min corresponding to A, B, C, and D,
respectively, with accompanying TEM micrographs. A smoother,
more pronounced spectrum was generated at the minimum flow
rate of 16.9 mL/min when compared to the other injection flow
rates. As the flow rate was increased from 16.9 to 429 mL/min the
change in spectral symmetry was clearly visible.
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of 25.45 mL/min, Figure 1B, produced nanoparticle
aggregates and irregularly shaped particulate matter.
Nanoparticles synthesized at a flow rate of 31.59 mL/
min consisted of aggregated particle chains. A CO flow
rate of 37 mL/min (Figure 1C) resulted in aggregated
particle chains similar to that of nanoparticles produced
at a flow rate of 25.45 mL/min. The particle aggregation
in Figure 1B, D was evident by the broad spectral band.
As the flow rate increased to 42.9 mL/min, the nanopar-
ticles became elliptical in shape and very polydispersed.
The nanoparticle sizes, when aerated at 42.9 mL/min,
ranged from 5 to 40 nm in diameter with some aggre-
gated particles; this size distribution is reflected in the
broad spectral band.

Increasing the chloroauric acid concentration reduced
the polydispersity of the nanoparticles, yet the gas-injection
flow rate continued to influence the AuNP size distribution
profiles. Figure 2 shows the UV-visible spectra of AuNPs
synthesized from a chloroauric acid concentration of
0.03 mM at flow rates of 16.9, 25.5, and 37.0 mL/min
(Figure 2A, B, C). The polydispersity of the AuNPs aerated
at 16.9 mL/min (Figure 2A) is represented by a broad par-
ticle distribution curve. The particle sizes for Figure 2A
ranged from 2.5 to 17 nm in diameter. Increasing the CO
flow reduced the width of the particle distribution
curve where an optimum inlet gas flow was obtained at
25.5 mL/min (Figure 2B). The standard deviation for 2B
was 7%, well below the 13 to 15% normally obtained for
comparable sizes via citrate reduction [3]. To confirm the
formation of Au atoms from HAuCl,, the valence state of
Au was identified by X-ray photoelectron spectroscopy
(XPS). Figure 3 shows an XPS spectrum of AuNPs synthe-
sized via CO gas reduction. The Au 4f;,, peak appeared at
a binding energy of 83.98 eV and the Au 4f;,, peak
appeared at a binding energy of 87.71 eV. This indicates
the formation of metallic gold [27,28]. These particles
remained stable in excess of 12 months when stored at 4°C.

A better understanding of the effect of the gas flow
rates and chloroauric acid concentrations on nanoparticle
synthesis can be obtained by considering the mechanisms
involved in nanoparticle nucleation and growth. When
aerating the aqueous HAuCl, solution with CO gas, the
precursor concentration increases continuously with
increasing time. As the concentration reaches supersa-
turation, nucleation takes place and leads to a decrease in
concentration. The continued decrease of the concentra-
tion is due to the growth of the particles. During the
growth process, two growth mechanisms could take
place or a combination of the two. The first growth
mechanism is due to the formation of particles from coa-
lescence of the nuclei only. The second growth mechan-
ism is due to the coalescence of nuclei into simple and
multiple twins with further growth from monomer
attachment of Au atoms on the surface [16].
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Figure 2 Effect of CO flow rate on nanoparticle distribution. UV-visible extinction spectra of nanoparticles synthesized from a chloroauric
acid concentration of 0.03 mM aerated at flow rates of 16.9, 25.5, and 37.0 mL/min corresponding to A, B, and C, respectively, with
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To produce monodispersed AuNPs with CO gas, the
rate of nucleation must be high enough so that the precur-
sor concentration does not continue to climb. Instead a
large amount of nuclei are formed in a short period. Tur-
kevich et al. found that the nucleation process consists of
a polymerization step [29]. When the aqueous HAuCl,
solution is neutral or acidic, the nucleus is formed by gold
organic polymer. While the aqueous HAuCl, solution is
alkaline, a polymerization of gold hydroxide takes place
[16,30]. The rate of growth of these nuclei should be fast
enough to decrease the concentration below the nuclea-
tion concentration rapidly. This results in the creation of a
limited number of seed particles. The rate of growth must
be slow enough that the growth period is long compared
with the nucleation period. This produces AuNPs with
narrowed size distributions which are the result of the lim-
ited nucleation period.

Factors affecting AuNP synthesis

Since the morphology is found to depend strongly on
injection flow rates and HAuCl, concentrations, a rela-
tionship between the HAuCl, concentration and gas-
injection flow rates on particle monodispersity can be
found. Solution stir speeds during synthesis were exam-
ined and it was found that stir speeds had an effect on
synthesis and played a role in nanoparticle size dispari-
ties. Slow solution stir speeds had the biggest affect on
solutions aerated at a flow rate of 16.9 mL/min or below.
Increasing the stir speed of the solution aided in the solu-
bility and dispersal of the CO gas molecules during
synthesis. It was found that adjusting the gas-injection
flow rate compensated for a reduction or increase in
solution stir speed. The gas diffuser pore size affected the
synthesis process considerably when the solution was at a
standstill or stirred at a relatively slow speed below
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Figure 3 XPS spectrum of AuNPs synthesized via CO gas
reduction. The Au 4f,,, peak appeared at a binding energy of
83.98 eV and the Au 4fs, peak appeared at a binding energy of
87.71 eV. This indicates the formation of metallic gold [27,28].

75 rpm. Once the solution stir speed approached and/or
crossed the 75 rpm threshold, injection-hole size pro-
duced only small variances. Once the stir speed reached
500 rpm, there was no difference between samples pro-
duced with different diffuser pore sizes, and only the Au
concentration or gas-injection flow rates affected particle
sizes. Therefore, the solution stirring speed was main-
tained at 500 rpm to isolate the gas-injection flow rate
and Au concentration effect on nanoparticle synthesis.

A chloroauric concentration of 0.03 mM and an inlet
gas flow of 16.9 mL/min stirred at 500 rpm resulted in
coalescence and growth of nanoparticles before the
nucleation reached equilibrium. In essence, the induc-
tion period was initiated with a slow autocatalytic rise in
the number of nuclei due to the lack of sufficient redu-
cing agent in the solution. Because of this slow nucleus
formation, new nuclei were being formed while existing
nuclei had already undergone coalescence resulting in
polydispersity. Increasing the flow rate to 25.5 mL/min
increased the autocatalytic rise in the number of nuclei.
Particle growth took place after cessation of the nuclea-
tion process resulting in monodispersity. This is illu-
strated by the fact that the particle distribution curve
for Figure 2B consisted of particle sizes in the range of
4 to 6 nm as opposed to the range of 2 to 17 nm (Fig-
ure 2A). By increasing the flow rate further (Figure 2C),
rapid coalescence of the nuclei takes place. The result-
ing polydispersity of the sol at increased gas-injection
flow rates is still marginal compared to the lower flow
rate of 16.9 mL/min. When comparing the spectra of
Figure 2A, B, C the more polydispersed sample pos-
sesses a broadened spectrum. This is illustrated in more
detail (see Additional file 2).
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Increasing HAuCl,; concentration

When the chloroauric acid concentration approached 0.2
mM, the gas-injection flow rate had a less pronounced
effect on the spectra symmetry yet the flow rate continued
to dictate the monodispersity of the particles. When parti-
cles were synthesized from a chloroauric acid concentra-
tion of 0.3 mM, the most monodispersed sample was
produced at a flow rate of 25.5 mL/min. The mean dia-
meter for this sample was 9 nm with a standard deviation
of 11%.

As the concentration increased to 0.5 mM, 20 to 25 nm
particles were produced. Continual increase of the chlor-
oauric acid concentration beyond 0.5 to 0.6 mM only pro-
duced small changes in nanoparticle size with increased
absorbance. The standard deviation for the AuNPs pro-
duced at 0.6 mM was 8% indicating monodispersity. As
the concentration was increased to 1 mM, nanoparticles
approaching 30 nm in diameter were produced but the
standard deviation approached 20%. Further doubling the
concentration to 2 mM had no uniform effect on particle
growth, with the majority of the particles in the 30 nm
size regime and some of the particles in the 40 to 55 nm
size regime with a standard deviation approaching 35%.
The UV-visible spectra of the sol prepared at different
concentrations (Figure 4), increasing from 0.02 to 1 mM,
shows an increase in absorbance which correlates to an
increase in particle concentration and volume. Figure 5
shows the pronounced red shifting of the plasmon, which
is associated with increased nanoparticle size. The red
shift of the plasmon is further illustrated (see Additional
file 3). This shifting effect is in line with the prediction
described by Mie theory [1,2]. The statistical analysis of
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Figure 4 Effect of increasing chloroauric acid concentrations
on nanoparticle spectral profile. UV-visible spectra of gold
nanoparticles with increasing chloroauric acid concentrations from
0.02 to 0.05 mM in 0.01 mM increments, from 0.1 to 0.5 mM in .1
mM increments, and at 1 mM. The inset is the absorbance spectra
of gold nanoparticles produced from concentrations of 0.02 to
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Figure 5 Spectral shift based on chloroauric acid
concentrations. Normalized UV-visible spectra of gold nanoparticles
with increasing chloroauric acid concentrations from 0.02 to 0.05
mM in 0.01 mM increments, from 0.1 to 0.5 mM in 0.1 mM
increments, and at 1 mM. A red-shifting of the plasmon is observed
as the chloroauric acid concentration is increased.

the particles synthesized from aqueous solutions of
HAuCl, ranging from 0.02 to 0.6 mM revealed an average
standard deviation of approximately 11%.

Influence of pH on AuNP synthesis

It is known that pH is a factor influencing the nucleation
and growth of AuNPs [13,16,30]. Since the synthesis pro-
cess takes place in an acidic environment, the particle is
formed from gold polymer with a small contribution from
gold hydroxide polymer reduction. As the concentration
of chloroauric acid increases, the pH of the solution
decreases (see Additional file 4) resulting in particle for-
mation solely by gold polymer reduction. In an acidic
environment, the effective monodispersed particle size
threshold was reached at approximately 25 nm. The effec-
tive monodispersed threshold was defined as a standard
deviation below 13%. As previously mentioned, continual
increase of the chloroauric concentration eventually
resulted in adverse affects on nanoparticle monodispersity.
To further grow particles and maintain monodispersity,
HAuCl, hydrolysis was explored. The addition of potas-
sium carbonate (K,CO3) to generate an alkaline solution
for gold hydroxide polymer reduction was systematically
investigated. It was found that the speciation of HAuCl,
had great influence on the size and monodispersity of the
AuNPs. As the pH increased, speciation of aqueous
HAuCl, occurred.

Adding K,COj raised the pH of the solution by allow-
ing hydrolysis of HAuCl, to take place to form gold
hydroxide solution. A 200 mL aqueous HAuCl, solution,
with a concentration of 0.1 mM, was prepared by adding
fresh gold to 200 mL of DI water. This solution was
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aged in an amber bottle, and light protected in a 4°C
environment for a minimum of 72 h prior to use. A
0.5 N stock solution of K,CO3; was prepared and stirred
for a minimum of 1 h. After aging, the chloroauric acid
solution was allowed to gradually rise to 22°C. The pH
was measured to be 3.6. HAuCly (0.1 mM) aqueous
solution with various pH values were prepared by the
addition of K,COj3; aqueous solution into 20 mL of
HAuCl, aqueous solution and shaken vigorously for a
minimum of 1 min. This solution was allowed to age for
15 min before introduction of CO gas. The pH values of
the aqueous solutions, measured prior to reduction, ran-
ged from 4.25 to 11.4.

Figure 6 shows UV-visible absorption spectra of AuNPs
prepared by reduction of hydrolyzed HAuCl, at various
pH. At pH = 4.25, the acquired AuNPs exhibited a sym-
metric spectrum with a surface plasmon resonance (SPR)
peak at 512 nm. When the pH increased to 6.6, there was
a SPR shift to 527 nm. When the pH increased to 7.45,
the SPR peak position did not change much at 528 nm,
and the SPR peak remained symmetric. The SPR feature
changed abruptly when the pH was 9.34 showing a broad
feature originating at 559 nm. The SPR peak red-shifted
further when the pH increased to 10.3. Absorption in the
NIR region also gained significant intensity.

Previous experimental and theoretical results demon-
strated that AuCly undergoes a pH-dependant stepwise
hydrolysis which gives way to [AuCl,(OH),.,]” [30,31].
The extent of hydrolysis in turn depends on the pH
which gives an indication of the amount of OH" available
for hydrolysis. When the pH is low, [AuCl,]” ions domi-
nate the solution. As the pH is increased to 4.25,
[AuCl,] concentration is lowered and the contribution
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Figure 6 Effect of pH on nanoparticle spectrum. UV-visible
spectra of AuNPs produced from a 0.1 mM HAuCl, aqueous
solution synthesized at varying pH values.
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from [AuCl3(OH)] ions is increased. Raising the pH of
the solution to 6.66 reduced the concentration of
[AuCly] and [AuCl3(OH)]  significantly, and the ionic
composition was primarily made up of [AuCl,(OH),]"
ions. Further increasing the pH to 8.8 resulted in large
ion contribution from [AuCI(OH);s] ions. Additional
increase to 10.3 resulted in an overwhelming ion contri-
bution from [Au(OH),] ions with an appreciable contri-
bution from [AuCl(OH);3] ions. This was because [Au
(OH),4] ™ is amphoteric. Its solubility increased due to the
formation of [Au(OH),]  at higher pH, thus making the
soluble [Au(OH),]” the most dominant species at high
pH instead of the precipitating [AuCI(OH)3]™ [30]. It is
the control of hydrolysis to tune the speciation of [AuCl,
(OH)4.,]" that subsequently influenced the nanoparticle
size.

It was observed that amongst the six species of [AuCl,
(OH),.,] discussed earlier, [Au(OH),]” seems to have the
lower tendency to be reduced in solution to form colloi-
dal gold. This was evident from its slow and gradual
color change when reduced, taking approximately 7 min
for complete reduction to occur. This was in contrast to
the reduction of other [AuCl,(OH),_,]” species formed at
lower pH where it was observed that the addition of CO
gas caused a color change within seconds and total
reduction within approximately 2 min. This observation
may possibly be attributed to a weaker reduction poten-
tial of [Au(OH),]” compared to other species. It was
found that adjustment to pH < 10 by addition of smaller
amounts of K,COj; resulted in the formation of other
dominant species that had greater tendency to be
reduced in solution to form colloidal gold. It was
observed that the synthesis environment also affected
nanoparticle stability. The stability of the nanoparticles
was monitored for approximately 2 months to examine
the pH effect on nanoparticle stability. As the pH
increased, prior to synthesis, the nanoparticles became
less stable. Table 1 illustrates the stability of the AuNP
solutions produced at varying pH.

Table 1 Influence of pH upon stability of AuNPs
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It was observed that hydrolysis of [AuCl,]” started to
occur within minutes after the addition of K,CO; indicat-
ing immediate formation of the [AuCl,(OH),_,] species. It
was further observed that Au colloid, of varying sizes,
were produced when K,CO3; and HAuCl, concentrations
and gas-injection flow rates remained constant and only
aging times varied. This indicated that aging the gold
hydroxide solution, before the addition of CO gas, had a
strong influence on the outcome of the reaction.

By controlling the development of the [AuCl,(OH), ]
species, colloids of various sizes can be synthesized
using CO as a reducing agent. When the pH is suffi-
ciently high, the resultant aging process can generate
coalescence of Au(OH), initiating a limited nucleation
process absent of a reducing agent. This nucleation pro-
cess is out of favor with the requirements necessary for
generating monodispersed nanoparticles. Thus proper
aging times must be determined to synthesize monodis-
persed nanoparticles of a particular size from a given
K,CO3; and HAuCl, concentration. Exploiting the con-
trol of [AuClL,(OH),.,]” species development, by addition
of K,CO3 and aging of the solution, Au colloid in the
ranges of 15 to 100 nm in diameter were produced.
Spectra A and B in Figure 7 show the UV-visible spectra
of Au colloid produced from a mixture of 200 mL 0.38
mM HAuCl, aqueous solution and K,CO3 (2.71 mM)
aged at 30 and 40 min, respectively, in solution reduc-
tion volumes of 40 mL. Both SPR peaks were well
ordered with a SPR peak at 536 nm for the 30-min aged
solution and 546 nm for the 40-min aged solution. Both
solutions were aerated with CO gas at an inlet gas flow
rate of 25.5 mL/min. The red-shift and dampening of
the SPR peak indicated an increase in particle size. The
effect of the solution volume being aerated was explored
to determine if the amount of solution being aerated
had an effect on nanoparticle size and monodispersity.
Spectra C, D, and E in Figure 7 were produced from
AuNPs synthesized from a 200 mL 0.38 mM HAuCl,
aqueous solution with K,CO3 (3.62 mM) aged for

pH pH Color Stability Stability Stability

Before synthesis  After synthesis After 1 h stored at 22°C  After 6 h stored at 22°C  After 2 months Stored at 4°C
4.25 372 Light pink Stable Stable Small aggregation
4.25 372 Light pink Stable Stable Small aggregation
555 475 Light red Stable Stable Small aggregation
6.6 592 Light red Stable Stable Stable

745 6.11 Light red Stable Stable Stable

8.8 642 Light red Stable Stable Stable

9.23 6.55 Medium red ~ Stable Stable Stable

934 6.32 Purple Stable Stable Medium aggregation
103 8.10 Blue Stable Some aggregation Heavy aggregation
114 10.96 Light blue Crashed Crashed Crashed
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—a— A) 2.71mM K2CO3 30min age
—e—B) 2.71mM K2CO3 40min age
—A—C) 3.62mM K2CO3 20mL 30min age
—¥—D) 3.62mM K2CO3 40mL 30min age
——E) 3.62mM K2CO3 50mL 30min age
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Figure 7 Nanoparticle spectra as a function of K,COs;
concentration and aging. UV-visible spectra of AuNPs produced
from a mixture of 0.38 mM HAuCl, aqueous solution with 2.71 mM
or 362 mM K,COs. A and B are 2.71 mM K,COs aged at 30 and 40
min, respectively, at an aeration volume of 40 mL. C, D, and E are
3.62 mM K,COs aged for 30 min each at aeration volumes of 20, 40,
and 50 mL, respectively. All samples were aerated at a gas flow rate
of 25.5 mL/min.

30 min. The aeration volumes were 20, 40, and 50 mL,
respectively. The amount of solution aerated had a small
but noticeable effect on SPR peak position. The result-
ing SPR peak positions were 550, 553, and 554 nm for
aeration volumes of 20, 40, and 50 mL, respectively.
Increasing the amount of K,CO3, in a HAuCl, aqueous
solution of known concentration, while decreasing the
aging time, produced larger AuNPs while still maintain-
ing monodispersity. Aqueous solutions of 200 mL 0.38
mM HAuCl, with 2.71 and 3.62 mM of K,COj3 aged for
30 min each produced AuNPs with SPR peak positions
at 536 and 553 nm, respectively.

By employing a combination of gold polymer reduc-
tion and gold hydrolyzed polymer reduction, particles
sizes from ~4 to 100 nm can be synthesized. Figure 8
shows a TEM micrograph illustrating the different sizes
available using CO as a reducing agent. Figures 8A, B,
C, D are TEM images of AuNPs synthesized without
the addition of K,COs. Figures 8E, F are AuNPs synthe-
sized from a hydrolyzed solution of aqueous HAuCl, via
the addition of K,COj3. The corresponding sizes of the
AuNPs are 4, 6, 15, 25, 50, and ~100 nm with standard
deviations of 7, 13, 8, 8, 10, and 11%, respectively.

Conclusions

These results indicate that AuNPs can be synthesized
using CO as a reducing agent. CO offers tunability of
nanoparticle sizes via altering HAuCl, concentration and
flow rate. The fast synthesis rates, ease of tunability, and
absence of cytotoxic by products allow for these CO-based
AuNPs to be optimized and readily produced for
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biomedical and industrial applications. The manipulation
of the solution pH and speciation of HAuCl, to control
particle morphology may also be used as a means to tune
the particle size. TEM micrographs and UV-visible spec-
tral analysis confirm that the CO-based AuNPs are mono-
dispersed upon synthesis. Future work will focus on how
temperatures, upon synthesis, affect morphology. Nano-
particle surface chemistry and functionalization will also
be explored. Cytotoxicity of the CO-based AuNPs in
human cell lines will subsequently be investigated and
compared against citrate-based nanoparticles.

Methods

Chemicals and materials

Hydrogen tetrachloroaurate III trihydrate (HAuCl,-3H,O,
99.99%), and absolute ethanol (C,H;OH, 99.5%) where
purchased from Sigma Aldrich and used as received.
Carbon monoxide (CO, 99%) was supplied by Matheson-
Trigas. All solutions were prepared using ultrapure water
(18 Mohm Millipore Milli-Q water).

Pre-synthesis

All chloroauric acid solutions were aged in individual
amber bottles under 4°C and light protected for a mini-
mum of 3 days prior to use. All glassware used in the
following procedures were cleaned in a bath of freshly
prepared aqua regia solution (3 parts HCL acid to 1
part HNOj acid) and rinsed thoroughly with ethanol
three times and then rigorously rinsed four times with
copious amounts of pure grade water and oven dried
prior to use. Stirring was conducted by a PTFE-coated
magnetic stir bar which was cleaned and dried in the
same manner as the glassware.

Carbon monoxide-based synthesis of pure aqueous
HAuCl, solution

Several chloroauric acid solutions were prepared for utili-
zation with CO reduction. Various weights of fresh chlor-
oauric acid were dissolved in individual amber bottles
containing water (200 mL). At least two separate batches
of all solution concentrations were employed to confirm
reproducibility. One set of solutions consisted of varying
concentrations of chloroauric acid (0.01 to 0.09 mM in
0.01 mM increments) and HAuCl, (1 mM) and HAuCl,
(2 mM) solutions were prepared. A solution of HAuCl,
(1 wt%) was also prepared. Gold nanoparticles synthesized
by CO reduction, with average diameter nanoparticles ran-
ging from 4.5 to 52 nm were prepared as described below.
For each HAuCl, concentration five volumes (40 mL)
were prepared. Each sample was aerated at different flow
rates controlled by a control valve. The gas entered the
solution via a 60 um pore gas diffuser (Fisher Scientific)
attached to the end of the gas supply line downstream of
the control valve. The five solutions were exposed to CO
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sizes of the AuNPs are 4, 6, 15, 25, 50, and ~100 nm respectively.

Figure 8 TEM images of AuNPs synthesized by CO reduction of HAuCl,. A, B, C, and D are TEM images of AuNPs synthesized without the
addition of K,COs. E and F are AuNPs synthesized from a hydrolyzed solution of aqueous HAuCl4 via the addition of K,COs. The corresponding

gas at flow rates of 16.9, 25.45, 31.59, 37.0, and 42.9 mL/
min, respectively. The solution temperature, prior to aera-
tion, was maintained between 20 and 22°C.

Carbon monoxide-based synthesis of pH adjusted HAuCl,
solution and hydrolyzed HAuCl, solution

A 200 mL aqueous HAuCl, solution, with a concentration
of 0.1 mM, was prepared by adding fresh gold to 200 mL
of ultrapure Milli-Q water. This solution was aged in an
amber bottle in light protected 4°C environment for a
minimum of 72 h prior to use. After aging, the chloroauric
acid solution was allowed to gradually rise to 22°C. A fresh
stock solution of potassium carbonate (0.5 N) was pre-
pared and stirred for a minimum of 1 h. HAuCl, aqueous
solutions with various pH values were prepared by the
addition of certain amounts of K,CO3; aqueous solution
into of HAuCl, (0.1 mM) aqueous solution (20 mL) and
shaken vigorously for a minimum of 1 min. This solution
was allowed to age for 15 min before introduction of CO
gas. The pH values of the aqueous solutions, measured
prior to reduction, ranged from 4.25 to 11.4. Additionally
several aqueous HAuCl, (0.38 mM) solutions (200 mL)
were prepared by adding fresh gold to ultrapure Milli-Q
water (200 mL). These solutions were allowed to age for a
minimum of 72 h. K,COj3 (75 mg, 2.71 mM) was added to

two HAuCl, (0.38 mM) solutions (200 mL) and aged for
30 and 40 min, respectively. K,COj3 (100 mg, 3.62 mM)
was added to a HAuCl, (0.38 mM) solution (200 mL) and
aged for 30 min. All solutions were aerated with CO gas at
an inlet flow rate of 25.5 mL/min.

Nanoparticle characterization

Sample size distributions were determined by transmission
electron microscopy (TEM) performed using a JEOL 1230
High Contrast-Transmission Electron Microscope (HC-
TEM) operating between 80 and 100 kV. Samples were
prepared for both instruments by contacting a AuNP (10
uL) drop with a carbon film coated 200 mesh copper grid.
The grids were placed in a spotlessly clean container, cov-
ered and allowed to dry completely before use.

The optical response of the gold nanoparticles was
determined by examining the optical extinction spectra
of aqueous samples in 1 cm path length polystyrene
cuvettes using a Varian Cary 300 UV-visible spectro-
photometer. The UV-visible spectra were acquired at
wavelengths between 400 to 800 nm. Distilled water was
used as the reference and the blank for baseline
subtraction.

XPS was carried out using a PHI Quantera SXM sys-
tem. The soft X-ray source consisted of aluminum with
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source energy of 1486.7 eV. The take off angle was set
at 45°. Precut silicon wafers 4.5 mm x 5 mm were
cleaned by immersion in a 3:1 H,SO4:H,0O, (piranha)
solution for 15 min and rinsed with ultrapure Milli-Q
water then dried. The sample was prepared by concen-
trating the AuNPs and dropping colloidal solution on
precut silicon wafers. They were placed in a spotlessly
clean container, covered and allowed to dry.

Additional material

Additional file 1: Thermodynamics of HAuCl, reduction in aqueous
solutions using carbon monoxide as a reducing agent. The entire
process is performed between 20 and 22°C and a pressure of 1 atm. The
pH of the solution varies as a function of HAuCl, concentration. Nernst
equation describes potential of electrochemical cell as a function of
concentrations of ions taking part in the reaction:

RT
E=E°— = In(Q) (M1a)

where £ is the standard reduction potential, R is the absolute gas
constant = 831441 J/(mol K), F is Faraday constant = 96484.6 C/mol, T is
the absolute temperature = 295.15 K, n is number or electrons, and Q is
the reaction quotient. RT/F can be considered constant.

_{c¥py*
QT armr v
RT
E=E°— 5 ¥ 2.303 * log(Q) (M3a)

The CO gas is injected at a flow rate of 2545 mL/min in 40 mL
aqueous sample volumes. A water saturation constant of 0.26 g per 1 kg
at 22°C is used.

Au** +2¢ — AW’ E°(V) =152 (Maa)
AuCly~ +2¢~ — AuCl,” +2CI~ E°(V)=0.926  (usa)
AuCl,” +e~ — Au® +2Cl~ E°(V) =1.154 (M62)
AuCly” +3e” — Au’ +4Cl- E%(V)=1.002  (wa)
CO(g) + H,O — COy(aq) +2¢” +2H*  E°(V)=0.11  (vsga)
CO(g) +2H,0 — HCO3™ +2¢~ +3H* E°(V)=-0.101  (voa)

Redox potentials (7) and (8) are given at pH 0. The redox potentials
are pH-dependent and must be adjusted for the varying pH values.

Additional file 2: Effect of CO flow rate on nanoparticle spectral
profile. Normalized UV-visible spectra of nanoparticles synthesized from
a chloroauric acid concentration of 0.03 mM aerated at flow rates of 16.9,
255, and 37.0 mL/min corresponding to A, B, and C, respectively. The
effect of the gas flow rate during synthesis is illustrated by a comparison
of the three spectra.
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Additional file 3: Plasmon peak position and absorbance value as a
function of chloroauric acid concentration. The chloroauric acid
concentration ranging from 0.01 to T mM. The data is plotted on a
logarithmic scale. As the HAuCl, concentration increases the absorbance
intensity increases with an accompanying red-shift of the plasmon peak
position.

Additional file 4: pH values before and after AuNP synthesis. pH
values for given HAuUCI, concentrations ranging from 0.02 to 0.1 mM in
001 mM increments and from 0.1 to 0.5 mM in 0.1 mM increments. The
x-axis is plotted on a logarithmic scale. The inset shows the pH values of
the AuNP solutions from 0.01 to 0.1 mM and is plotted on a linear scale.
As the reduction of HAuCl, by CO takes place, H" ions are liberated
decreasing the pH of the solution. All pH measurements were taken at
room temperature.

Abbreviations

CO: carbon monoxide; AuNP: gold nanoparticle; HC-TEM: high contrast-
transmission electron microscope; rpm: revolutions per minute; SPR: surface
plasmon resonance; TEM: transmission electron microscopy; XPS: X-ray
photoelectron spectroscopy.
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Tumor margin detection for patients undergoing breast conservation surgery primarily occurs postoperatively. Previously, we
demonstrated that gold nanoshells rapidly enhance contrast of HER2 overexpression in ex vivo tissue sections. Our ultimate
objective, however, is to discern HER2 overexpressing tissue from normal tissue in whole, nonsectioned, specimens to facilitate
rapid diagnoses. Here, we use targeted nanoshells to quickly and effectively visualize HER2 receptor expression in intact ex vivo
human breast tissue specimens. Punch biopsies of human breast tissue were analyzed after a brief 5-minute incubation with and
without HER2-targeted silica-gold nanoshells using two-photon microscopy and stereomicroscopy. Labeling was subsequently
verified using reflectance confocal microscopy, darkfield hyperspectral imaging, and immunohistochemistry to confirm levels
of HER2 expression. Our results suggest that anti-HER2 nanoshells used in tandem with a near-infrared reflectance confocal
microscope and a standard stereomicroscope may potentially be used to discern HER2-overexpressing cancerous tissue from

normal tissue in near real time and offer a rapid supplement to current diagnostic techniques.

1. Introduction

Currently, breast cancer is the second leading cause of cancer-
related deaths in women, and it accounts for approximately
one-third of all cancers diagnosed in women in the United
States [1]. To reduce cancer recurrence and progression, can-
cerous tissue must be completely eliminated, regardless of
grade [2]. Surgical breast cancer therapy focuses on remov-
ing the primary tumor and identifying the possibility of
metastatic disease from the evaluation of sentinel lymph
nodes. Although some patients may require modified radical
mastectomy, many patients with less-advanced breast cancer
elect breast-conserving surgery. The presence of a positive

surgical margin during these surgeries has been associated
with lower rates of patient survival [3]. Due to residual
cancer cells being left in many patients that undergo breast
conservation therapy, as many as 40% of patients have
experienced local breast cancer recurrence near the site of the
original tumor [4]. Intraoperative treatment decisions are,
therefore, absolutely critical.

Presently, intraoperative tumor margin detection occurs
primarily in specialized tertiary centers, such as The Uni-
versity of Texas M.D. Anderson Cancer Center (MDACC).
In these centers, the resected tissue receives a preliminary
evaluation by a pathologist while the patient remains in
the operating room; if necessary, additional tissue can be



removed until the pathologist determines that the tumor
margins are negative. In community hospitals, however,
pathologic analysis of excised tissue only occurs postoper-
atively [5]. Patients who consequently have positive tumor
margins must return for surgical reexcision and receive
increased doses of adjuvant radiation therapy [6, 7]. Thus,
the existence of positive tumor margins portends additional
risks and costs to the patient. Due to the existing limitations
of current intraoperative tumor margin detection, there is
an opportunity to develop superior diagnostic tools to assist
in reducing the recurrence and progression of cancer due to
inadequate tissue removal during primary surgery.

While histologic analysis remains the gold standard for
tumor margin assessment, the macroscopic evaluation of
whole, nonsectioned tissue specimens may also be used
to provide an intraoperative estimate of tumor margin
status prior to subsequent processing. This would be an
invaluable tool in hospitals without onsite pathology suites.
Macroscopic visualization of questionable tissue is attractive
for enhancing the sensitivity and specificity of tumor margin
delineation: if the number of suspicious regions that require
further microscopic processing can be reduced, surgeons and
pathologists can focus their attention and resources on areas
that remain inconclusive. Currently, macroscopic evaluation
only occurs for breast cancer specimens that involve micro-
calcifications or nonpalpable masses and does not occur for
palpable breast masses [8]. For nonpalpable masses that have
been resected, radiographic images are used to determine
the extent of the breast disease and the proximity to the
resected margins. Although specimen radiography appears
to increase the accuracy of tumor margin detection, limita-
tions have been noted. For instance, microcalcifications that
appear as tumor on radiographic images may actually be
areas of lymphocytic accumulation [9]. The use of contrast
agents targeted to specific biomarkers associated with disease
may present an opportunity to increase the sensitivity and
specificity of macroscopic evaluations.

In preceding studies, we confirmed that silica-based gold
nanoshells targeted to the Human Epidermal growth factor
Receptor 2 (HER2) could be used for the rapid contrast
enhancement of both cells [10] and tissue sections [11]
which overexpress HER2 biomarkers. While gold nanoshells
can be conjugated to a variety of biomarkers [12, 13], we have
selected HER2 due to its association with increased cancer
aggression, recurrence, and progression when amplified [14,
15]. Amplification of this cell-surface bound tyrosine kinase
receptor occurs in up to a quarter of all human breast cancer
cases [16]. Importantly, using biomarkers for tumor margin
detection has recently been shown to better identify patients
at high risk of cancer recurrence over standard histological
analysis [17].

To facilitate prompt tumor margin detection intraopera-
tively, the ability to assess tumor margins without physical
sectioning is highly desirable as sectioning may incur signif-
icant time to the surgical procedure [5]. Thus, in this study,
we advance our previous findings by examining the ability to
rapidly target HER2 receptors in intact ex vivo human breast
tissue specimens without sectioning. We first confirm the
predominance of the surface targeting needed to identify the
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FIGURE 1: Measured extinction spectra of nanoshells with an aver-
age core diameter of 276 nm and average shell thickness of 19 nm.
Insert depicts corresponding image from scanning electron micro-
scopy. Scale bar represents 500 nm.

tumor margins and preferential labeling of HER2-positive
tissue using two photon and hyperspectral imaging. Then,
we demonstrate that anti-HER2-targeted gold nanoshells
can be used as rapid diagnostic imaging agents for HER2
overexpression in intact breast tissue specimens using a
standard stereomicroscope and confirm these results through
reflectance confocal microscopy and immunohistochem-
istry.

2. Materials and Methods

2.1. Nanoshell Fabrication and Antibody Conjugation. Nano-
shells were fabricated as formerly described [18-20], and
only a brief summary will be provided here. Silica cores
were made using the Stober method [21], in which tetraethyl
orthosilicate was reduced in the presence of ammonium
hydroxide dissolved in 200 proof ethanol. The surfaces of the
cores were then modified by reaction with aminopropyltri-
ethoxysilane (APTES) to functionalize reactive amine groups
on the surface. The final particles were measured by dynamic
light scattering (DLS) to have an average diameter of 276 nm.
Next, gold colloid (~1-3 nm diameter) was fabricated and
adsorbed onto the surface of the silica cores via the amine
groups to form gold nucleation sites [22]. To fully cover the
surface of the silica cores, additional gold was added to these
nucleation sites via a reduction reaction in which hydrogen
tetrachloroaurate trihydrate (HAuCl43H,0O) was dissolved in
potassium carbonate and then added with formaldehyde to
help reduce the gold. After the gold layer over the silica cores
was formed, the spectrum of the final nanoshell solution was
visualized using a UV-VIS spectrophotometer (Varian Cary
300) (Figure 1).

To determine the concentration of nanoshells in solution,
the absorption, scattering, and extinction coefficients were
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determined using Mie theory. The average nanoshell diame-
ter, as validated by scanning electron microscopy (SEM), was
314nm with a peak surface plasmon resonance at 840 nm.
The concentration of the working nanoshell solution was
approximately 2.0 X 10° particles/mL.

Nanoshells were targeted to biological HER2 antigens
by linking the surfaces of the nanoshells to anti-HER2
antibodies using previously described methods [18]. Prior to
beginning experimental studies, nanoshells were incubated
with an anti-HER2-linker cocktail [18] for 2 hours at 4°C.
To ensure nanoparticle stabilization in biological media, the
nanoshells were next incubated with a 1 mM polyethylene
glycolthiol solution (PEG-SH, MW =5kD, Nektar) for 12-16
hours at 4°C. Next, unbound antibodies and excess PEG-SH
were removed from the nanoshells by centrifugation. Prior
to experimental studies, the nanoshells were resuspended in
antibody diluent (IHC World, pH 7.4) by gentle pipetting to
a final volume of 165 uL.

2.2. Ex Vivo Human Breast Tissue Specimens. Normal and
cancerous (HER2-negative and HER2-positive) breast tissue
specimens were supplied by the Cooperative Human Tissue
Network (CHTN) through a protocol approved by the
Institutional Review Board (IRB). Tissues were designated as
normal or cancerous by pathologists at the medical centers
where the tissue samples were obtained. Additionally, HER2
status was previously determined by pathologists at the
respective medical centers prior to the patients undergoing
any form of medical treatment.

Before use, samples were thawed briefly in a 37°C water
bath and cut on a disposable cutting board using a 5 mm
punch biopsy to maintain size consistency. At least two
punch biopsies were taken from each specimen for control
and experimental conditions. Each cut specimen used was
5mm in diameter with an average thickness of 1mm.
Tissue samples were subsequently incubated in prewarmed
antibody diluent for 1 minute at room temperature with
gentle agitation in a 24-well plate. After prerinsing, the
samples were incubated in either antibody diluent or the
aforementioned targeted-nanoshell cocktail in polyethylene
sample vials (Sigma Aldrich). The vials were placed on a
nutator in an incubator at 37°C for 5 minutes. After incu-
bation, the tissue samples were removed from the vials and
rinsed 3 times in 1x PBS briefly in a 24-well plate. Samples
were moved to a clean well of 1x PBS prior to imaging.

2.3. Two-Photon Imaging of Human Breast Tissue Specimens.
Both HER2-positive and HER2-negative cancerous sam-
ples were evaluated for surface labeling of HER2-targeted
nanoshells by employing two-photon imaging of intact
breast tissue specimens. Samples were placed directly on a
glass coverslip (Fisher Scientific), and an additional coverslip
was placed on top of the tissue in order to facilitate moderate
tissue compression. For image acquisition, a Zeiss multi-
photon confocal microscope (LSM 510 META NLO) was
used in tandem with a Coherent Chameleon femtosecond-
pulsed, mode-locked Ti: sapphire laser. This system was
set to operate as formerly described [23]. Specifically, an
excitation wavelength of 780nm and a power setting of

10% maximum excitation power were used. The collected
emission wavelength range was 451-697 nm. Images were
collected at a magnification of 20x and a z-stack (depth)
increment of 5pm. In order to calculate the percentage of
area covered by nanoshells, Image] imaging software was
implemented after image acquisition. Recent research has
shown that ImageJ can be used to analyze signal intensity
of silica-gold nanoshells under different imaging systems
[11, 24]. Each pixel in the images had an intensity value in
the range of 0-255. To determine the nanoshell level in each
image, an intensity threshold of 30 was used to separate areas
that did not have nanoshells (<30) from those that did have
nanoshells (>30). The value of 30 was chosen because images
of negative controls were found to have a maximum intensity
of 30. The number of pixels that were above the threshold
value was then used to calculate the area of each image that
contained nanoshells.

2.4. Darkfield Hyperspectral Imaging of Human Breast Tissue
Slices. To confirm the presence of nanoshells on the surface
of the tissues, HER2-positive cancerous, HER2-negative
cancerous and normal tissue samples were incubated with
nanoshells as previously described. A thin layer of patho-
logical ink was placed on the tissue surface for orientation.
The tissues were embedded in OCT media (BBC chemical)
and frozen rapidly over dry ice. The specimens were cut at a
section thickness of 8 ym using a Leica CM 1850 UV cryostat.
Cancerous specimens were sectioned at —20°C and normal
specimens at —30°C. The different temperatures were used
to maintain optimal tissue morphology as recommended by
Leica. Additionally, Magalhaes et al. reported on the use of
different temperatures to slice normal and cancerous tissue
[25]. The sections were immediately placed on superfrost
slides (Fisher Scientific) and allowed to dry overnight. The
next day the tissue slices were imaged with a 10x objective on
an Olympus darkfield microscope equipped with a Cytoviva
high-resolution illuminator. Hyperspectral images of the
tissue slices were taken using a hyperspectral camera that
provides both spatial and spectral data for each image.

Spectral data of each field of view (FOV) was used
to determine if nanoshells were present on each slice of
tissue. Comparisons were made between tissue surfaces and
tissue beyond the surfaces to determine the presence of
nanoshells; spectral data from tissue that was not incubated
with nanoshells was also used as a negative control.

2.5. Macroscopic Imaging of Human Breast Tissue Specimens.
Normal and HER2-positive cancerous breast tissue speci-
mens (from patients who had and had not received neoad-
juvant chemotherapy) were imaged using a Zeiss Discovery.
V8 stereomicroscope equipped with a VisiLED MC1000 light
source. For macroscopic imaging of breast tissue specimens,
a thin plastic black stage was placed beneath a glass coverslip
to enable ease of tissue placement and to provide a consistent
black background among all samples. The specimens (con-
trols and respective nanoshell-labeled counterparts) were
placed alongside each other on top of the coverslip. Images
were taken at both 1x and 2x magnification under the same
lighting conditions.



2.6. Reflectance Confocal Microscopy Imaging of Human Breast
Tissue Specimens. Following widefield imaging, the afore-
mentioned samples were prepared for microscopic analysis
under reflectance confocal microscopy. For this component
of the study, a Lucid VivaScope 2500 inverted confocal
microscope was used. Samples were placed directly on glass
slides that were modified by the addition of an adhesive
1 mm deep, 20 mm diameter silicon isolator (Invitrogen). To
compress the tissue slightly and consistently among samples,
an adhesive tissue cassette (Lucid, Inc.) was placed directly
on top of the silicone isolators above the tissue specimens.
Multiple images were taken at a power of 0.4 mW and at
the same distance from the glass surface for both samples
and controls. After reflectance imaging, the samples were
prepared for histological processing. Additionally, reflectance
intensity measurements were recorded using ImageJ process-
ing software as formerly described [11].

2.7. Immunohistochemistry and Histology. Once images were
collected under both stereomicroscopy and RCM imaging
systems, normal and HER2-positive cancerous samples (with
and without previous neoadjuvant chemotherapy) were
embedded in OCT media and sectioned to a thickness of
5 ym. Multiple sections from each specimen were prepared
for either immunohistochemistry (IHC) or hematoxylin
and eosin (H&E) staining. IHC for the HER2 antigen was
executed using the Histostain Plus AEC Broad Spectrum Kit
(Invitrogen) per manufacturer’s instructions. H&E staining
was also performed per manufacturer’s instructions (Sigma
Aldrich) for the alcoholic Eosin Y solution. For image acqui-
sition, a standard brightfield microscope (Zeiss Axioskop 2
equipped with a Zeiss Axiocam MRc5 color camera) was
used at a magnification of 20x.

3. Results

3.1. Distribution and Penetration of Gold Nanoshells in Intact
Human Breast Tissue. The goal of this study was to evaluate
the distribution of anti-HER2-conjugated gold nanoshells
on resected intact tissue specimens. For comparison, the
nanoshell labeling between HER2-positive and HER2-
negative tissue samples was evaluated using a two-photon
imaging system. As previously reported, this imaging system
is capable of enhancing and capturing the luminescence
signature of the gold nanoshells [23] while also collecting
a stack of images taken through the depth of the tissue of
interest. Figure 2 represents such images of HER2-positive
and HER2-negative cancerous tissue samples incubated with
HER2-targeted nanoshells. Each sequential increment in the
z-direction represents 5 ym into the tissue. Qualitatively, the
first image (taken at the surface or at Oym) in Figure 2
demonstrates that the nanoshells preferentially label HER2
receptors on the surface of the tissue. Additionally, Figure 2
displays decreased signal as the focal spot from the confocal
microscope penetrates further into the tissue. This is believed
to be due to a minimal number of nanoshells being able
to penetrate the tissue in the limited amount of incubation
time, thus decreasing signal collected beyond the surface.
A quantitative difference of the nanoshell signal at the
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surface of the HER2-positive and HER2-negative tissue was
calculated. Using Image] imaging software, it was determined
that approximately 66% of the FOV for HER2-positive tissue
was covered in nanoshells versus just 2% for the FOV of the
HER2-negative tissue. This confirms the preferential labeling
and visualization of HER2-positive tissue using anti-HER2
nanoshells.

To further validate the surface binding of the nanoshells,
hyperspectral images of different tissue sections were also
acquired. Figure 3(a) shows a representative surface of a
HER2-positive tissue section after incubation with anti-
HER?2 nanoshells. Figure 3(b) illustrates tissue 24 ym beyond
the surface of the same tissue. Spectra from multiple (n = 3)
specimens that were incubated with anti-HER2 nanoshells
were acquired, and analysis showed that tissues without
nanoshells had very similar spectra across different patients.
Figure 3(c) displays the respective spectral information of
each FOV shown in Figures 3(a) and 3(b). Additionally,
the spectra of HER2-positive tissue without nanoshells have
been included as a control. As can be seen in this graph, the
spectra of the surface of the HER2-positive tissue incubated
with anti-HER2 nanoshells are distinctive from that of the
same tissue 24 ym beyond the surface. In fact, the spectra
of the tissue beyond the surface of the nanoshell-labeled
specimen are very similar to the spectra of the surface of the
control. These results support our findings that the targeted
nanoshells primarily localized to the surface of the tissue.

3.2. Enhanced Optical Imaging of Intact Ex Vivo Human Breast
Cancer Tissue Using Gold Nanoshells. Based on previous
results demonstrating the preferential labeling of HER2-
targeted nanoshells on the surface of intact ex vivo HER2-
positive tissue specimens, we assessed the potential of using
a standard stereomicroscope to visualize this enhanced con-
trast. For this component of the study, human breast tissue
specimens that overexpressed HER2 receptors at the time of
patient diagnosis were evaluated and compared to normal
breast tissue. Due to the ultimate goal of utilizing gold
nanoshells to rapidly label tumor margins intraoperatively
in diverse patient populations, we examined tissue from
patients who had and had not undergone neoadjuvant
chemotherapy. All tissue samples were incubated with
either antibody diluent buffer or the anti-HER2-targeted
nanoshells for 5 minutes at 37°C. As shown in Figure 4,
which represents raw images taken with a stereomicro-
scope, intact tissue specimens incubated with antibody
diluent alone showed no markings or features characteristic
of nanoshells. However, tissue specimens incubated with
the anti-HER2-targeted nanoshells demonstrate numerous
particles on the surfaces of the tissues. Qualitatively, the
HER2-positive tissue from the patient who did not undergo
previous chemotherapy shows the greatest labeling with
the targeted nanoshells. The HER2-positive tissue from the
patient who did undergo neoadjuvant chemotherapy does
demonstrate enriched nanoshell labeling when compared to
normal tissue, though not to the same extent as the patient
without previous chemotherapy. In contrast, the normal
tissue shows the least amount of nanoshell labeling, and only
a few areas of nanoshells can be visually perceived.



Journal of Oncology

HER?2 positive

0pm

5um

10 ym

15 um

HER2 negative

FIGURE 2: Z-stack two-photon luminescence images of HER2-positive and HER2-negative tissue incubated with HER2-targeted nanoshells
for 5 minutes at 37°C. Each progressive image represents an increase in depth penetration of 5 ym. Magnification = 20x. Scale bar = 50 ym.

While the degree of nanoshell labeling can be visualized
without image adjustments under a standard stereomicro-
scope, the superior extent of this labeling can be seen more
clearly after a simple contrast enhancement using imaging
software (Image]). As seen in Figure 5(a), the nanoshells
are even more discernable against the tissue background
regardless of inherent tissue constituents.

To validate the enhanced nanoshell labeling seen by
macroscopic imaging, the surfaces of the same tissue samples

were also imaged using reflectance confocal microscopy
(Figure 5(b)). Concurring with the stereomicroscopic
images, we see dramatic nanoshell surface labeling when
using targeted nanoshells with previously untreated HER2-
positive tissue. For the HER2-positive sample that had
formerly undergone chemotherapy, we also see enhanced
nanoshell labeling, though to a lesser degree than the
untreated sample as suggested by the stereomicroscopy
results. The normal breast tissue displays the least amount of
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Scattering spectra of tissue incubated with anti-HER?2 Silica-gold
nanoshells
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F1GURE 3: Darkfield images of HER2-positive tissue sectioned after incubation with anti-HER2-targeted silica-gold nanoshells. (a) Surface
of HER2-positive tissue, (b) 24 yum beyond the surface of the same tissue. (c) Scattering spectra of the fields of view depicted in (a) and (b).
Additionally, spectra from the surface of HER2-positive tissue not incubated with silica-gold nanoshells are shown as a negative control.

Scale bar = 50 ym.

surface labeling with only minimal nanoshells evident with
either imaging system. Reflectance intensity measurements
(data not shown) were ~2.5 to 3 times greater for both the
HER2-positive tissue sample receiving chemotherapy and
for the HER2-positive tissue not receiving chemotherapy
when compared to the normal tissue sample.

Subsequent histological analysis shown in Figure 5(c)
reveals that the distribution of HER2 receptors seen with
nanoshell-enabled contrast corresponds to that seen with
IHC against HER2. The HER2 expression seen by IHC is
greater for the previously untreated HER2-positive tissue
sample than for the sample that had undergone neoadjuvant
chemotherapy. This is believed to be due to the effects of

chemotherapy. Rasbridge et al. previously demonstrated that
patient response to chemotherapy is highly variable, with
patients previously negative for HER2 overexpression occa-
sionally becoming positive after treatment and patients
previously positive for HER2 overexpression subsequently
becoming negative [26]. Although patient response to chem-
otherapy varies, tissues previously identified as overexpress-
ing HER2 receptors during initial diagnosis, regardless of
chemotherapy exposure, demonstrate enhanced nanoshell
labeling over normal tissue. Additionally, H&E-stained sec-
tions of all tissue samples have been included (Figure 5(d))
to illustrate the microscopic characteristics and differences
associated with cancerous versus noncancerous conditions.
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FIGURE 4: Raw stereomicroscope images of (a) and (b) HER2-overexpressing cancerous and (c) normal tissue incubated with either buffer
or HER2-targeted nanoshells for 5 minutes at 37°C. Cancerous tissue taken from a patient (a) without chemotherapy and (b) following
neoadjuvant chemotherapy. Arrows represent nanoshells. Images taken at 2x. Scale bars = 2.5 mm.

4. Discussion

In this study we demonstrated the ability to use targeted
gold nanoshells to rapidly improve visualization of a
specific biomarker associated with disease aggression and
progression (HER2) in intact ex vivo human breast tissue
and confirmed binding location via confocal and darkfield
hyperspectral microscopy. By utilizing silica-gold nanoshells
designed as rapid diagnostic imaging agents, surgeons and
pathologists may be able to realize tumor margin status
directly in the operating room after both macroscopic
and microscopic assessment. While multiple methods of
intraoperative tumor margin detection are currently under
investigation [27-31], we are developing an inexpensive and

portable system for rapidly analyzing ex vivo specimens based
on the desire to enhance current methodologies without
delay in clinical translation due to regulatory concerns
associated with in vivo systems.

The ability to enhance contrast of malignancy using
topically applied agents has previously been demonstrated
for oral and breast tissue using fluorescently labeled deoxy-
glucose and epidermal growth factor (EGF) conjugates [32—
34] as well as cervical tissue using fluorescently labeled
gold nanoparticles targeted to EGF receptors [35]. However,
these studies employed incubation times ranging from 20—
45 minutes, which exceeds the length of time currently
needed to obtain tumor margin status using frozen section
histology. Additionally, the aforementioned studies utilized
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FIGURE 5: (a) Stereomicroscopic images of HER2-overexpressing breast tissue (with and without neoadjuvant chemotherapy) and normal
breast tissue incubated with HER2-targeted nanoshells for 5 minutes at 37°C after contrast enhancement. Magnification at 2x; scale bar =
2.5 mm. Arrows represent nanoshells. (b) Respective reflectance confocal microscopy images of tissue samples from (a). Power = 0.4 mW
and scale bar = 75 ym. Respective (c) HER2 immunohistochemistry and (d) H&E results taken under brightfield microscopy under 20x

magnification. Scale bar = 0.35 mm.

optical clearing agents, which may be necessary for particles
that target intracellular biomarkers [36, 37]. Nevertheless,
gold nanoshells targeted to extracellular biomarkers may
offer more favorable opportunities for ex vivo intraoperative
tumor margin detection without the need for lengthy
incubation times or the use of optical clearing agents.
Recently, we verified that silica-based gold nanoshells
could be used to enhance contrast of both HER2-over-
expressing cells and tissue sections within 5 minutes of
incubation time [10, 11]. However, translating this tech-
nology towards clinical relevancy requires the ability to
assess whole, unsectioned specimens. Here, we confirm that

gold nanoshells, when targeted to HER2 receptors, can
be used to distinguish intact HER2-overexpressing ex vivo
tissue from normal tissue within the same incubation time,
and we demonstrate that this difference can be observed
macroscopically. These results are supported by microscopic
imaging and immunohistochemistry against HER2.

By employing macroscopic imaging intraoperatively,
clinicians may be better able to distinguish cancerous and
normal breast tissue prior to further microscopic analysis
and subsequent histological processing. Ultimately, this
system could also be used for other diagnostic applications,
for other anatomical locations, and for other biomarkers
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associated with disease. By facilitating fast and accurate
tumor margin results intraoperatively as a supplement to
current diagnostic methods, we expect to reduce the amount
of time spent in surgery due to inadequate tissue removal.

To translate these findings more readily to the clinic,
we are presently developing a low-cost widefield imaging
system that can be used to detect the overexpression of
HER2 (and other extracellular biomarkers) through contrast
enhancement provided by gold nanoshells. In addition, we
plan to collect data from diverse patient populations and
assess results with fresh tissue samples. In this way, the use
of gold nanoshells may demonstrate widespread efficacy or
be limited only to specific patient subsets.
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I received an MS in physics and PhD candidacy at Rice University in 2012, after
obtaining an undergraduate degree in physics at Miami University in 2008. As
an undergraduate | worked in a biological physics lab and co-authored three
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center. | expect to complete my PhD in December 2013.
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research on poly(dA) and von Willebrand factor resulted in an MS thesis and
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NanoHealth fellowship. By the end of 2013, | expect to have completed my PhD
in physics with a focus on interdisciplinary, nano-scale research of medically-
relevant biological systems.
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Abstract

Processes for decoding the genetic information in cells, including transcription, replication,
recombination and repair, involve the deformation of DNA from its equilibrium structures such as
bending, stretching, twisting, and unzipping of the double helix. Single-molecule manipulation
techniques have made it possible to control DNA conformation and simultaneously detect the
induced changes, revealing a rich variety of mechanically-induced conformational changes and
thermodynamic states. These single-molecule techniques helped us to reveal the physics of DNA
and the processes involved in the passing on of the genetic code.

Keywords
single-molecule manipulation; the physics of DNA

1 Introduction

DNA is the carrier of genetic information and is involved in biomolecular processes such as
transcription and replication. Many of these processes are governed by the mechanics and
thermodynamics of bending, stretching, twisting, and unzipping the double helix [1-6].
Double-stranded DNA (dsDNA) is a semi-flexible polymer, with its base-stacking
architecture and negative charges along its phosphate backbone. In physiological conditions,
thermal fluctuations do not bend it significantly on length scales below 50 nm, which is
equivalent to 150 base pairs (bp) [7]. The 10 pm-long DNA of a viral genome can be packed
inside a capsid of 50 nm in diameter [8-10], and in eukaryotic cells, histones bend DNA into
loops of 10 nm in diameter. The latter serves as the first step in the hierarchical packaging of
the genome in eukaryotes (Fig. 1), and it regulates gene expression by obstructing access to
base pairs [11]. Histones, helicases, topoisomerases, and RNA and DNA polymerases are
examples of proteins that generate or relieve tension and torque in DNA to enable its
biochemical functions [5, 12-15]. With advances in single-molecule techniques, it has been
possible to examine the physics of DNA directly. By providing control and measurement of
force of a single molecule, these techniques have revealed a variety of DNA conformations
and much of DNA’s complex behavior.

2 Single-molecule manipulation experiments

Single-molecule manipulation techniques using atomic force microscopy (AFM), optical
tweezers, and magnetic tweezers are illustrated in Fig. 2. These techniques have been used
to manipulate a variety of biological molecules. In each of these methods, a single DNA
molecule is attached between a substrate and a force probe, either an AFM tip or a micron-

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2012
Tehkiang@rice.edu.
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sized bead, in an aqueous solution. The change in molecular end-to-end distance is
determined from the change in probe and substrate positions. The force on the molecule is
determined from displacement of the probe relative to its equilibrium position. Nonspecific
attachment, typically used in AFM, is achieved by adsorption of DNA to the substrate
surface or the probe surface. Specific attachment, employed by optical and magnetic
tweezers, is achieved by functionalization of probe and substrate surfaces. These
modifications exploit the high affinity and specificity of binding among ligand-receptor,
antibody-antigen pairs and DNA hybridization. Other techniques elongate DNA by
confining the molecule within micro or nano-sized obstacles. Such techniques include
driving DNA electrophoretically through microlithographic arrays [17], nanochannels [18,
19], and nanopores [20].

In AFM [Fig. 2(a)], the force probe is an AFM tip attached to a cantilever, and the substrate
is mounted on a piezoelectric scanner. Moving the substrate toward the AFM tip allows
nonspecific or specific molecular attachment between the substrate and cantilever. When the
molecule is attached to the tip and the substrate, moving the substrate away from the
cantilever produces force on the attached molecule, and the resulting bending of the
cantilever is detected by the deflection of the laser beam reflecting off the back of the
cantilever onto a position-sensitive detector. The force exerted on the molecule, £ is
determined by Hooke’s law, F= —Kz, where Kis the cantilever’s spring constant and zis
the cantilever displacement from its equilibrium position. Using the equipartition theorem,

the spring constant is determined using %kBT=%K <Z2>, where kg is Boltzmann’s constant
and 7'is temperature [23]. AFM cantilevers used for single-molecule manipulation typically
have a spring constant K= 10 pN/nm or higher. This results in unloaded cantilever
fluctuations of at least 5 pN at room temperature, which sets the limit of the noise level in
the force on an attached molecule measurable by AFM. AFM is able to measure high forces
up to a few nanoNewtons, the limit usually being set by the strength of the attachment
[24-26].

In a typical optical tweezers setup [Fig. 2(b)], the force probe is a micrometer-sized
dielectric bead captured in an optical trap. The substrate may be the side of a translatable
fluid chamber or a second bead held by either a micropipette or a second optical trap [4, 12.
14]. The optical trap consists of a tightly-focused laser, which exerts a three-dimensional
restoring force on a dielectric bead trapped near the laser focus. To minimize photo-damage
to the trapped biomolecules, near-infrared wavelengths are used [27-29]. The displacement
of the bead from the trap center can be measured by video tracking via an optical
microscope. For small displacements of the bead, the force is determined using Hooke’s
law, and the trap stiffness is determined using the equipartition theorem, as in the case of
AFM. Optical traps typically have spring constants ranging from 0.005-1 pN/nm, which is
smaller than the AFM cantilevers. The low noise level allows measurement of forces on the
molecule as low as 0.1 pN. Optical tweezers are generally used to probe forces less than 100
pN, where the ligand-receptor or antibody-antigen pairs used to attach the DNA unbind [30].

Magnetic tweezers [Fig. 2(c)] are similar to optical tweezers, except that the force probe
consists of a super-paramagnetic bead in an applied magnetic field. The force on the bead is
proportional to the gradient of the square of the magnetic field. In addition, a torque is
applied to the bead due to its small magnetic polarization anisotropy, which tends to align
the bead with the applied magnetic field. Thus, by rotating the applied field, the attached
molecule can be twisted as well as stretched [31, 32]. Magnetic tweezers have miniscule
stiffness as low as 1076 pN/nm, allowing them to probe forces as low as 1073 pN. Like
optical tweezers, they can probe up to 100 pN until the DNA handles break [33-35].

Front Phys. Author manuscript; available in PMC 2013 February 28.
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Each of these single-molecule manipulation techniques has advantages and disadvantages.
While AFM is capable of probing large forces up to a few nanoNewtons, it is generally not
sensitive for probing forces less than 5 pN. Optical tweezers and magnetic tweezers, on the
other hand, can measure forces as small as 0.1 pN and 1073 pN, respectively. However,
these techniques have an upper limit for the forces that can be studied, since the DNA
handles usually break around 100 pN. Other considerations include spatial and temporal
resolution, and stability and drift control. For high spatial resolution, subnanometer
precision is routinely obtained using AFM [36], and optical tweezers has achieved high
spatial resolution in a recent work [37]. Video tracking of beads in optical tweezers and
magnetic tweezers offers a simple method for measuring position, but with less resolution
(around 5 nm) and sampling rate limited to 500 Hz for fast cameras [38], while greater
resolution and sampling rates are possible using more sophisticated methods [39]. Dynamic
position control is implemented in AFM and optical tweezers using a piezoelectric scanner
with capacitive position detection in a feedback loop, with an accuracy of 1 nm or better.
This enables force-clamping, a mode in which the extension of the molecule is measured
over time while maintaining a constant applied force. Magnetic tweezers are uniquely suited
to high-bandwidth force-clamping at low cost, without the need for sophisticated feedback
loops, since large magnet displacements change the applied force only slightly (typically 1
pN for a displacement of 1 mm).

Recent efforts have been made to combine fluorescence imaging with single-molecule
manipulation [40, 41]. For example, by using fluorescent dyes which bind to specific
conformations of DNA, this combination of methods can distinguish different structures of
DNA under applied force [42]. In addition, fluorescence can be used to pinpoint the location
where an applied force has the largest effect on DNA [43]. Finally, the large forces
obtainable in an AFM experiment enabled direct fluorescence imaging of DNA strand
rupture [44].

3 Polymer physics models of DNA

Single-molecule manipulation experiments measure the force-extension curve of DNA, and
the data are fitted to polymer physics models to determine parameters that define its
mechanical properties (Fig. 3). In solution, DNA adopts a random coil conformation which
minimizes free energy. Extending the molecule imposes a constraint limiting the number of
accessible conformations, thus the work done on the molecule is mainly used to offset the
reduced entropy. For dsDNA, at forces less than 10 pN the force-extension curve is
dominated by this entropic elasticity. At higher forces, dsSDNA begins to exceed its contour
length and, consequently, its double-helix structure is disrupted. The polymer elasticity
models which best describe the force-extension curves of single-stranded DNA (ssSDNA)
and dsDNA are the freely-jointed chain (FJC) and wormlike chain (WLC) models,
respectively.

In the FJC model, the polymer consists of a chain of freely rotating segments of
characteristic Kuhn length. The extensible FJC assumes that the polymer is stretchable, and
the force is related to extension x by [30, 46]

x=by, | coth(2BPF) — 2ﬁ; F] (1+Ki) @

where Pgg, bsg, and K are the persistence length, contour length, and stretch modulus of
SSDNA, respectively, and g = 1/(kg 7). The persistence length is a measure of bending
stiffness. The Kgsaccounts for the extensibility of the molecule. For sSDNA, Pg=0.75 nm
and Ks=800 pN [30, 47-49].
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The WLC models a polymer as a flexible rod characterized by a bending stiffness. In an
extensible WLC model, force can be related to extension by [45, 50]

F
@

1
l - —+—
\A4BP F  Kas

where P, by, and Ky, are the persistence length, contour length, and elastic stretch
modulus of dsDNA, respectively. For dsSDNA, Py =50 nm and Ky = 1200 pN [30, 47-49].

)C=bds

4 The overstretching transitions and force-induced melting

Figure 4(a) is a typical force-extension curve of dsSDNA. At low forces, the molecule
behaves like a WLC. When the force reaches 65 pN, the force-extension curve shows a
plateau, indicating a cooperative transition of the molecular conformation [30, 51]. Recent
experiments demonstrate that both melting and a B-DNA to S-DNA transition occurs at this
force, depending on environmental factors [52-54]. At forces around 150 pN, dsDNA melts
into ssDNA, where the force-extension curve is best described by the extensible FJIC model
[Eg. (1)] with a persistence length and stretch modulus consistent with sSDNA [30, 47, 48].
Another example is poly(dA) (ssDNA composed only of adenine bases), where distinct
plateaus and multiple force-extension pathways have been observed [21, 55]. One poly(dA)
pathway is similar to that of random-sequence ssDNA, whereas the other pathway has an
additional, energetically favored transition [Fig. 4(b)], possibly to a state in which the bases
are weakly stacked. The multiple pathways suggest that poly(dA) has two conformational
states when stretched close to twice its contour length. Further study is required to elucidate
the structures responsible for these transitions and whether they can be tuned by changing
environmental conditions, such as salt concentration and temperature.

Pulling single DNA molecules has been found to unzip as well as stretch DNA. Unzipping
occurs when the secondary structure, i.e., the double helix of dSDNA is disrupted, resulting
in unpairing of the bases. The dynamics of unzipping are sequence-dependent, as evidenced
by higher observed forces in GC-rich regions [56] and good reproducibility for unzipping/
rezipping molecules of the same sequence [57, 58].

5 Conclusion

The response of the DNA molecule to a force is crucial in many biochemical functions,
including transcription, replication, recombination, and packaging. Fundamental DNA
properties are being revealed as melting and complex reactions are being probed.
Understanding quantitatively the detailed mechanical property of single- and double-
stranded DNA allows us to characterize different DNA conformational states and their
associated energetics. This quantitative information will help us predict DNA behavior and
interactions that are important in biological and medical systems.
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(a) Hierarchical organization of DNA packaged into a chromosome. The nucleosomes are
formed by histones which bend DNA into small loops. Reproduced from Ref. [11],
Copyright © 2003 Nature Publishing Group. (b) Structure of the nucleosome. Two
superhelical turns of the DNA double helix wrap around an octamer of histones through
hydrogen bonds and electrostatic interactions. Reproduced from Ref. [16], Copyright ©

1997 Nature Publishing Group.
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Illustrations of single-molecule manipulation techniques. (a) AFM. The molecule is held by
the tip and the substrate surface. The force on the attached molecule is determined based on
the deflection of the cantilever. Reproduced from Ref. [21], Copyright © 2010 American
Physical Society. (b) Optical tweezers. One end of a DNA molecule is attached to a bead
trapped by a laser beam, while the other end is attached to a DNA-virus capsid complex on a
second bead, held by a micropipette tip. Reproduced from Ref. [8], Copyright © 2001
Nature Publishing Group. (c) Magnetic tweezers. A force is exerted on the molecule by an
attached super-paramagnetic bead in a magnetic field. The molecule can be twisted as well
as stretched by the applied field. Reproduced from Ref. [22], Copyright © 2006 American
Physical Society.
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The polymer physics models that describe DNA. (a) lllustration of the FJC and WLC
models. (b) Force-extension behavior of a single dsSDNA molecule. dsSDNA can be described
accurately by the WLC model (solid curve), but not the FIC model (dashed curve).
Reproduced from Ref. [45], Copyright © 1995 American Chemical Society.
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Force-induced transitions of DNA. (a) Force-extension data showing stretching, melting,
and overstretching of a A-DNA. The data are fit for extensible WLC and FJC models.
Reproduced from Ref. [49], Copyright © 2009 I0OP Publishing. (b) Force-extension
pathways for poly(dA) compared to dsDNA and other ssDNA. Reproduced from Ref. [21],
Copyright © 2010 American Physical Society.
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Nanoparticle-mediated hyperthermia in cancer therapy
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Abstract

A small rise in tumor temperature (hyperthermia) makes cancer cells more susceptible to radiation
and chemotherapy. The means of achieving this is not trivial, and traditional methods have certain
drawbacks. Loading tumors with systematically asministered energy-transducing nanoparticles
can circumvent several of the obstacles to achieve tumor hyperthermia. However, nanoparticles
also face unique challenges prior to clinical implementation. This article summarizes the state-of-
the-art current technology and discusses the advantages and challenges of the three major
nanoparticle formulations in focus: gold nanoshells and nanorods, superparamagnetic iron oxide
particles and carbon nanotubes.

Hyperthermia in cancer therapy

Clinical rationale & biological basis for hyperthermia

Hyperthermia has a long history in the annals of cancer management. A correlation between
erysipelas (a streptococcal skin infection) and tumor regression had been observed for over a
century before William Coley first documented evidence of a relationship between infection
and cancer regression in sarcoma patients in 1891 [1]. His attempts to recreate this
phenomenon for the treatment of cancers culminated in the generation of cocktails of
bacteria (Coley’s toxin) that intentionally induced a fever to effect an antitumor response.
While this probably represents among the first instances of the clinical use of hyperthermia
for cancer therapy, it was also among the first demonstrations of the efficacy of
immunotherapy. Since then, more localized and relatively safer methods of hyperthermia,
either singly or in combination with conventional therapy, have been employed by many
investigators to treat cancer (Box 1) [2-11].

Box 1
Definitions

e Hyperthermia, in a medical setting, is a rise in temperature of body tissues,
globally or locally. In the field of cancer therapy where this elevation in
temperature is induced intentionally, this definition can be further qualified
based on the desired effect of this temperature rise on the tissue. If the
temperature is raised high enough to cause immediate cellular death, largely
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through necrosis mediated by irreparable coagulation of proteins and other
biological macromolecules, the more accurate term to use is thermoablation. In
contrast to thermoablation, hyperthermia refers to smaller temperature rises,
usually to 40-45°C, initiating a series of subcellular events, rendering the cells
susceptible to various forms of damage including apoptosis, leading to
subsequent cell death [70,71]. Other effects associated with hyperthermia
include activation of immunological responses, enhancement of tumor blood
flow and oxygenation via greater vascular perfusion and permeability, and a
shift toward anaerobic metabolism resulting in decreased oxygen consumption
and increased tissue oxygenation, all leading to an altered extracellular
microenvironment.

» Nanoparticle is an umbrella term encompassing a variety of materials all sharing
the common feature of having the longest dimension less than 100 nm. This
limitation is generally relaxed in the scientific parlance, with particles not
greatly exceeding 100 nm also earning the sobriquet ‘nano’ (Figure 1).
Nanoparticles can be solid, hollow or branching, and made from a very diverse
selection of materials. The development of means to control and characterize at
the nanoscale allows a degree of design unsurpassed by single-molecule entities.
In the field of cancer therapy, nanoparticles afford many advantages over
conventional therapeutic methods and are an ongoing research focus on a global
scale.

Heat as a curative modality (thermoablation) has been explored in cancer by many
researchers. The challenge facing thermoablation therapies mirrors that of surgery: the
destruction of the tumor needs to be as complete as possible, while sparing normal tissues.
Thermoablation became a topic of high interest with the advent of electromagnetic heating.
However, despite demonstrations of delayed tumor regrowth following thermoablation, in
general, the therapy falls short in curative prowess owing to the difficulties in precise control
of temperature rise in different regions of the tumor resulting in residual cancerous tissue
and tumor recurrence. By contrast, sub-ablative heating has a bigger therapeutic window
since cell destruction is not desired. Mild temperature rise throughout the tumor may be
accompanied by some heating of surrounding normal tissue, but since non-malignant cells
have unimpaired heat-shock protection mechanisms, the toxicity profile for mild
hyperthermia is usually very good.

The increasing interest in hyperthermia has been paralleled by an increasing understanding
of the mechanism of action of this treatment modality. It is now known that tumor cells,
tumor vascular endothelial cells, and normal cells are not inherently different in their
sensitivity to heat-induced cytotoxicity. However, owing to inefficient blood flow and
oxygen transport through the newly formed immature blood vessels within tumors, tumor
cells reside in an acidotic and nutrient-deprived milieu that confers them with greater
thermosensitivity [12]. This greater sensitivity of hypoxic areas to heat provides a
compelling rationale for the combination of hyperthermia with radiation therapy since
poorly perfused tumor cores are generally resistant to the effects of ionizing radiation, which
depends on the generation of toxic oxygen radicals in well-perfused regions. The
complementary effects of radiation and hyperthermia is further accentuated by the fact that
tumor cells in the S phase of the cell cycle are relatively radioresistant. However, it is
precisely in this phase that tumor cells are most sensitive to the effect of heat and become
radio-sensitized. Thus hyperthermia acts as a potent and selective radiosensitizer by
affecting those cancer cells that are naturally radioresistant.

Ther Deliv. Author manuscript; available in PMC 2012 June 1.
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Hyperthermia can also be used to chemosensitize cancer cells. The degree of
chemosensitization varies with the type and concentration of drug, the tumor type, the
increase in tumor temperature and the time differential between the delivery of heat and
chemotherapy. However, prior drug resistance does not appear to be a factor in the
sensitivity to heat. Chemosensitization is highest when heat and chemotherapy are
administered simultaneously, the effect diminishing at greater intervals between delivery of
the two therapies [13]. In general, enhanced cytotoxicity of many chemotherapeutic agents
increases in the range of 40.5-43°C [14]. However, clinically, temperatures above 41°C
have been associated with higher toxicity and a low benefit:risk ratio. In general,
hyperthermia with milder temperatures increases the destruction of cancer cells with
chemotherapy, but not that of normal cells (i.e., chemotherapeutic side effects are
minimized). However, there is a potentially wide variation in the thermal enhancement of a
given agent among the different types of tumors. Also, different agents have different
enhancement ratios for the same degree of temperature elevation in the same tumor type,
indicating that the drug of choice at physiological temperatures may not be the drug of
choice at elevated temperatures [14]. In general, however, even for drugs with good thermal
enhancement for a particular tumor type, the enhancement of tumor toxicity due to heat is
only seen at higher drug concentrations in the tumor. Hence, isolated perfusion of tumors
with heated solutions of chemotherapeutics, providing a higher tumor drug concentration
demonstrates a better response than systemic administration of the same drug. Several
mechanisms have been proposed for this observed effect. Temperatures bordering on 42—
43°C have some cancer-specific cytotoxicity resulting from the impaired mechanisms of
cancer cells to handle heat shock. Prolonged (>1 h) heating at lower temperatures increases
tumor perfusion, and this results in greater delivery of chemotherapeutics especially to the
poorly vascularized core. The lack of enhanced drug toxicity with loco-regional
hyperthermia with potential improvement in response to advanced disease suggests that
thermochemotherapy is a viable and important alternative to drug treatment alone.

Unfortunately, it is not often possible to elevate tumor temperature uniformly to the 42—
43°C required for direct cytotoxicity. Fortuitously, it is fairly well established now that
clinically achievable elevations of tumor temperature to approximately 40-42°C (mild
temperature hyperthermia), although less effective as monotherapy against cancer, has
potent efficacy as an adjunct to radiation therapy. This is largely driven by an increase in
blood flow (often sustained for 1-2 days) [15] and oxygen delivery and a decrease in oxygen
demand (due to hyperthermia-induced cell death and metabolic suppression) that converge
to increase tumor tissue oxygenation. Increased perfusion also directly translates to
increased delivery of chemotherapeutic drugs to the poorly vascularized tumor cores [16].
Such a complementary role for hyperthermia has been demonstrated in numerous clinical
and preclinical studies of hyperthermia combined with chemotherapy or radiation therapy,
with significant improvements in outcome demonstrated for tumors of the prostate, breast,
bladder, brain, cervix, head and neck, lung, rectum and esophagus, among others. Typically,
adding hyperthermia to the treatment regimen has not resulted in increased toxicity
(especially for radiation therapy), but has contributed to better control, cure and/or palliation
[17-24].

Hyperthermia techniques

While the rationale for adding hyperthermia to clinical regimens is compelling, the means to
do so are not as straightforward. Three types of hyperthermia are traditionally employed in
clinical practice — whole-body, regional and local hyperthermia (Figure 1). Whole-body
hyperthermia is achieved by such methods as hot water blankets and thermal chambers. In
theory, it should be used for metastatic cancer where focal hyperthermia would be
ineffective. Regional hyperthermia depends on perfusing with heated liquids — the two

Ther Deliv. Author manuscript; available in PMC 2012 June 1.
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popular techniques are perfusing the peritoneum with a heated solution of anticancer drugs
for peritoneal cancers such as mesothelioma, and the perfusion of a part of the patient’s
blood, taken out and warmed ex vivo, into an artery supplying the limb containing the tumor
[25,26]. Both whole-body and regional hyperthermia in general result in poor tumor
specificity of treatment. While the toxic effects of hyperthermia are usually not severe,
whole-body hyperthermia often causes gastrointestinal symptoms, such as diarrhea, nausea
and vomiting, and may occasionally have serious cardiovascular side effects, such as
myocardial ischemia, thrombosis and cardiac failure. Regional hyperthermia is invasive and
involves significant challenges in set-up.

Local hyperthermia, in theory, has the advantage of being tumor focused. The three major
methods of generation of local hyperthermia, in order of increasing invasiveness, are
external, luminal and interstitial. Luminal hyperthermia uses special probes placed as close
to the tumor as possible, such as in the lumen of the rectum for treatment of rectal cancers,
whereas interstitial hyperthermia uses a grid of applicators/probes placed into tumor
parenchyma for more uniform tumor heating. Heat sources can be inserted into the probes
and applicators, or the probes can be heated by external heating sources. Generally, these
methods also suffer from moderate to high invasiveness, while the heating of the tumor is
non-uniform, being concentrated more on the probe than elsewhere. Another way in which
this can be achieved is by placing metal antennas (‘seeds’) in the tumor interstitium before
exposure to an external magnetic field. These antennas are elongated devices made of
ferromagnetic material (e.g., iron), which heat up in an alternating electromagnetic field
(detailed later). In this way, the heat for hyperthermia is actually generated inside the tumor
rather than filtering through from outside, and can be readily controlled by simply
controlling the strength of the magnetic field. However, implanting the relatively large seeds
requires an invasive procedure, which adds to the morbidity of the treatment. The seeds may
focus the heating in the immediate locality of the implantation area, with resultant cold spots
elsewhere in the tumor. Placing the seeds in a deep tumor may be difficult and require image
guidance. Finally, it often requires large investments of money because of the requirements
for special electromagnetically shielded rooms and compliance with other federal
regulations. External heating can be achieved either with electromagnetic radiation (e.g.,
microwave, laser and radio-frequency) or high-intensity focused ultrasound, all of which
transduce energy from an external source to pass through the body. One disadvantage of this
method is that energy is deposited in the normal tissues along its path and can result in hot
spots within these tissues. In summary, despite the beneficial effects of adding hyperthermia
to the cancer management regimen, current methods to achieve it are often invasive,
nonuniform or non-specific to the tumor. Clearly, there are opportunities to improve
uniformity and target specificity of heat in a non-invasive or minimally invasive manner.

Nanoparticles for local hyperthermia

The foregoing discussion outlines the promises and pitfalls of established methods of
generating hyperthermia. The continuing quest for a method of hyperthermia that is tumor
focused, minimally invasive, and uniform has led to the investigation of nanoparticles as
conduits for generating hyperthermia (Figure 2). To maximize the energy deposited in the
tumor while limiting the exposure in healthy tissues, tumors can be preferentially loaded
with systemically administered nanoparticles that have a high-absorption cross section for
transduction of an extrinsic energy source to heat. Hyperthermia achieved by this method
has several potential advantages over both global and focal hyperthermia achieved without
nanoparticles.

Ther Deliv. Author manuscript; available in PMC 2012 June 1.
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Localization of nanoparticles

It has been widely recognized that intravenously administered nanoparticles passively
extravasate from vasculature and preferentially accumulate in tumors but not in normal
tissues. This phenomenon, often referred to as the enhanced permeability and retention
(EPR) effect, is a consequence of the leakiness of immature tumor neovasculature with large
fenestrations and inefficient lymphatic drainage [27,28]. To ensure long circulation times of
nanoparticles for efficient accumulation within tumors, evasion of non-specific
reticuloendothelial capture of these particles can be achieved by rendering them “stealth’
properties via coating them with polyethylene glycol (a process known as PEGylation),
dextran or other biocompatible coatings [29,30]. Additionally, nanoparticles can be
decorated with targeting molecules homing to cancer-specific and cancer-associated
antigens to achieve even greater tumor sensitivity [31-34]. It is to be noted that these
techniques of tumor-specific localization of nanoparticles leads to tumor specific dose
delivery that is independent of invasive procedures adopted in other localized dose-delivery
strategies such as interstitial hyperthermia. Targeted nanoparticles also result in less non-
specific accumulation in the body, enabling a lowering of injected dose of nanoparticles for
the same therapeutic effect and lessening the probability of nanoparticle-mediated toxicity.

‘Inside-out’ hyperthermia

All sources of heat create a temperature gradient in the tissues with the temperature falling
off sharply with distance from the heat source. All external sources of heat-like focused
ultrasound or infrared lamps have a narrow window of effectiveness where the skin surface
is significantly affected before the temperature in the tumor reaches therapeutic levels.
However, unlike all other means of external hyperthermia, the primary source of the heat —
the nanoparticle — is located inside the tumor. This reverses the direction of heat loss — from
inside out and reduces damage to normal tissues while heating up the tumor. Furthermore,
most of the nanoparticles are metallic and consequently have excellent thermal conductivity
that couples and instantly transmits the heat they generate to the surrounding tumor tissue.
Interstitial hyperthermia also relies on generation of heat from within the tumor but uses
larger and more invasively inserted probes within tumors to achieve this.

Vascular-focused hyperthermia

Although all forms of hyperthermia seek to achieve fairly uniform temperatures globally
within tumor parenchyma, a unique feature of nanoparticle-mediated hyperthermia is the
location of nanoparticles in close proximity to tumor vasculature [35]. This results in a
temperature gradient that is maximal at the vascular wall and falls off with distance from the
perivascular space. Consequently, a global tumor parenchymal hyperthermic temperature is
associated with considerably higher focal temperatures (hot spots) along tumor vasculature.
By contrast, other forms of hyperthermia resulting in global tumor parenchymal
hyperthermic temperatures are usually associated with focal cold spots along tumor
vasculature that serve as ‘heat sinks’ for dissipation of heat from tumors. Consequently, the
preferential vascular-focused hyperthermia achievable with nanoparticles has the advantage
of not only causing heat-induced tissue damage of tumor cells but also vascular endothelia,
which, in turn, sensitizes these endothelial cells and tumor cells to subsequent radiation
therapy.

Theranostics

Compared to other forms of hyperthermia, nanoparticle-mediated hyperthermia has the
potential to simultaneously image and treat tumors, an attribute referred to as theranostics,
where therapy and diagnostics are integrated into a single platform. Since nanoparticles
preferentially concentrate in tumors, detecting their presence can potentially be used as a
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means of diagnosing the presence and extent of tumors. The same nanoparticles can then be
used for hyperthermia as part of tumor management. Furthermore, when the nanoparticle is
decorated with tumor-specific targeting molecules that permit precise sensing and imaging
of tumors, subsequent therapy (hyperthermia or thermoablation) can be image-guided.

Combination with other therapies

The fact that nanoparticles afford immense opportunities for engineering their structure —
more, in fact, than any other forms of injectable therapy — can be exploited to combine the
hyperthermia with other therapeutic modalities. For instance, nanoparticles can be laden
with or decorated with drugs, such that near-simultaneous hyperthermia and chemotherapy
(drug release) can be triggered via an extrinsic energy source. Similarly, binding radioactive
tracers to the nanoparticles to achieve a form of brachytherapy serves as a means of
combining hyperthermia and radiation therapy.

These advantages have fueled the quest for ideal nanoparticles for achieving tumor
hyperthermia. The major ones under investigation are reviewed here and include various
forms of gold nanoparticles and superparamagnetic iron oxide nanoparticles (SPIONs) while
carbon nanotubes (CNTSs) are a more recent entrant to this field.

Hyperthermia using gold nanoparticles

Characteristics of gold nanoparticles

Many bulk metals, when reduced to a nanoscale, exhibit optical resonances of their surface
plasmons, a characteristic wavelength (surface plasmon resonance) at which they strongly
absorb and scatter incident light and convert resonant energy to heat. When fabricated in
certain geometries, these plasmon resonances of gold can be tuned to near infrared (NIR)
wavelengths, where this light penetrates deepest within human tissues due to minimal
absorbance by native tissue chromophores [36]. Gold nanoparticles fabricated to have strong
absorption cross sections in the NIR wavelength (up to a million-fold greater than the US
FDA-approved dye indocyanine green) are also highly efficient at converting the absorbed
light into heat. These photothermally activatable gold nanoparticles have many distinct
advantages for clinical applications. First, gold is an inert noble metal that does not react
with biological tissues and is molecularly stable. Second, long-term toxicity concerns are
low due to extensive, decades-long clinical experience with the use of gold for the treatment
of rheumatoid arthritis. Some caution is necessary, however, with extrapolating from larger
microparticles to nanoparticles, as highlighted by a recent study that demonstrated that
administration of large quantities of gold nanoparticles stimulates host immune complement
activation, an effect that was dependent on other factors such as nanoparticle surface
characteristics and structure [37]. Third, NIR activatable gold nanoparticles are within size
regimens that permit tumor-specific accumulation via the EPR effect based on average
vascular fenestrations of 60-400 nm in tumors. Fourth, in addition to passive accumulation
in tumors via the EPR effect, surface bioconjugation for tumor-specific targeting or
PEGylation for reticuloendothelial evasion can be readily performed via thiol linkages on
the surface of these gold nanoparticles. Lastly, gold nanoparticles have the potential for
FDA approval as a device rather than a drug, an attribute that could save significant time and
money for clinical translation. Among a variety of gold nano-structures in use, the most
commonly employed ones are nanoshells and nanorods.

Gold nanoshells—Nanoshells have a core of a different material coated by a thin layer of
gold. The core material is dielectric, with silica being the most common material used. The
resonance frequency is determined by the core:shell ratio. Gold nanoshells (GNSs) are
usually close to 50-150 nm in the diameter and are generally moderately stable in solution,
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especially if stored at low temperatures. Silica-GNSs that are activatable by NIR light tend
to be roughly 150 nm in diameter, with a 120-nm diameter silica core. Extensive
investigations into the safety and tolerability of GNSs have led to greater acceptance of the
biocompatibility of these particles, paving the way for human clinical testing. GNSs are
currently in clinical trials for head and neck cancer and prostate cancer using interstitial
illumination with NIR lasers for thermoablation applications.

Gold nanorods—Gold nanorods (GNRs) are cylindrical nanoparticles made of solid gold
with one dimension several times longer than the other. If the solid gold nanostructure is a
sphere, the optical absorption maximum is in the region of 540 nm and cannot be tuned to
other wavelengths. Hence this formulation is not of much use clinically. However, oblong
forms, with large length:diameter aspect ratios, are tunable to higher wavelengths of light.
The resonant frequency is determined by the aspect ratio, and can be calibrated to the NIR
region. NIR activatable GNRs are much smaller than nanoshells, with typical sizes ranging
approximately 4-5 nm in the longest dimension, usually with an aspect ratio of
approximately 3. To facilitate anisotropic formation of rod-shaped structures during seed-
mediated chemical synthesis of GNRs from spherical gold seed particles and to make them
stable without aggregation in solution, a strongly charged surfactant such as cetyl
trimethylammonium bromide (CTAB) is commonly employed. Since the CTAB dispersed in
solution can be cytotoxic, it is often removed by serial centrifugation or dialysis, processes
that involve a reduction in yield of GNRs or considerable expense. Furthermore, the CTAB
on the surface of the GNRs is also shielded by a biocompatible compound such as PEG or
by cross-linking a polysaccharide (chitosan) with ethylene/propylene-based block
copolymers [38]. Despite some potential challenges with toxicity, GNRs — weight for weight
of gold — possess a superior spectral bandwidth, are better than GNSs in heat generation
from NIR light [39] and have a longer circulation half-life, improving chances for tumor
accumulation.

Gold nanoparticles in cancer therapy

Hirsch et al. [40] were the first to demonstrate the effectiveness of GNS-mediated
thermoablation in a mouse tumor model. While initial efforts used direct injection of GNSs
into subcutaneous tumors, subsequent papers demonstrated that intravenously administered
GNSs accumulated in tumors as early as 6 h after inoculation. Treatment of these animals
with a 800 mW NIR laser emitting at 808 nm at 4 W/cm? for only 3 min resulted in
significant survival difference over non-radiated mice [41]. Improvements in survival have
been demonstrated when the gold nanoparticles are actively targeted to tumors in mice over
passively targeted nanoparticles [42,43]. Several similar results have been demonstrated for
GNRs [44,45]. However, despite promising results, thermoablative monotherapy of tumors
with gold nanoparticles is associated with the possibility of considerable collateral damage
of tissues adjacent to the tumor that are also ablated and lacks a clear advantage over
established techniques such as radiofrequency ablation if interstitial laser fibers are required
for photothermal ablation. Hence, combination therapy of hyperthermia (non-ablative
temperatures) with other modalities is worth investigating.

In our laboratory, we have investigated the effect of modulating ionizing radiation on tumor-
bearing mice using GNS-mediated hyperthermia. When tumors in mice pre-treated with
GNSs are subject to mild temperature hyperthermia (~41°C for 20 min) followed
immediately by a single dose of radiation (10 Gy with 125 kV X-rays) the tumor volume
doubling time was nearly twice that with radiation alone [35]. Tumor volume doubling time
is a metric used to represent tumor growth, which is independent of the initial size of the
tumor; comparison of time taken for tumors to double in volume in the radiation-alone
group versus tumors in a combined treatment group is a commonly employed technique for
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evaluating effectiveness of putative radiation sensitization strategies. The reasons for the in
vivo response were postulated to be caused by an early increase in vascular perfusion of
tumors following hyperthermia. This can be seen using dynamic contrast enhancement of
MRI. However, the results also indicate that it is possible that nanoparticle-mediated
hyperthermia may modulate radiation response by other mechanisms. Relatively large GNSs
leak out of tumor vasculature but fail to penetrate deep into the parenchyma of tumors,
remaining sequestered in the perivascular region. Heating these sequestered GNSs to
generate ‘inside-out” hyperthermia can possibly result in vascular disruption. This was
demonstrated by a loss of microvessel density in the tumor, disruption of normal stromal
architecture and regional areas of necrosis (Figures 3A & B).

A third reason for the effectiveness of the GNS-mediated hyperthermia could be its effect on
cancer stem cells. These tumor-initiating cells are hypothesized to be the primary reason for
treatment failure of tumors as well as being responsible for metastatic spread. In a recent
paper, it was demonstrated that radiation of breast cancer xenografts results in a reduction of
tumor volume but an increase in the proportion of stem cells in the residual tumor whereas
GNS-mediated hyperthermia coupled with radiation resulted in not only a greater reduction
of tumor volume but also a reduction of the proportion of stem cells in the residual tumor.
Furthermore, limiting dilution transplantation of the cancer cells from residual tumors
following combined treatment resulted in a lower frequency of tumor formation than similar
transplantation of cells from residual tumors following radiation alone (Figure 3c).
Overcoming the inherent radio-resistance of cancer stem cells, which are thought to be the
primary reason for therapy failure, provide another important rationale for the addition of
hyperthermia to radiation therapy of tumors [46].

Hyperthermia using SPIONs
Characteristics of SPIONs

Magnetic materials are either permanent magnets (ferromagnetic, like iron) or which only
demonstrate magnetism under the influence of an external magnetic field (paramagnetic). A
new property is obtained when ferromagnetic materials are fabricated on the nanoscale —
that of superparamagnetism. On the nanoscale, the ferromagnetic nanoparticles can
randomly flip the orientation of their magnetic dipoles, a phenomenon that makes them
appear paramagnetic. However, under the influence of an external magnetic field, they align
in the direction of the field, and the resultant magnetic susceptibility is orders of magnitude
higher than that of standard paramagnetic material. When the material for the nanoparticles
is iron oxide (the most common), the nanoparticles are called SPIONs.

In theory, alternating the external magnetic field rapidly would cause the particles to rapidly
flip their magnetic polarity. However, there is some hysteretic loss involved in the flipping,
which manifests as heat. If a tissue (say, a tumor) is pre-loaded with SPIONs and then
subjected to alternating magnetic field (AMF), it will heat up. Several factors will affect the
extent of this heating — the magnitude of the field, the size and characteristic of the SPIONs,
the depth of the tumor within the body and the concentration of SPIONs in the tumor.

The first instance of the treatment of cancer using magnetic iron oxide particles was
probably in 1957 [47]. Since then the synthesis and design of SPIONs have progressed
much. At the heart of the SPION is the magnetic core of iron oxide. Synthesis is usually by
the precipitation of iron salts in the presence of various chemicals, for example ammonia
[48], sodium nitrate/sodium hydroxide [49] or by photochemical methods [50].

Bare SPIONS are rapidly cleared from the blood after intravenous injection and accumulate
in the liver, spleen, and lymph nodes. When biocompatible dextran magnetite nanoparticles
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are injected intravenously in rats, clearance was initially very rapid (half-life of 10 min)
followed by a slower decrease (half-life of 92 min) [51]. In the first 2 h, the particles spread
throughout the body including the liver and the spleen [52]. However, over time, the
particles are scavenged by the reticuloendothelial system and accumulate in the
macrophages of the splenic marginal zone, where there is a steady and rapid increase in
accumulated particles for up to 48 h, followed by a decrease until the end of the observed
period of 25 days. The iron oxide cores sequester as granules in the Kupffer cells of the
liver, leading to a slow increase in accumulated amount.

To enable tumor accumulation, SPIONs need to be coated with or embedded in a polymer
shell. The most common method for this is to embed the SPIONSs in a polymeric
nanoparticle that is hydrophilic. A common polymer for this purpose is dextran [53],
although other polymeric blends, such as p-cyclodextrin and pluronic polymer combination
[48], and chitosan [54], can also be used. Apart from polymers, iron/iron oxide core-shell
nanoparticles are also popular [55,56]. Silica is a popular coat for many varieties of
nanoparticles, including SPIONs [49,57]. However, the resultant particles are often micro-
spheres rather than nanoparticles, with diameters of approximately 20-30 um. These are
used as in situ implants into tumors rather than as intravenous formulations.

Subsequently, to enhance circulation half-life, the dextran coat is often covered by a
monolayer of PEG [55]. Finally, targeting molecules can be attached to enhance specificity
of uptake by cancer cells. For example, folic acid [54,58] can be attached to target folate
receptors in several solid tumors. Addition of folic acid was found to increase the
cytotoxicity against the folate receptor over-expressing KB cells but had little adverse
impact on the A549 cells, which do not possess these receptors. In addition, a novel way of
coating the SPIONSs is the use of gold [59]. The thin gold shell can itself be heated up by
AMF, thus adding to the hyperthermic effect. Indeed, gold-coated SPIONs demonstrated
several-fold higher increases in heat release compared with SPIONs alone. Furthermore,
SPION-mediated hyperthermia can be combined with other strategies to further enhance the
therapeutic outcome. For example, the SPIONs can be coated with thermosensitive polymers
that are loaded with anti-cancer drugs [48,58]. Application of AMF after accumulation of
the SPIONs in tumors would raise the local temperature of the SPIONSs sufficiently to
exceed the critical temperature of the polymers, resulting in drug release.

SPIONSs in cancer therapy

Delivery of adequate amounts of SPIONSs into tumors is a prerequisite for successful
hyperthermia. These can be delivered to possible nests of metastatic cells in lymph nodes by
direct injection into the lymphatic channels draining into the lymph nodes [47].
Subsequently, a number of investigators injected the SPIONSs directly into the tumor as
proof-of-principle experiments. The SPIONSs can be injected in solution, or loaded into
hydrogels and organogels [57].

However, this more invasive method of SPION delivery is not favorable, owing to obvious
difficulties in translating to clinical usage. The favored delivery route is intravenous;
however, successful concentration of nanoparticles into tumors by this route is not easily
achievable. A novel route of delivery is by loading the SPIONSs into cells [56]. In the
experiment described, tumor-tropic neural progenitor cells were loaded with SPIONs and
transplanted into melanoma-bearing mice, whence the cells made their way into the tumors.
Subsequent AMF exposure resulted in tumor regression.

To achieve adequate concentrations in the tumor, SPIONs are sometimes conjugated to
targeting molecules. Triton BioSystems, Inc. (Chelmsford, MA) have developed one such
system of AMF-responsive nanoparticles and targeted these to cancerous tissues by
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conjugating with monoclonal antibodies. The combination of molecular targeting and the
focused AMF field aims to achieve highly sensitive tumor hyperthermia.

The use of heat for cancer can be ablative or sub-ablative. When sub-ablative, it can be used
either as a standalone therapy to delay tumor growth [50] or as a means of radiosensitization
[46]. The degree of heating of the tumor can be controlled by the AMF field. However,
increasing the current in the AMF generator, and thus increasing the AMF field strength,
generates heat in tissues by inductive tissue heating from eddy current losses. This is
independent of the presence of SPIONSs and affects normal tissues in the AMF field. The
raised temperature in the normal tissues limits the extent to which the AMF field can be
increased. In mouse experiments, for example, radiofrequency exposures at 25 kW for 20
min raised the tumor core temperature to 47°C [50].

Another limitation of the use of SPIONSs is the toxicity to normal cells in the absence of
AMF. Biocompatibility studies with dextran and citric acid-coated SPIONSs on human
umbilical-vein endothelial cells [53] demonstrated the expected endocytotic uptake by the
cells, followed by cell death through suspected apoptotic pathways. Even at concentrations
as low as 0.1 mM, the coated SPIONs managed to inhibit migration/invasion functions of
the cells. While cytotoxic effects are strongly dependent on the coating/matrix of the
SPIONSs, the results demonstrated the necessity of thorough cytotoxicity evaluation of any
proposed therapy involving these nanoparticles.

Hyperthermia with CNTs

Characteristics of CNTs

CNTs are unique, (almost) 1D nanomaterials composed of single sheets of graphene rolled
into the shape of a tube. Since the aspect ratio and the direction of rolling can be controlled
at synthesis, the optical properties can also be tuned. Similar to gold nanoparticles, single-
walled CNTs (SWCNTSs) also strongly absorb electromagnetic waves to generate heat.
Instead of plasmon resonance, absorption of light by CNTs results in excitation of electronic
transitions within the nanostructure with relaxation resulting in amplified vibrational modes
within the carbon lattice. There is neither an absorption threshold nor is the absorption a
continuous function of energy, but absorption occurs as discrete tunable and sharp spikes.
Also, unlike gold, CNTs can absorb over a broad frequency range including visible light,
NIR light and even radiofrequency irradiation. The extinction coefficient of such absorption
is much higher than that of common tissue chromophores, such as melanins, hemoglobin
and water [49].

CNTs are very thin cylinders of graphene, which can be synthesized to considerable
variations in aspect ratios. The diameter of the tubes can vary from the nano- to the micro-
scales [60]. Usually the cylinders are SWCNTSs, but more recently multi-walled CNTs
(MWCNTS) have also been investigated for their optical properties. They have been shown
to have enhanced absorption cross-sections when compared with SWCNTSs [61].

CNTs in cancer therapy

Following in the footsteps of the GNRs and SPIONS, the enhanced optical cross section of
CNTs has been investigated for photothermal ablation of cancer cells [61]. This has been
demonstrated in vitro using SWCNTSs [61-63]. Tumor destruction in mouse models of
cancer have also been demonstrated using intratumoral injection of SWCNTSs followed by
NIR irradiation for only 3 min [64]. Similar to gold, not only NIR, but also radiofrequency
fields have been used to generate hyperthermia using SWCNTSs. The required
radiofrequency field was in the megahertz region (13.56 mHz). The in vitro study was
succeeded by in vivo studies using direct intratumoral injection of the nanotubes.
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Hyperthermia using the radiofrequency field resulted in complete necrosis of tumors [65].
Not only SWCNTs, MWCNTSs have also been demonstrated to be effective in tumor
ablation using NIR light. However, unlike SWCNTs, MWCNTSs achieve thermal ablation of
tumors after exposure to only a 30 s burst of NIR light at a relatively low laser power of 3
Wi/cm? [66].

The major stumbling block to more widespread adoption of CNTs is a concern regarding
their toxicity. Exposure of mesothelial and pleural lining to CNTs can result in granulomas
reminiscent of mesotheliomas arising from ashestos exposure [67]. Several factors,
including their propensity to aggregate, and the nature of the surface and functional groups
attached thereof, affect the toxicity of these nanostructures. Although it has been
demonstrated that at low doses CNTS are non-toxic to mice, more detailed studies are
necessary prior to adopting these for clinical use.

There are reports of other nanoparticles beyond these three types, which can potentially be
exploited for hyperthermia. For example, fluorescent quantum dots [68], silver and zinc
nanoparticles and lanthanum manganite particles with impregnated silver ions [69] have
been explored. However, the general principles discussed for the three nanoparticles hold
true in most cases.

Conclusion & future perspective

Hyperthermia results in increasing perfusion of tumors. This results in less hypoxic areas
and a better response to radiation, while also aiding chemotherapy. However, beyond these
traditional effects, nanoparticle-mediated hyperthermia is proving to have additional roles to
play in cancer therapy — from disruption of microvasculature to sensitization of recalcitrant
cancer stem cells to radiation. All this makes quick addition of this therapeutic modality to
the oncologist’s repetoire an important priority.

However, despite the potential role that hyperthermia can play in cancer management it has
not been adequately exploited clinically. There are several reasons for this. Historical
methods of achieving global hyperthermia were cumbersome, non-standardized and non-
specific. More recent methods of generating hyperthermia are still frequently invasive and/
or result in non-uniform temperature elevations within tumors and possible hot spots in
surrounding normal tissues. The breakthrough has been the introduction of injectable
nanoparticles like SPIONs, GNSs and CNTs that made it possible to achieve ablative
temperatures inside highly localized areas of the body, while maintaining other areas at
normal or near-normal temperatures. Nanoparticles provide a promising alternative to the
older techniques to attain tumor hyperthermia.

However, there are several challenges facing the use of nanoparticles for tumor
hyperthermia. A major problem is adequacy and uniformity of accumulation of
nanoparticles at the tumor site. Even with very small nanoparticles, uniform temperature
throughout the core and mantle of the tumor is still difficult to obtain [16]. Nanoparticles do
not readily penetrate uniformly into the poorly vascularized tumor core. Other avenues need
to be explored to find means of raising temperature uniformly in the core.

A second issue hampering the clinical translation of nanoparticles is the issue of quality
control. Nanoparticles made in the laboratory often suffer from intra-batch and inter-batch
variations in size and composition. As nanoparticles become more complex in composition,
the risk of variation increases proportionally. Size distribution of nanoparticles are typically
assessed using dynamic light scattering (e.g., with the zetasizer), but this provides an
estimate of hydrodynamic radius rather than actual diameter. The actual diameter can be
seen from electron microscopy, but only a very small number of nanoparticles can be seen
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per image and extrapolating size of the full sample from the images can lead to errors. When
nanoparticles are coated with targeting ligands, presence and quantification of the ligands,
and in some cases testing of the functional capabilities, need to be done. Obviously, scaling
up of production for industry will be an issue for complex nanoparticles. However, despite
these obstacles, better methods of nanoparticle synthesis are constantly being reported. Most
commercially available nanoparticles (e.g., the GNSs from Nanospectra, Inc.) are now
available in batches with less than 1% variation in diameters. It is expected that in the near
future we will have more complex nanoparticles being produced with equivalent quality
controls.

A third obstacle in the clinical acceptance of nanoparticles is biocompatibility. The problem
might be considered to be twofold: one of immediate toxicity and one of delayed effects of
retained nanoparticles. Immediate and direct toxicity issues can be resolved using
standardized testing on appropriate animal models. Indeed, most nanoparticles have been
shown to be relatively nontoxic in the doses required for therapeutic effect. Gold, in
particular, has a long history of usage in medical conditions, and GNS have been
demonstrated to be safe in the administered quantities. As a result, clinical trials have been
launched for human testing. However, GNRs have a unique challenge; as mentioned above,
the persistent CTAB in the solution needs to be removed or neutralized before clinical usage
is possible. The more difficult challenge is the question of the long-term fate of the
nanoparticles sequestered in the body. Hepatic and splenic macrophages ingest and store
much of the injected nanoparticles; the long-term consequences of this storage are as yet
uncertain.

Similar to other treatment modalities, such as chemotherapy and radiation, hyperthermia is
most effective when confined to the tumor. While enhanced permeation and retention allows
passive accumulation at tumors, there is also concurrent accumulation in some other tissues,
most notably the liver. This makes use of this technique less effective when dealing with
tumors of the liver and surrounding areas. Accumulation at other areas, though less
prominent, argues for thorough investigation of the biodistribution for each particle
proposed for clinical use.

In conclusion, nanoparticles hold promise as a novel means of generating hyperthermia with
distinct advantages over traditional methods. Comprehensive toxicity evaluations, optimized
methods to ensure uniform, adequate and specific intratumoral delivery and greater dose
deposition at tumors are the challenges that face effective clinical exploitation of
nanoparticle-mediated hyperthermia in tumor treatment.

Key Terms

Antenna An antenna (as used in medical hyperthermia) is a small metal
piece which absorbs radio waves and consequently heats up

Radiofrequency and Radiofrequency waves are electromagnetic waves with the

microwaves rate of oscillation in the range of approximately 3 kHz to 300
GHz; microwaves are a subset at the higher energy end of this
spectrum (300 MHz to 300 GHz)

Theranostic A combination of the terms therapeutic and diagnostic;
usually refers to a device which can perform both functions

Surface plasmon Plasmons are quantized oscillations of free electrons. These

resonance electron waves propagate along the surface of metal
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nanoparticles, and can resonate when photons of certain
wavelength are incident on them

:shell ratio Ratio of the diameter of the core to the thickness of the shell
of core shell nanoparticles. A higher core:shell ratio means a
thinner shell

rparamagnetism Small nanometer-sized ferro- and ferri-magnetic particles
demonstrate no magnetization in the absence of a magnetic
field (unlike similar material in the meso- and macroscopic
scales). These are magnetized in the presence of a magnetic
field (such as paramagnetic material, e.g., gadolinium) but
much more strongly than compared with conventioanl
paramagnets

Graphene Graphene is an allotrope of carbon, where the carbon atoms

are bonded in a honeycomb pattern to form 2D crystalline
planar sheets. The sheet can be rolled into tubes (carbon
nanotubes) or stacked into a 3D sheet (graphite)
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Executive summary

Hyperthermia, a small rise in tumor temperature, alters the cancer cells
(especially the cancer stem cells) and the microenvironment to increase
susceptibility to radiation and chemotherapy.

Specific and uniform elevation of tumor temperature is difficult with whole-
body and regional hyperthermia. Luminal and interstitial local hyperthermia are
invasive, while external radiation may cause skin burns.

Preferential loading of tumors with systemically administered, energy-
transducing nanoparticles allows tumor specificity, heating from within the
tumor, vascular disruption, simultaneous imaging and therapy (theranostics) and
single-platform combination with other therapies.

Three major nanoparticles for generating hyperthermia are gold nanoparticles,
superparamagnetic iron oxide nanoparticles (SPIONs) and carbon nanotubes
(CNTSs).

Gold nanoparticles with strong absorption cross sections in the near infrared

wavelength due to surface plasmon resonance, efficiently generate heat upon
illumination and are inert, stable and readily conjugated to biomolecules for

specific tumor targeting. Two major types are nanoshells and nanorods.

SPIONSs heat up rapidly in an alternating magnetic field depending on the field
strength and frequency, particle concentration and characteristics and the depth
of the tumor within the body.

CNTs are largely unidimensional nanomaterials composed of rolled sheets of
graphene with tunable absorption of electromagnetic waves over a broad
frequency range to generate heat.

Obstacles to clinical exploitation of hyperthermia can potentially be overcome
with nanoparticles providing more efficient methods of generating uniform
heating in tumors with minimal effect on normal tissue.

Challenges facing nanoparticle-mediated tumor hyperthermia include
inadequacy and non-uniformity of accumulation in tumors, especially the core;
lack of quality control in production; perceived toxicity issues; concurrent
accumulation in the liver and other tissues; and thermal modeling/dosimetry.
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Figure 1. Methods of achieving tumor hyperthermia
AMF: Alternating magnetic field
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Figure 2. Relative scale of synthetic nanomaterials as compared with naturally occurring
biomacromolecules and cells
MWNT: Multiwalled carbon nanotubes; RBC: Red blood cell; SPION: Superparamagnetic

iron oxide nanoparticle; SWNT: Single-walled carbon nanotubes.
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Figure 3. Effects of nanoparticle-mediated hyperthermia on tumors in vivo.

(A) In mice with subcutaneously inoculated human colorectal cancer cells, 90 min following
a single 10 Gy dose of radiation therapy using 125 kV x-rays, hematoxylin and eosin-stained
slides of the tumor core show minimal necrosis (left), but addition of gold nanoshell-
mediated hyperthermia (41°C for 20 min immediately prior to radiation) results in
significantly more necrosis (right). Arrows denote size of areas of necrosis within tumors
[35]. (B) On further investigation, the tumor core of mice treated with radiation alone (left)
has classical tissue architecture with central vascular channels surrounded by orderly layers
of cells with decreasing levels of oxygenation with increasing distance — hypoxic areas
(further from vasculature) are stained green and perfused areas are stained blue in this
immunofluorescence image. However, the mice treated with combined hyperthermia and
radiation (right) have tumor cores with complete disruption of normal stromal structure,
suggestive of vascular collapse [35]. (C) In a mouse model of breast cancer, treatment with a
single dose of 6 Gy with or without post-treatment hyperthermia (42°C for 20 min) was
followed by tumor digestion 48 h later and re-implantation in syngeneic mice in limiting
dilutions. For reappearance of tumors, the combined treatment group required more cells re-
implanted in mice than the radiation alone group, suggestive of a greater effect of combined
treatment on putative cancer stem cells. Furthermore, the tumors reappeared as a more
aggressive phenotype in the radiation alone group (left) than the combined treatment group
(right). These results suggest that more efficient elimination of cancer stem cells by
nanoshell-mediated hyperthermia and radiation compared with radiation alone results in
lesser ability to recreate tumors as well as appearance of more differentiated, less aggressive
and more treatable tumors [46].

Figures reproduced with permission from the referenced sources.
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Nanoparticle-mediated hyperthermia in cancer therapy
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Abstract

A small rise in tumor temperature (hyperthermia) makes cancer cells more susceptible to radiation
and chemotherapy. The means of achieving this is not trivial, and traditional methods have certain
drawbacks. Loading tumors with systematically asministered energy-transducing nanoparticles
can circumvent several of the obstacles to achieve tumor hyperthermia. However, nanoparticles
also face unique challenges prior to clinical implementation. This article summarizes the state-of-
the-art current technology and discusses the advantages and challenges of the three major
nanoparticle formulations in focus: gold nanoshells and nanorods, superparamagnetic iron oxide
particles and carbon nanotubes.

Hyperthermia in cancer therapy

Clinical rationale & biological basis for hyperthermia

Hyperthermia has a long history in the annals of cancer management. A correlation between
erysipelas (a streptococcal skin infection) and tumor regression had been observed for over a
century before William Coley first documented evidence of a relationship between infection
and cancer regression in sarcoma patients in 1891 [1]. His attempts to recreate this
phenomenon for the treatment of cancers culminated in the generation of cocktails of
bacteria (Coley’s toxin) that intentionally induced a fever to effect an antitumor response.
While this probably represents among the first instances of the clinical use of hyperthermia
for cancer therapy, it was also among the first demonstrations of the efficacy of
immunotherapy. Since then, more localized and relatively safer methods of hyperthermia,
either singly or in combination with conventional therapy, have been employed by many
investigators to treat cancer (Box 1) [2-11].

Box 1
Definitions

e Hyperthermia, in a medical setting, is a rise in temperature of body tissues,
globally or locally. In the field of cancer therapy where this elevation in
temperature is induced intentionally, this definition can be further qualified
based on the desired effect of this temperature rise on the tissue. If the
temperature is raised high enough to cause immediate cellular death, largely
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through necrosis mediated by irreparable coagulation of proteins and other
biological macromolecules, the more accurate term to use is thermoablation. In
contrast to thermoablation, hyperthermia refers to smaller temperature rises,
usually to 40-45°C, initiating a series of subcellular events, rendering the cells
susceptible to various forms of damage including apoptosis, leading to
subsequent cell death [70,71]. Other effects associated with hyperthermia
include activation of immunological responses, enhancement of tumor blood
flow and oxygenation via greater vascular perfusion and permeability, and a
shift toward anaerobic metabolism resulting in decreased oxygen consumption
and increased tissue oxygenation, all leading to an altered extracellular
microenvironment.

» Nanoparticle is an umbrella term encompassing a variety of materials all sharing
the common feature of having the longest dimension less than 100 nm. This
limitation is generally relaxed in the scientific parlance, with particles not
greatly exceeding 100 nm also earning the sobriquet ‘nano’ (Figure 1).
Nanoparticles can be solid, hollow or branching, and made from a very diverse
selection of materials. The development of means to control and characterize at
the nanoscale allows a degree of design unsurpassed by single-molecule entities.
In the field of cancer therapy, nanoparticles afford many advantages over
conventional therapeutic methods and are an ongoing research focus on a global
scale.

Heat as a curative modality (thermoablation) has been explored in cancer by many
researchers. The challenge facing thermoablation therapies mirrors that of surgery: the
destruction of the tumor needs to be as complete as possible, while sparing normal tissues.
Thermoablation became a topic of high interest with the advent of electromagnetic heating.
However, despite demonstrations of delayed tumor regrowth following thermoablation, in
general, the therapy falls short in curative prowess owing to the difficulties in precise control
of temperature rise in different regions of the tumor resulting in residual cancerous tissue
and tumor recurrence. By contrast, sub-ablative heating has a bigger therapeutic window
since cell destruction is not desired. Mild temperature rise throughout the tumor may be
accompanied by some heating of surrounding normal tissue, but since non-malignant cells
have unimpaired heat-shock protection mechanisms, the toxicity profile for mild
hyperthermia is usually very good.

The increasing interest in hyperthermia has been paralleled by an increasing understanding
of the mechanism of action of this treatment modality. It is now known that tumor cells,
tumor vascular endothelial cells, and normal cells are not inherently different in their
sensitivity to heat-induced cytotoxicity. However, owing to inefficient blood flow and
oxygen transport through the newly formed immature blood vessels within tumors, tumor
cells reside in an acidotic and nutrient-deprived milieu that confers them with greater
thermosensitivity [12]. This greater sensitivity of hypoxic areas to heat provides a
compelling rationale for the combination of hyperthermia with radiation therapy since
poorly perfused tumor cores are generally resistant to the effects of ionizing radiation, which
depends on the generation of toxic oxygen radicals in well-perfused regions. The
complementary effects of radiation and hyperthermia is further accentuated by the fact that
tumor cells in the S phase of the cell cycle are relatively radioresistant. However, it is
precisely in this phase that tumor cells are most sensitive to the effect of heat and become
radio-sensitized. Thus hyperthermia acts as a potent and selective radiosensitizer by
affecting those cancer cells that are naturally radioresistant.
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Hyperthermia can also be used to chemosensitize cancer cells. The degree of
chemosensitization varies with the type and concentration of drug, the tumor type, the
increase in tumor temperature and the time differential between the delivery of heat and
chemotherapy. However, prior drug resistance does not appear to be a factor in the
sensitivity to heat. Chemosensitization is highest when heat and chemotherapy are
administered simultaneously, the effect diminishing at greater intervals between delivery of
the two therapies [13]. In general, enhanced cytotoxicity of many chemotherapeutic agents
increases in the range of 40.5-43°C [14]. However, clinically, temperatures above 41°C
have been associated with higher toxicity and a low benefit:risk ratio. In general,
hyperthermia with milder temperatures increases the destruction of cancer cells with
chemotherapy, but not that of normal cells (i.e., chemotherapeutic side effects are
minimized). However, there is a potentially wide variation in the thermal enhancement of a
given agent among the different types of tumors. Also, different agents have different
enhancement ratios for the same degree of temperature elevation in the same tumor type,
indicating that the drug of choice at physiological temperatures may not be the drug of
choice at elevated temperatures [14]. In general, however, even for drugs with good thermal
enhancement for a particular tumor type, the enhancement of tumor toxicity due to heat is
only seen at higher drug concentrations in the tumor. Hence, isolated perfusion of tumors
with heated solutions of chemotherapeutics, providing a higher tumor drug concentration
demonstrates a better response than systemic administration of the same drug. Several
mechanisms have been proposed for this observed effect. Temperatures bordering on 42—
43°C have some cancer-specific cytotoxicity resulting from the impaired mechanisms of
cancer cells to handle heat shock. Prolonged (>1 h) heating at lower temperatures increases
tumor perfusion, and this results in greater delivery of chemotherapeutics especially to the
poorly vascularized core. The lack of enhanced drug toxicity with loco-regional
hyperthermia with potential improvement in response to advanced disease suggests that
thermochemotherapy is a viable and important alternative to drug treatment alone.

Unfortunately, it is not often possible to elevate tumor temperature uniformly to the 42—
43°C required for direct cytotoxicity. Fortuitously, it is fairly well established now that
clinically achievable elevations of tumor temperature to approximately 40-42°C (mild
temperature hyperthermia), although less effective as monotherapy against cancer, has
potent efficacy as an adjunct to radiation therapy. This is largely driven by an increase in
blood flow (often sustained for 1-2 days) [15] and oxygen delivery and a decrease in oxygen
demand (due to hyperthermia-induced cell death and metabolic suppression) that converge
to increase tumor tissue oxygenation. Increased perfusion also directly translates to
increased delivery of chemotherapeutic drugs to the poorly vascularized tumor cores [16].
Such a complementary role for hyperthermia has been demonstrated in numerous clinical
and preclinical studies of hyperthermia combined with chemotherapy or radiation therapy,
with significant improvements in outcome demonstrated for tumors of the prostate, breast,
bladder, brain, cervix, head and neck, lung, rectum and esophagus, among others. Typically,
adding hyperthermia to the treatment regimen has not resulted in increased toxicity
(especially for radiation therapy), but has contributed to better control, cure and/or palliation
[17-24].

Hyperthermia techniques

While the rationale for adding hyperthermia to clinical regimens is compelling, the means to
do so are not as straightforward. Three types of hyperthermia are traditionally employed in
clinical practice — whole-body, regional and local hyperthermia (Figure 1). Whole-body
hyperthermia is achieved by such methods as hot water blankets and thermal chambers. In
theory, it should be used for metastatic cancer where focal hyperthermia would be
ineffective. Regional hyperthermia depends on perfusing with heated liquids — the two
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popular techniques are perfusing the peritoneum with a heated solution of anticancer drugs
for peritoneal cancers such as mesothelioma, and the perfusion of a part of the patient’s
blood, taken out and warmed ex vivo, into an artery supplying the limb containing the tumor
[25,26]. Both whole-body and regional hyperthermia in general result in poor tumor
specificity of treatment. While the toxic effects of hyperthermia are usually not severe,
whole-body hyperthermia often causes gastrointestinal symptoms, such as diarrhea, nausea
and vomiting, and may occasionally have serious cardiovascular side effects, such as
myocardial ischemia, thrombosis and cardiac failure. Regional hyperthermia is invasive and
involves significant challenges in set-up.

Local hyperthermia, in theory, has the advantage of being tumor focused. The three major
methods of generation of local hyperthermia, in order of increasing invasiveness, are
external, luminal and interstitial. Luminal hyperthermia uses special probes placed as close
to the tumor as possible, such as in the lumen of the rectum for treatment of rectal cancers,
whereas interstitial hyperthermia uses a grid of applicators/probes placed into tumor
parenchyma for more uniform tumor heating. Heat sources can be inserted into the probes
and applicators, or the probes can be heated by external heating sources. Generally, these
methods also suffer from moderate to high invasiveness, while the heating of the tumor is
non-uniform, being concentrated more on the probe than elsewhere. Another way in which
this can be achieved is by placing metal antennas (‘seeds’) in the tumor interstitium before
exposure to an external magnetic field. These antennas are elongated devices made of
ferromagnetic material (e.g., iron), which heat up in an alternating electromagnetic field
(detailed later). In this way, the heat for hyperthermia is actually generated inside the tumor
rather than filtering through from outside, and can be readily controlled by simply
controlling the strength of the magnetic field. However, implanting the relatively large seeds
requires an invasive procedure, which adds to the morbidity of the treatment. The seeds may
focus the heating in the immediate locality of the implantation area, with resultant cold spots
elsewhere in the tumor. Placing the seeds in a deep tumor may be difficult and require image
guidance. Finally, it often requires large investments of money because of the requirements
for special electromagnetically shielded rooms and compliance with other federal
regulations. External heating can be achieved either with electromagnetic radiation (e.g.,
microwave, laser and radio-frequency) or high-intensity focused ultrasound, all of which
transduce energy from an external source to pass through the body. One disadvantage of this
method is that energy is deposited in the normal tissues along its path and can result in hot
spots within these tissues. In summary, despite the beneficial effects of adding hyperthermia
to the cancer management regimen, current methods to achieve it are often invasive,
nonuniform or non-specific to the tumor. Clearly, there are opportunities to improve
uniformity and target specificity of heat in a non-invasive or minimally invasive manner.

Nanoparticles for local hyperthermia

The foregoing discussion outlines the promises and pitfalls of established methods of
generating hyperthermia. The continuing quest for a method of hyperthermia that is tumor
focused, minimally invasive, and uniform has led to the investigation of nanoparticles as
conduits for generating hyperthermia (Figure 2). To maximize the energy deposited in the
tumor while limiting the exposure in healthy tissues, tumors can be preferentially loaded
with systemically administered nanoparticles that have a high-absorption cross section for
transduction of an extrinsic energy source to heat. Hyperthermia achieved by this method
has several potential advantages over both global and focal hyperthermia achieved without
nanoparticles.
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Localization of nanoparticles

It has been widely recognized that intravenously administered nanoparticles passively
extravasate from vasculature and preferentially accumulate in tumors but not in normal
tissues. This phenomenon, often referred to as the enhanced permeability and retention
(EPR) effect, is a consequence of the leakiness of immature tumor neovasculature with large
fenestrations and inefficient lymphatic drainage [27,28]. To ensure long circulation times of
nanoparticles for efficient accumulation within tumors, evasion of non-specific
reticuloendothelial capture of these particles can be achieved by rendering them “stealth’
properties via coating them with polyethylene glycol (a process known as PEGylation),
dextran or other biocompatible coatings [29,30]. Additionally, nanoparticles can be
decorated with targeting molecules homing to cancer-specific and cancer-associated
antigens to achieve even greater tumor sensitivity [31-34]. It is to be noted that these
techniques of tumor-specific localization of nanoparticles leads to tumor specific dose
delivery that is independent of invasive procedures adopted in other localized dose-delivery
strategies such as interstitial hyperthermia. Targeted nanoparticles also result in less non-
specific accumulation in the body, enabling a lowering of injected dose of nanoparticles for
the same therapeutic effect and lessening the probability of nanoparticle-mediated toxicity.

‘Inside-out’ hyperthermia

All sources of heat create a temperature gradient in the tissues with the temperature falling
off sharply with distance from the heat source. All external sources of heat-like focused
ultrasound or infrared lamps have a narrow window of effectiveness where the skin surface
is significantly affected before the temperature in the tumor reaches therapeutic levels.
However, unlike all other means of external hyperthermia, the primary source of the heat —
the nanoparticle — is located inside the tumor. This reverses the direction of heat loss — from
inside out and reduces damage to normal tissues while heating up the tumor. Furthermore,
most of the nanoparticles are metallic and consequently have excellent thermal conductivity
that couples and instantly transmits the heat they generate to the surrounding tumor tissue.
Interstitial hyperthermia also relies on generation of heat from within the tumor but uses
larger and more invasively inserted probes within tumors to achieve this.

Vascular-focused hyperthermia

Although all forms of hyperthermia seek to achieve fairly uniform temperatures globally
within tumor parenchyma, a unique feature of nanoparticle-mediated hyperthermia is the
location of nanoparticles in close proximity to tumor vasculature [35]. This results in a
temperature gradient that is maximal at the vascular wall and falls off with distance from the
perivascular space. Consequently, a global tumor parenchymal hyperthermic temperature is
associated with considerably higher focal temperatures (hot spots) along tumor vasculature.
By contrast, other forms of hyperthermia resulting in global tumor parenchymal
hyperthermic temperatures are usually associated with focal cold spots along tumor
vasculature that serve as ‘heat sinks’ for dissipation of heat from tumors. Consequently, the
preferential vascular-focused hyperthermia achievable with nanoparticles has the advantage
of not only causing heat-induced tissue damage of tumor cells but also vascular endothelia,
which, in turn, sensitizes these endothelial cells and tumor cells to subsequent radiation
therapy.

Theranostics

Compared to other forms of hyperthermia, nanoparticle-mediated hyperthermia has the
potential to simultaneously image and treat tumors, an attribute referred to as theranostics,
where therapy and diagnostics are integrated into a single platform. Since nanoparticles
preferentially concentrate in tumors, detecting their presence can potentially be used as a
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means of diagnosing the presence and extent of tumors. The same nanoparticles can then be
used for hyperthermia as part of tumor management. Furthermore, when the nanoparticle is
decorated with tumor-specific targeting molecules that permit precise sensing and imaging
of tumors, subsequent therapy (hyperthermia or thermoablation) can be image-guided.

Combination with other therapies

The fact that nanoparticles afford immense opportunities for engineering their structure —
more, in fact, than any other forms of injectable therapy — can be exploited to combine the
hyperthermia with other therapeutic modalities. For instance, nanoparticles can be laden
with or decorated with drugs, such that near-simultaneous hyperthermia and chemotherapy
(drug release) can be triggered via an extrinsic energy source. Similarly, binding radioactive
tracers to the nanoparticles to achieve a form of brachytherapy serves as a means of
combining hyperthermia and radiation therapy.

These advantages have fueled the quest for ideal nanoparticles for achieving tumor
hyperthermia. The major ones under investigation are reviewed here and include various
forms of gold nanoparticles and superparamagnetic iron oxide nanoparticles (SPIONs) while
carbon nanotubes (CNTSs) are a more recent entrant to this field.

Hyperthermia using gold nanoparticles

Characteristics of gold nanoparticles

Many bulk metals, when reduced to a nanoscale, exhibit optical resonances of their surface
plasmons, a characteristic wavelength (surface plasmon resonance) at which they strongly
absorb and scatter incident light and convert resonant energy to heat. When fabricated in
certain geometries, these plasmon resonances of gold can be tuned to near infrared (NIR)
wavelengths, where this light penetrates deepest within human tissues due to minimal
absorbance by native tissue chromophores [36]. Gold nanoparticles fabricated to have strong
absorption cross sections in the NIR wavelength (up to a million-fold greater than the US
FDA-approved dye indocyanine green) are also highly efficient at converting the absorbed
light into heat. These photothermally activatable gold nanoparticles have many distinct
advantages for clinical applications. First, gold is an inert noble metal that does not react
with biological tissues and is molecularly stable. Second, long-term toxicity concerns are
low due to extensive, decades-long clinical experience with the use of gold for the treatment
of rheumatoid arthritis. Some caution is necessary, however, with extrapolating from larger
microparticles to nanoparticles, as highlighted by a recent study that demonstrated that
administration of large quantities of gold nanoparticles stimulates host immune complement
activation, an effect that was dependent on other factors such as nanoparticle surface
characteristics and structure [37]. Third, NIR activatable gold nanoparticles are within size
regimens that permit tumor-specific accumulation via the EPR effect based on average
vascular fenestrations of 60-400 nm in tumors. Fourth, in addition to passive accumulation
in tumors via the EPR effect, surface bioconjugation for tumor-specific targeting or
PEGylation for reticuloendothelial evasion can be readily performed via thiol linkages on
the surface of these gold nanoparticles. Lastly, gold nanoparticles have the potential for
FDA approval as a device rather than a drug, an attribute that could save significant time and
money for clinical translation. Among a variety of gold nano-structures in use, the most
commonly employed ones are nanoshells and nanorods.

Gold nanoshells—Nanoshells have a core of a different material coated by a thin layer of
gold. The core material is dielectric, with silica being the most common material used. The
resonance frequency is determined by the core:shell ratio. Gold nanoshells (GNSs) are
usually close to 50-150 nm in the diameter and are generally moderately stable in solution,
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especially if stored at low temperatures. Silica-GNSs that are activatable by NIR light tend
to be roughly 150 nm in diameter, with a 120-nm diameter silica core. Extensive
investigations into the safety and tolerability of GNSs have led to greater acceptance of the
biocompatibility of these particles, paving the way for human clinical testing. GNSs are
currently in clinical trials for head and neck cancer and prostate cancer using interstitial
illumination with NIR lasers for thermoablation applications.

Gold nanorods—Gold nanorods (GNRs) are cylindrical nanoparticles made of solid gold
with one dimension several times longer than the other. If the solid gold nanostructure is a
sphere, the optical absorption maximum is in the region of 540 nm and cannot be tuned to
other wavelengths. Hence this formulation is not of much use clinically. However, oblong
forms, with large length:diameter aspect ratios, are tunable to higher wavelengths of light.
The resonant frequency is determined by the aspect ratio, and can be calibrated to the NIR
region. NIR activatable GNRs are much smaller than nanoshells, with typical sizes ranging
approximately 4-5 nm in the longest dimension, usually with an aspect ratio of
approximately 3. To facilitate anisotropic formation of rod-shaped structures during seed-
mediated chemical synthesis of GNRs from spherical gold seed particles and to make them
stable without aggregation in solution, a strongly charged surfactant such as cetyl
trimethylammonium bromide (CTAB) is commonly employed. Since the CTAB dispersed in
solution can be cytotoxic, it is often removed by serial centrifugation or dialysis, processes
that involve a reduction in yield of GNRs or considerable expense. Furthermore, the CTAB
on the surface of the GNRs is also shielded by a biocompatible compound such as PEG or
by cross-linking a polysaccharide (chitosan) with ethylene/propylene-based block
copolymers [38]. Despite some potential challenges with toxicity, GNRs — weight for weight
of gold — possess a superior spectral bandwidth, are better than GNSs in heat generation
from NIR light [39] and have a longer circulation half-life, improving chances for tumor
accumulation.

Gold nanoparticles in cancer therapy

Hirsch et al. [40] were the first to demonstrate the effectiveness of GNS-mediated
thermoablation in a mouse tumor model. While initial efforts used direct injection of GNSs
into subcutaneous tumors, subsequent papers demonstrated that intravenously administered
GNSs accumulated in tumors as early as 6 h after inoculation. Treatment of these animals
with a 800 mW NIR laser emitting at 808 nm at 4 W/cm? for only 3 min resulted in
significant survival difference over non-radiated mice [41]. Improvements in survival have
been demonstrated when the gold nanoparticles are actively targeted to tumors in mice over
passively targeted nanoparticles [42,43]. Several similar results have been demonstrated for
GNRs [44,45]. However, despite promising results, thermoablative monotherapy of tumors
with gold nanoparticles is associated with the possibility of considerable collateral damage
of tissues adjacent to the tumor that are also ablated and lacks a clear advantage over
established techniques such as radiofrequency ablation if interstitial laser fibers are required
for photothermal ablation. Hence, combination therapy of hyperthermia (non-ablative
temperatures) with other modalities is worth investigating.

In our laboratory, we have investigated the effect of modulating ionizing radiation on tumor-
bearing mice using GNS-mediated hyperthermia. When tumors in mice pre-treated with
GNSs are subject to mild temperature hyperthermia (~41°C for 20 min) followed
immediately by a single dose of radiation (10 Gy with 125 kV X-rays) the tumor volume
doubling time was nearly twice that with radiation alone [35]. Tumor volume doubling time
is a metric used to represent tumor growth, which is independent of the initial size of the
tumor; comparison of time taken for tumors to double in volume in the radiation-alone
group versus tumors in a combined treatment group is a commonly employed technique for
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evaluating effectiveness of putative radiation sensitization strategies. The reasons for the in
vivo response were postulated to be caused by an early increase in vascular perfusion of
tumors following hyperthermia. This can be seen using dynamic contrast enhancement of
MRI. However, the results also indicate that it is possible that nanoparticle-mediated
hyperthermia may modulate radiation response by other mechanisms. Relatively large GNSs
leak out of tumor vasculature but fail to penetrate deep into the parenchyma of tumors,
remaining sequestered in the perivascular region. Heating these sequestered GNSs to
generate ‘inside-out” hyperthermia can possibly result in vascular disruption. This was
demonstrated by a loss of microvessel density in the tumor, disruption of normal stromal
architecture and regional areas of necrosis (Figures 3A & B).

A third reason for the effectiveness of the GNS-mediated hyperthermia could be its effect on
cancer stem cells. These tumor-initiating cells are hypothesized to be the primary reason for
treatment failure of tumors as well as being responsible for metastatic spread. In a recent
paper, it was demonstrated that radiation of breast cancer xenografts results in a reduction of
tumor volume but an increase in the proportion of stem cells in the residual tumor whereas
GNS-mediated hyperthermia coupled with radiation resulted in not only a greater reduction
of tumor volume but also a reduction of the proportion of stem cells in the residual tumor.
Furthermore, limiting dilution transplantation of the cancer cells from residual tumors
following combined treatment resulted in a lower frequency of tumor formation than similar
transplantation of cells from residual tumors following radiation alone (Figure 3c).
Overcoming the inherent radio-resistance of cancer stem cells, which are thought to be the
primary reason for therapy failure, provide another important rationale for the addition of
hyperthermia to radiation therapy of tumors [46].

Hyperthermia using SPIONs
Characteristics of SPIONs

Magnetic materials are either permanent magnets (ferromagnetic, like iron) or which only
demonstrate magnetism under the influence of an external magnetic field (paramagnetic). A
new property is obtained when ferromagnetic materials are fabricated on the nanoscale —
that of superparamagnetism. On the nanoscale, the ferromagnetic nanoparticles can
randomly flip the orientation of their magnetic dipoles, a phenomenon that makes them
appear paramagnetic. However, under the influence of an external magnetic field, they align
in the direction of the field, and the resultant magnetic susceptibility is orders of magnitude
higher than that of standard paramagnetic material. When the material for the nanoparticles
is iron oxide (the most common), the nanoparticles are called SPIONs.

In theory, alternating the external magnetic field rapidly would cause the particles to rapidly
flip their magnetic polarity. However, there is some hysteretic loss involved in the flipping,
which manifests as heat. If a tissue (say, a tumor) is pre-loaded with SPIONs and then
subjected to alternating magnetic field (AMF), it will heat up. Several factors will affect the
extent of this heating — the magnitude of the field, the size and characteristic of the SPIONs,
the depth of the tumor within the body and the concentration of SPIONs in the tumor.

The first instance of the treatment of cancer using magnetic iron oxide particles was
probably in 1957 [47]. Since then the synthesis and design of SPIONs have progressed
much. At the heart of the SPION is the magnetic core of iron oxide. Synthesis is usually by
the precipitation of iron salts in the presence of various chemicals, for example ammonia
[48], sodium nitrate/sodium hydroxide [49] or by photochemical methods [50].

Bare SPIONS are rapidly cleared from the blood after intravenous injection and accumulate
in the liver, spleen, and lymph nodes. When biocompatible dextran magnetite nanoparticles
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are injected intravenously in rats, clearance was initially very rapid (half-life of 10 min)
followed by a slower decrease (half-life of 92 min) [51]. In the first 2 h, the particles spread
throughout the body including the liver and the spleen [52]. However, over time, the
particles are scavenged by the reticuloendothelial system and accumulate in the
macrophages of the splenic marginal zone, where there is a steady and rapid increase in
accumulated particles for up to 48 h, followed by a decrease until the end of the observed
period of 25 days. The iron oxide cores sequester as granules in the Kupffer cells of the
liver, leading to a slow increase in accumulated amount.

To enable tumor accumulation, SPIONs need to be coated with or embedded in a polymer
shell. The most common method for this is to embed the SPIONSs in a polymeric
nanoparticle that is hydrophilic. A common polymer for this purpose is dextran [53],
although other polymeric blends, such as p-cyclodextrin and pluronic polymer combination
[48], and chitosan [54], can also be used. Apart from polymers, iron/iron oxide core-shell
nanoparticles are also popular [55,56]. Silica is a popular coat for many varieties of
nanoparticles, including SPIONs [49,57]. However, the resultant particles are often micro-
spheres rather than nanoparticles, with diameters of approximately 20-30 um. These are
used as in situ implants into tumors rather than as intravenous formulations.

Subsequently, to enhance circulation half-life, the dextran coat is often covered by a
monolayer of PEG [55]. Finally, targeting molecules can be attached to enhance specificity
of uptake by cancer cells. For example, folic acid [54,58] can be attached to target folate
receptors in several solid tumors. Addition of folic acid was found to increase the
cytotoxicity against the folate receptor over-expressing KB cells but had little adverse
impact on the A549 cells, which do not possess these receptors. In addition, a novel way of
coating the SPIONSs is the use of gold [59]. The thin gold shell can itself be heated up by
AMF, thus adding to the hyperthermic effect. Indeed, gold-coated SPIONs demonstrated
several-fold higher increases in heat release compared with SPIONs alone. Furthermore,
SPION-mediated hyperthermia can be combined with other strategies to further enhance the
therapeutic outcome. For example, the SPIONs can be coated with thermosensitive polymers
that are loaded with anti-cancer drugs [48,58]. Application of AMF after accumulation of
the SPIONs in tumors would raise the local temperature of the SPIONSs sufficiently to
exceed the critical temperature of the polymers, resulting in drug release.

SPIONSs in cancer therapy

Delivery of adequate amounts of SPIONSs into tumors is a prerequisite for successful
hyperthermia. These can be delivered to possible nests of metastatic cells in lymph nodes by
direct injection into the lymphatic channels draining into the lymph nodes [47].
Subsequently, a number of investigators injected the SPIONSs directly into the tumor as
proof-of-principle experiments. The SPIONSs can be injected in solution, or loaded into
hydrogels and organogels [57].

However, this more invasive method of SPION delivery is not favorable, owing to obvious
difficulties in translating to clinical usage. The favored delivery route is intravenous;
however, successful concentration of nanoparticles into tumors by this route is not easily
achievable. A novel route of delivery is by loading the SPIONSs into cells [56]. In the
experiment described, tumor-tropic neural progenitor cells were loaded with SPIONs and
transplanted into melanoma-bearing mice, whence the cells made their way into the tumors.
Subsequent AMF exposure resulted in tumor regression.

To achieve adequate concentrations in the tumor, SPIONs are sometimes conjugated to
targeting molecules. Triton BioSystems, Inc. (Chelmsford, MA) have developed one such
system of AMF-responsive nanoparticles and targeted these to cancerous tissues by
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conjugating with monoclonal antibodies. The combination of molecular targeting and the
focused AMF field aims to achieve highly sensitive tumor hyperthermia.

The use of heat for cancer can be ablative or sub-ablative. When sub-ablative, it can be used
either as a standalone therapy to delay tumor growth [50] or as a means of radiosensitization
[46]. The degree of heating of the tumor can be controlled by the AMF field. However,
increasing the current in the AMF generator, and thus increasing the AMF field strength,
generates heat in tissues by inductive tissue heating from eddy current losses. This is
independent of the presence of SPIONSs and affects normal tissues in the AMF field. The
raised temperature in the normal tissues limits the extent to which the AMF field can be
increased. In mouse experiments, for example, radiofrequency exposures at 25 kW for 20
min raised the tumor core temperature to 47°C [50].

Another limitation of the use of SPIONSs is the toxicity to normal cells in the absence of
AMF. Biocompatibility studies with dextran and citric acid-coated SPIONSs on human
umbilical-vein endothelial cells [53] demonstrated the expected endocytotic uptake by the
cells, followed by cell death through suspected apoptotic pathways. Even at concentrations
as low as 0.1 mM, the coated SPIONs managed to inhibit migration/invasion functions of
the cells. While cytotoxic effects are strongly dependent on the coating/matrix of the
SPIONSs, the results demonstrated the necessity of thorough cytotoxicity evaluation of any
proposed therapy involving these nanoparticles.

Hyperthermia with CNTs

Characteristics of CNTs

CNTs are unique, (almost) 1D nanomaterials composed of single sheets of graphene rolled
into the shape of a tube. Since the aspect ratio and the direction of rolling can be controlled
at synthesis, the optical properties can also be tuned. Similar to gold nanoparticles, single-
walled CNTs (SWCNTSs) also strongly absorb electromagnetic waves to generate heat.
Instead of plasmon resonance, absorption of light by CNTs results in excitation of electronic
transitions within the nanostructure with relaxation resulting in amplified vibrational modes
within the carbon lattice. There is neither an absorption threshold nor is the absorption a
continuous function of energy, but absorption occurs as discrete tunable and sharp spikes.
Also, unlike gold, CNTs can absorb over a broad frequency range including visible light,
NIR light and even radiofrequency irradiation. The extinction coefficient of such absorption
is much higher than that of common tissue chromophores, such as melanins, hemoglobin
and water [49].

CNTs are very thin cylinders of graphene, which can be synthesized to considerable
variations in aspect ratios. The diameter of the tubes can vary from the nano- to the micro-
scales [60]. Usually the cylinders are SWCNTSs, but more recently multi-walled CNTs
(MWCNTS) have also been investigated for their optical properties. They have been shown
to have enhanced absorption cross-sections when compared with SWCNTSs [61].

CNTs in cancer therapy

Following in the footsteps of the GNRs and SPIONS, the enhanced optical cross section of
CNTs has been investigated for photothermal ablation of cancer cells [61]. This has been
demonstrated in vitro using SWCNTSs [61-63]. Tumor destruction in mouse models of
cancer have also been demonstrated using intratumoral injection of SWCNTSs followed by
NIR irradiation for only 3 min [64]. Similar to gold, not only NIR, but also radiofrequency
fields have been used to generate hyperthermia using SWCNTSs. The required
radiofrequency field was in the megahertz region (13.56 mHz). The in vitro study was
succeeded by in vivo studies using direct intratumoral injection of the nanotubes.
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Hyperthermia using the radiofrequency field resulted in complete necrosis of tumors [65].
Not only SWCNTs, MWCNTSs have also been demonstrated to be effective in tumor
ablation using NIR light. However, unlike SWCNTs, MWCNTSs achieve thermal ablation of
tumors after exposure to only a 30 s burst of NIR light at a relatively low laser power of 3
Wi/cm? [66].

The major stumbling block to more widespread adoption of CNTs is a concern regarding
their toxicity. Exposure of mesothelial and pleural lining to CNTs can result in granulomas
reminiscent of mesotheliomas arising from ashestos exposure [67]. Several factors,
including their propensity to aggregate, and the nature of the surface and functional groups
attached thereof, affect the toxicity of these nanostructures. Although it has been
demonstrated that at low doses CNTS are non-toxic to mice, more detailed studies are
necessary prior to adopting these for clinical use.

There are reports of other nanoparticles beyond these three types, which can potentially be
exploited for hyperthermia. For example, fluorescent quantum dots [68], silver and zinc
nanoparticles and lanthanum manganite particles with impregnated silver ions [69] have
been explored. However, the general principles discussed for the three nanoparticles hold
true in most cases.

Conclusion & future perspective

Hyperthermia results in increasing perfusion of tumors. This results in less hypoxic areas
and a better response to radiation, while also aiding chemotherapy. However, beyond these
traditional effects, nanoparticle-mediated hyperthermia is proving to have additional roles to
play in cancer therapy — from disruption of microvasculature to sensitization of recalcitrant
cancer stem cells to radiation. All this makes quick addition of this therapeutic modality to
the oncologist’s repetoire an important priority.

However, despite the potential role that hyperthermia can play in cancer management it has
not been adequately exploited clinically. There are several reasons for this. Historical
methods of achieving global hyperthermia were cumbersome, non-standardized and non-
specific. More recent methods of generating hyperthermia are still frequently invasive and/
or result in non-uniform temperature elevations within tumors and possible hot spots in
surrounding normal tissues. The breakthrough has been the introduction of injectable
nanoparticles like SPIONs, GNSs and CNTs that made it possible to achieve ablative
temperatures inside highly localized areas of the body, while maintaining other areas at
normal or near-normal temperatures. Nanoparticles provide a promising alternative to the
older techniques to attain tumor hyperthermia.

However, there are several challenges facing the use of nanoparticles for tumor
hyperthermia. A major problem is adequacy and uniformity of accumulation of
nanoparticles at the tumor site. Even with very small nanoparticles, uniform temperature
throughout the core and mantle of the tumor is still difficult to obtain [16]. Nanoparticles do
not readily penetrate uniformly into the poorly vascularized tumor core. Other avenues need
to be explored to find means of raising temperature uniformly in the core.

A second issue hampering the clinical translation of nanoparticles is the issue of quality
control. Nanoparticles made in the laboratory often suffer from intra-batch and inter-batch
variations in size and composition. As nanoparticles become more complex in composition,
the risk of variation increases proportionally. Size distribution of nanoparticles are typically
assessed using dynamic light scattering (e.g., with the zetasizer), but this provides an
estimate of hydrodynamic radius rather than actual diameter. The actual diameter can be
seen from electron microscopy, but only a very small number of nanoparticles can be seen

Ther Deliv. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chatterjee et al.

Page 12

per image and extrapolating size of the full sample from the images can lead to errors. When
nanoparticles are coated with targeting ligands, presence and quantification of the ligands,
and in some cases testing of the functional capabilities, need to be done. Obviously, scaling
up of production for industry will be an issue for complex nanoparticles. However, despite
these obstacles, better methods of nanoparticle synthesis are constantly being reported. Most
commercially available nanoparticles (e.g., the GNSs from Nanospectra, Inc.) are now
available in batches with less than 1% variation in diameters. It is expected that in the near
future we will have more complex nanoparticles being produced with equivalent quality
controls.

A third obstacle in the clinical acceptance of nanoparticles is biocompatibility. The problem
might be considered to be twofold: one of immediate toxicity and one of delayed effects of
retained nanoparticles. Immediate and direct toxicity issues can be resolved using
standardized testing on appropriate animal models. Indeed, most nanoparticles have been
shown to be relatively nontoxic in the doses required for therapeutic effect. Gold, in
particular, has a long history of usage in medical conditions, and GNS have been
demonstrated to be safe in the administered quantities. As a result, clinical trials have been
launched for human testing. However, GNRs have a unique challenge; as mentioned above,
the persistent CTAB in the solution needs to be removed or neutralized before clinical usage
is possible. The more difficult challenge is the question of the long-term fate of the
nanoparticles sequestered in the body. Hepatic and splenic macrophages ingest and store
much of the injected nanoparticles; the long-term consequences of this storage are as yet
uncertain.

Similar to other treatment modalities, such as chemotherapy and radiation, hyperthermia is
most effective when confined to the tumor. While enhanced permeation and retention allows
passive accumulation at tumors, there is also concurrent accumulation in some other tissues,
most notably the liver. This makes use of this technique less effective when dealing with
tumors of the liver and surrounding areas. Accumulation at other areas, though less
prominent, argues for thorough investigation of the biodistribution for each particle
proposed for clinical use.

In conclusion, nanoparticles hold promise as a novel means of generating hyperthermia with
distinct advantages over traditional methods. Comprehensive toxicity evaluations, optimized
methods to ensure uniform, adequate and specific intratumoral delivery and greater dose
deposition at tumors are the challenges that face effective clinical exploitation of
nanoparticle-mediated hyperthermia in tumor treatment.

Key Terms

Antenna An antenna (as used in medical hyperthermia) is a small metal
piece which absorbs radio waves and consequently heats up

Radiofrequency and Radiofrequency waves are electromagnetic waves with the

microwaves rate of oscillation in the range of approximately 3 kHz to 300
GHz; microwaves are a subset at the higher energy end of this
spectrum (300 MHz to 300 GHz)

Theranostic A combination of the terms therapeutic and diagnostic;
usually refers to a device which can perform both functions

Surface plasmon Plasmons are quantized oscillations of free electrons. These

resonance electron waves propagate along the surface of metal
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nanoparticles, and can resonate when photons of certain
wavelength are incident on them

:shell ratio Ratio of the diameter of the core to the thickness of the shell
of core shell nanoparticles. A higher core:shell ratio means a
thinner shell

rparamagnetism Small nanometer-sized ferro- and ferri-magnetic particles
demonstrate no magnetization in the absence of a magnetic
field (unlike similar material in the meso- and macroscopic
scales). These are magnetized in the presence of a magnetic
field (such as paramagnetic material, e.g., gadolinium) but
much more strongly than compared with conventioanl
paramagnets

Graphene Graphene is an allotrope of carbon, where the carbon atoms

are bonded in a honeycomb pattern to form 2D crystalline
planar sheets. The sheet can be rolled into tubes (carbon
nanotubes) or stacked into a 3D sheet (graphite)
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Executive summary

Hyperthermia, a small rise in tumor temperature, alters the cancer cells
(especially the cancer stem cells) and the microenvironment to increase
susceptibility to radiation and chemotherapy.

Specific and uniform elevation of tumor temperature is difficult with whole-
body and regional hyperthermia. Luminal and interstitial local hyperthermia are
invasive, while external radiation may cause skin burns.

Preferential loading of tumors with systemically administered, energy-
transducing nanoparticles allows tumor specificity, heating from within the
tumor, vascular disruption, simultaneous imaging and therapy (theranostics) and
single-platform combination with other therapies.

Three major nanoparticles for generating hyperthermia are gold nanoparticles,
superparamagnetic iron oxide nanoparticles (SPIONs) and carbon nanotubes
(CNTSs).

Gold nanoparticles with strong absorption cross sections in the near infrared

wavelength due to surface plasmon resonance, efficiently generate heat upon
illumination and are inert, stable and readily conjugated to biomolecules for

specific tumor targeting. Two major types are nanoshells and nanorods.

SPIONSs heat up rapidly in an alternating magnetic field depending on the field
strength and frequency, particle concentration and characteristics and the depth
of the tumor within the body.

CNTs are largely unidimensional nanomaterials composed of rolled sheets of
graphene with tunable absorption of electromagnetic waves over a broad
frequency range to generate heat.

Obstacles to clinical exploitation of hyperthermia can potentially be overcome
with nanoparticles providing more efficient methods of generating uniform
heating in tumors with minimal effect on normal tissue.

Challenges facing nanoparticle-mediated tumor hyperthermia include
inadequacy and non-uniformity of accumulation in tumors, especially the core;
lack of quality control in production; perceived toxicity issues; concurrent
accumulation in the liver and other tissues; and thermal modeling/dosimetry.
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Figure 1. Methods of achieving tumor hyperthermia
AMF: Alternating magnetic field
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Figure 2. Relative scale of synthetic nanomaterials as compared with naturally occurring
biomacromolecules and cells
MWNT: Multiwalled carbon nanotubes; RBC: Red blood cell; SPION: Superparamagnetic

iron oxide nanoparticle; SWNT: Single-walled carbon nanotubes.
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Figure 3. Effects of nanoparticle-mediated hyperthermia on tumors in vivo.

(A) In mice with subcutaneously inoculated human colorectal cancer cells, 90 min following
a single 10 Gy dose of radiation therapy using 125 kV x-rays, hematoxylin and eosin-stained
slides of the tumor core show minimal necrosis (left), but addition of gold nanoshell-
mediated hyperthermia (41°C for 20 min immediately prior to radiation) results in
significantly more necrosis (right). Arrows denote size of areas of necrosis within tumors
[35]. (B) On further investigation, the tumor core of mice treated with radiation alone (left)
has classical tissue architecture with central vascular channels surrounded by orderly layers
of cells with decreasing levels of oxygenation with increasing distance — hypoxic areas
(further from vasculature) are stained green and perfused areas are stained blue in this
immunofluorescence image. However, the mice treated with combined hyperthermia and
radiation (right) have tumor cores with complete disruption of normal stromal structure,
suggestive of vascular collapse [35]. (C) In a mouse model of breast cancer, treatment with a
single dose of 6 Gy with or without post-treatment hyperthermia (42°C for 20 min) was
followed by tumor digestion 48 h later and re-implantation in syngeneic mice in limiting
dilutions. For reappearance of tumors, the combined treatment group required more cells re-
implanted in mice than the radiation alone group, suggestive of a greater effect of combined
treatment on putative cancer stem cells. Furthermore, the tumors reappeared as a more
aggressive phenotype in the radiation alone group (left) than the combined treatment group
(right). These results suggest that more efficient elimination of cancer stem cells by
nanoshell-mediated hyperthermia and radiation compared with radiation alone results in
lesser ability to recreate tumors as well as appearance of more differentiated, less aggressive
and more treatable tumors [46].

Figures reproduced with permission from the referenced sources.
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. Summary of Research:

Introduction: Nanoscale features interact with cells at the level of focal adhesion complexes
influencing cell adhesion. In so doing, they can alter cytoskeletal tension and cell differentiation.
Alterations in nanostructures that induce spreading and increase focal adhesion signaling seem to
enhance osteogenic differentiation.” Nanostructures can also directly impact organization of the
cytoskeleton ultimately affecting cellular phenotype, and therefore explicit parameters may be
defined that promote osteogenesis. For instance, cell adhesive motifs spaced 58-73 nm apart proved
optimal for osteoblast adhesion and activation.® Although this was demonstrated in osteoblasts, it
suggests that certain nanostructures may bias mesenchymal and osteogenic differentiation in
populations of pluripotent cells. The objective of this study was to utilize scaffolds with
nanostructures to direct differentiation of human induced pluripotent stem cells (hiPSCs) toward
mesenchymal and ultimately osteogenic fates.

Materials and Methods: Different feature sizes were probed for their ability to elicit mesenchymal
cell differentiation from hiPSCs. Randomly organized nano- and microscaffolds were fabricated by
electrospinning poly(e-caprolactone) (PCL) to fiber dimensions of 400 nm, 5 um, and 10 pm in
diameter. Human iPSCs reprogrammed from IMR-90 human fibroblasts were cultured on structured
scaffolds and on flat, feature-free, PCL for up to three weeks. The cell morphology was characterized
with respect to focal adhesion formation and cytoskeletal organization. The cells were
immunophenotyped for expression of mesenchymal markers such as CD73, CD90, and CD105. The
degree of departure from embryonic-like expression patterns was also characterized by expression of
alkaline phosphatase as well as typical stem cell markers Oct4 and SSEA-4.

Results and Discussion: Scaffold feature size caused morphological differences in hiPSCs and
hiPSC colony formation. Nanostructures seemed to cause focal adhesion clustering and compact
cellular morphologies while microstructured and flat PCL surfaces promoted cell spreading and larger
focal adhesion complexes. (Figure 1) In addition, the microstructures induced expression of typical
mesenchymal stem cell markers (CD73, CD90, CD105), while the nanostructures appeared to inhibit
differentiation of hiPSCs toward mesenchymal lineages.
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Figure 3 Human induced pluripotent stem cells on nanostructured PCL surfaces (A and B), flat PCL
surface (C and D), and 10 um diameter PCL scaffolds (E and F). Vinculin in the focal adhesion sites can
be seen in green with F-actin in red and the nuclei blue, stained with DAPI. CD90 Expression levels after
1 and 3 weeks cultured on micro-and nanostructured PCL compared to tissue culture plastic controls
(G).
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I1l.  Conclusion

The goal of this study was to investigate the influence of scaffolds with nanoscale features on the
generation of mesenchymal stem cells and ultimately osteogenic constructs from hiPSCs. While
it was expected that nanostructures would promote cell differentiation by increasing cell adhesion
signaling due to increased generation of adhesion sites, it appears that nanostructured scaffolds
inhibited spreading and expression of mesenchymal stem cell markers in hiPSCs. Therefore,
judicious incorporation of nanostructures should be observed in the quest for regenerating
mesenchymal tissues like bone.
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Abstract

Significant progress has been made in understanding the hematopoietic supportive capacity of
both mesenchymal stem cells (MSCs) and osteogenic cells in maintaining hematopoietic stem and
progenitor cells (HSPCs) in vitro. However the role of HSPCs in regulating their bone marrow
niche environment through influencing the function of neighboring cell populations to complete
this reciprocal relationship is not well understood. In this study, we investigated the influence of
HSPCs on the osteogenic differentiation of MSCs in vitro, using a highly enriched population of
hematopoietic cells with the phenotype c-Kit"Sca-1*Lineage™ (KSL) and bone marrow derived
mesenchymal stromal cells in direct contact co-culture in medium with or without the addition of
the osteogenic supplement dexamethasone. The data suggest that a low dose of HSPCs in co-
culture with MSCs in combination with dexamethasone treatment accelerates the osteogenic
progression of MSCs, as evidenced in the earlier peak in alkaline phosphatase activity and
enhanced calcium deposition compared to cultures of MSCs alone. We observed a longer
persistence of functional primitive hematopoietic stem and progenitor cells in the population
treated with dexamethasone, and this observation was positively correlated with enhanced
osteogenic differentiation of MSCs. Therefore, our findings further support the concept that
HSPCs are actively involved in regulating the development and maintenance of the stem cell niche
environment in which they reside.

Keywords
Marrow stromal cell; Co-culture; Niche; Osteoblast; Dexamethasone

Introduction

Strategies to effect bone regeneration often seek to leverage select elements of native bone
tissue, such as bone marrow derived stem cell populations or processed bone matrix
components, to provide engines to drive tissue regeneration or structures to support tissue
formation. Experimental approaches commonly employ mesenchymal stem cells (MSCs)
harvested from the marrow to promote bone regeneration, yet other cellular components of
the bone marrow may play an active role in promoting osteogenesis. Indeed, recent evidence
suggests that MSCs together with hematopoietic stem cells form a unique niche in the bone
marrow and function in strong cooperation with each other [1]. Accordingly, key elements
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of the marrow microenvironment present the potential to be harnessed in combination to
promote bone osteogenesis. Understanding the bone marrow microenvironment and
recreating key components or interactions in vitro may enable approaches utilizing culture
expanded stem cells for bone regeneration.

To effectively engineer the marrow microenvironment, it is essential to understand the
interactions between resident cell populations, as intimate contact between supporting cells,
growth factors, and extracellular matrix cues provides a specific microenvironment that
balances stem cell self-renewal versus differentiation and quiescence versus proliferation.
The cellular components comprising the stem cell niche contain a heterogeneous population
of cells, and in addition to hematopoietic progenitors, include multipotent mesenchymal
progenitor cells and osteoblastic cells that may play an integral role within the stem cell
niche. While significant progress has been made in understanding the hematopoietic
supportive capacity of both MSCs and osteogenic cells [2-5], little is known about the
ability of HSPCs to regulate the development and maintenance of their own niche
environment by influencing neighboring cells. Since hematopoietic cells and mesenchymal
populations reside in such close proximity [1], it is widely believed that there is substantial
crosstalk between HSPCs and the other cellular components of the niche [6-8].

HSPCs and their primitive progeny are primarily located proximal to the endosteal surface
of trabecular bone [9, 10]. The exact spatial relationship of HSPCs and stromal progenitor
cells within the marrow is not well defined, but both cell populations coexist in close
proximity within the marrow, suggesting that they play an interactive role in regulating their
microenvironment and influencing the function of the other. HSPC development and
localization is directly influenced by factors synthesized during the osteogenic program of
MSCs. The differentiation of bone marrow stromal cells toward the osteogenic lineage
results in a cascade of events, from the early expression of osteopontin to the development
of a mineralized extracellular matrix. For example, osteopontin which is a potent regulator
of mineralization and one of the most abundant non-collagenous proteins in bone [11], has
been shown as a negative regulator of HSPC proliferation [12, 13], presumably facilitating
the maintenance of a pool of hematopoietic progenitor cells within the marrow. Also, the
mineral phase of bone is integral to the localization and adhesion of HSPCs within the
endosteal niche, as HSPCs lacking the calcium-sensing receptor to detect the ionic content
of the mineral phase do not function normally upon transplantation [14]. These examples
support the concept that MSCs and osteoblastic cells actively regulate the function of
HSPCs. The question remains whether HSPCs participate in completing this reciprocal
relationship and how they influence the development and maintenance of the bone marrow
niche.

Recent reports suggest that HSPCs regulate bone formation through the production of
BMP-2 and BMP-6 [15, 16]. However, these studies emphasize the effect of soluble
signaling as the cell populations were physically separated in culture. Here we investigate
the role of HSPCs in regulating the osteogenic differentiation of MSCs in vitro by
examining the progression of osteogenesis through incorporating direct cell-cell interactions.
Specifically, we evaluated the osteogenic differentiation of MSCs induced by
dexamethasone treatment, in order to direct cells toward the osteoblastic lineage prior to
establishing experimental cultures as with our previous osteogenic studies using rat MSCs
[17, 18], and hypothesized that both cell-cell interactions and paracrine signaling provided
by HSPCs would augment the osteogenic response of MSCs. To investigate our hypothesis,
MSCs were co-cultured in direct contact with HSPCs in medium with or without the
addition of dexamethasone, in order to explore the progression of osteogenesis and examine
how HSPCs participate in the physical development of a mineralized niche environment in
vitro.
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Materials and Methods

Mesenchymal stem cell isolation and expansion

MSCs were isolated from bone marrow collected and pooled from the femurs and tibias of
twenty 8-10 week old C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) according to
previously established methods [19] and approved by the Institutional Animal Care and Use
Committee of Baylor College of Medicine. Mice were anesthetized with isoflurane,
euthanized via cervical dislocation, and then immersed in 70% ethanol. Femurs and tibias
were excised and cleared of soft tissue. Bones were crushed using a mortar and pestle with
Hanks Balanced Salt Solution (HBSS) (Invitrogen, Carlsbad, CA), supplemented with 2%
fetal bovine serum (FBS) (Gemini Bio-Products, West Sacramento, CA), also with the
addition of 1% antibiotics containing 10,000 U/mL penicillin and 10,000 pg/mL
streptomycin (Invitrogen, Carlsbad, CA). The bone marrow suspension was filtered through
a 100 um cell strainer to remove bone debris, followed by a 40 um cell strainer to obtain a
single-cell suspension. Whole bone marrow was plated in tissue culture flasks with general
expansion medium consisting of a-MEM, supplemented with 10% FBS, also with the
addition of 1% antibiotics containing penicillin and streptomycin. Adherent cells were
cultured for 7 days in general expansion medium with medium changes every 3 days.
Following the primary culture period, MSCs were lifted with 0.25% trypsin and plated at
low density for subculture expansion [20]. When confluent, MSCs were lifted and frozen in
aliquots of medium containing 20% FBS and 10% dimethyl sulfoxide (DMSQ). The
adherent cells isolated from whole bone marrow and expanded through subculture will be
referred to as the MSC population in subsequent co-cultures.

Hematopoietic stem and progenitor cell isolation

Following the same procedure described above to collect bone marrow from C57BL/6 mice,
the marrow was alternatively suspended in phosphate buffered saline (PBS), supplemented
with 2% FBS, 2 mM EDTA, and 10 mM HEPES, also with the addition of 1% antibiotics
containing penicillin and streptomycin, then filtered through a 40 um cell strainer to obtain a
single-cell suspension. Whole bone marrow was enriched immunomagnetically for Sca-1+
cells using the EasySep Mouse SCA1 Positive Selection Kit (Stemcell Technologies,
Vancouver, BC, Canada) according to the manufacturer’s instructions. In addition to
labeling cells with phycoerythrin (PE) conjugated Sca-1 as part of the EasySep Kit, cells
were incubated on ice for 20 min with the following antibodies all at 1:100 dilution;
fluorescein isothiocyanate (FITC) conjugated c-Kit (BD Pharmingen, Franklin Lakes, NJ),
PE-Cy5 conjugated Mac-1, Gr-1, CD4, CD8, B220, and Ter-119 (eBioscience, San Diego,
CA, USA) as previously described [21]. Cells were sorted for the cell surface phenotype c-
Kit*Sca-1*Lineage™ (KSL), comprised of hematopoietic stem and progenitor cells, using a
Cytomation MoFlo cell sorter (Dako, Carpinteria, CA). The hematopoietic stem and
progenitor cells isolated and purified from whole bone marrow will be referred to as the
HSPC population in subsequent co-cultures.

MSC-HSPC direct contact co-culture

Cryopreserved MSCs were thawed at 37 °C and plated in tissue culture flasks with general
medium for 24 h, then changed to complete osteogenic medium for an additional 6 days
with medium changes every 2 days for osteogenic pre-culture [17, 18]. Complete osteogenic
medium for osteogenic pre-culture consisted of a-MEM, supplemented with 10% FBS, 10
nM dexamethasone, 10 mM B-glycerophosphate, and 50 mg/L ascorbic acid, also with the
addition of 1% antibiotics containing penicillin and streptomycin. In preparation for cell
seeding, individual wells of 12-well plates were filled with 1 mL of complete osteogenic
medium either with or without the addition of 10 nM dexamethasone. Following the
osteogenic pre-culture period, MSCs were lifted with 0.25% trypsin and seeded into 12-well
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plates at a density of 4 x 104 cells/well, where each well was 3.8 cm?2. After allowing 24 h
for MSCs to attach and form a monolayer, HSPCs were isolated as described above and
seeded into wells designated for direct contact co-culture at either 400 cells/well or 1000
cells/well. The first medium change was performed after 4 days with subsequent medium
changes every 2 days thereafter. Sixteen wells were cultured for each culture group (MSC,
CC400, CC1000) and dexamethasone treatment (—DEX and +DEX) for each culture time (8,
16, 24 days), at the end of which wells were rinsed with PBS in preparation for analysis.
Two wells were fixed for scanning electron microscopy, two wells were stained to visualize
alkaline phosphatase activity, and two wells were stained to visualize calcium deposition.
Four wells were prepared to quantitatively assess cellularity and alkaline phosphatase
activity, four wells to assess calcium content, and two wells to assess colony-forming
capacity in methylcellulose medium.

Scanning electron microscopy

Culture wells for scanning electron microscopy were fixed with 10% neutral-buffered
formalin (Fisher Scientific, Pittsburgh, PA) then rinsed with ddH»O and air-dried. Wells
were cut out from the culture plates using an X-660 Laser Platform laser cutter (Universal
Laser Systems, Morningside, QLD, Australia) and mounted on aluminum stubs with
conductive copper tape. Samples were sputter coated with gold for 1 min prior to imaging
using a Quanta 400 SEM (FEI, Hillsboro, OR).

Staining and light microscopy

Alkaline phosphatase activity was visualized by staining culture wells using a Blue Alkaline
Phosphatase Substrate Kit (Vector Laboratories, Burlingame, CA) according to the
manufacturer’s instructions. Reagents provided with the kit were mixed in recommended
proportions into 100 mM Tris-HCI buffer with pH adjusted to 8.2. Cells were incubated with
500 pL of the substrate solution and developed in the dark for 30 min at 37 °C. Following
the staining procedure where cells expressing alkaline phosphatase were stained blue, wells
were fixed with 10% neutral-buffered formalin then rinsed with ddH,O. Plates were placed
at an angle to air-dry then stored at 4 °C. Cells were imaged using an Imager.Z2 light
microscope with an AxioCam MRc 5 video camera attachment (Zeiss, Thornwood, New
York).

Calcium deposition was visualized by staining culture wells with 40 mM Alizarin Red S
(Sigma-Aldrich, St. Louis, MO) with pH adjusted to 4.1 using ammonium hydroxide [22].
Cells were fixed with 10% neutral-buffered formalin then rinsed with ddH,O. Wells were
incubated with 500 pL of the Alizarin Red S solution for 30 min at room temperature. Wells
were washed four times with 2 mL of ddH,O to remove any unincorporated dye. Calcium
deposits indicative of matrix mineralization on differentiating cells were stained red. Plates
were placed at an angle to air-dry then stored at 4 °C. Cells were imaged using an Imager.Z2
light microscope with an AxioCam MRc 5 video camera attachment.

Biochemical assays

Cells from individual culture wells were lifted with 0.25% trypsin and placed in separate
microcentrifuge tubes. Cell pellets were washed with PBS then 500 pL of ddH,O was
added. Cells were lysed via three repetitions of a freeze and thaw cycle, where samples were
frozen in liquid nitrogen for 10 min, thawed in a 37 °C water bath for 10 min, and sonicated
for 10 min.

As a measure of cellularity, double-stranded DNA was quantified using the fluorometric
PicoGreen assay (Invitrogen, Carlsbad, CA) with DNA standards [23]. Fluorescence was
measured on an FL %800 plate reader (BioTek, Winooski, VT). DNA content is reported as
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pg of DNA per well to assess cellularity. Alkaline phosphatase activity was determined by
quantifying the enzyme-mediated dephosphorylation of the substrate p-nitrophenol
phosphate to p-nitrophenol in a colorimetric assay (Sigma-Aldrich, St. Louis, MO) with p-
nitrophenol standards [24]. Absorbance was measured on a PowerWave x340 plate reader
(BioTek, Winooski, VVT), with concentrated samples diluted as necessary to ensure
absorbance readings within the linear range of the assay. Normalized alkaline phosphatase
activity (ALP/DNA) was calculated by dividing alkaline phosphatase activity over DNA
content for each sample and is reported as pmol per h per pg DNA as an early marker for
osteogenic differentiation.

Calcium content was determined by quantifying free calcium ions in a colorimetric assay by
first adding 500 uL of 1 N acetic acid directly into each culture well. After allowing calcium
deposits to dissolve, samples were collected and wells were rinsed with an additional 200

ML of 1 N acetic acid. Calcium was quantified using the calcium assay (Genzyme,
Cambridge, MA) with calcium chloride standards [25]. Absorbance was measured on a
PowerWave x340 plate reader, with concentrated samples diluted as necessary to ensure
absorbance readings within the linear range of the assay. Fold change in calcium content at
each time point was calculated by normalizing calcium content to that of MSCs alone within
each respective dexamethasone treatment to assess matrix mineralization as a late marker for
osteogenic differentiation.

Colony-forming assay

Cells from individual culture wells were lifted with 0.25% trypsin and placed in separate
microcentrifuge tubes. The colony-forming capacity of HSPCs after each co-culture period
was assessed by plating cells in Methocult GF M3434 methylcellulose-based medium
(Stemcell Technologies, Vancouver, BC, Canada), then counting the number of colonies
formed after 14 days [26]. Individual samples were first counted using a hemocytometer,
aliquots of 104 total cells were plated in 35 mm low attachment culture dishes (Stemcell
Technologies, Vancouver, BC, Canada) with 1.1 mL of Methocult GF M3434, and then
incubated for 14 days. Following the incubation period, colonies were counted using gridded
scoring transparencies on a Stemi 2000 C stereomicroscope (Zeiss, Thornwood, New York).
Colony-forming unit counts are reported as colonies per 10* total cells to assess the number
of functional hematopoietic stem and progenitor cells remaining within the total cell
population after co-culture.

Statistical analysis

Biochemical assay results to assess cellularity, alkaline phosphatase activity, and calcium
content are reported as mean + standard deviation for n = 4. A three-factor ANOVA was
first performed to determine significant main effects or interactions between culture group
(MSC, CC400, CC1000), dexamethasone treatment (—DEX and +DEX), and culture time (8,
16, 24 days). Multiple pairwise comparisons were then made using the Tukey procedure to
determine significant differences. All statistical analyses were performed at a significance
level of 5%.

Colony-forming assay results are reported as mean + standard deviation for n = 4. A two-
factor ANOVA was first performed to determine significant main effects or interaction
between dexamethasone treatment (—DEX and +DEX) and culture time (8, 16, 24 days).
Multiple pairwise comparisons were then made using the Tukey procedure to determine
significant differences. All statistical analyses were performed at a significance level of 5%.
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The influence of HSPCs on the osteogenic differentiation of MSCs in vitro was evaluated
through direct contact co-culture with or without the addition of dexamethasone. Total DNA
content per culture well was used to assess overall cellularity and proliferation throughout
the culture period (Figure 1). Cellularity remained constant over time at approximately the
initial seeding density for cultures of MSCs alone with dexamethasone (MSC+), whereas an
increase in cellularity was observed from 8 to 16 days for cultures of MSCs alone without
dexamethasone (MSC-). Unlike cultures of MSCs alone, cellularity increased over time for
all co-cultures regardless of dexamethasone treatment, with significant differences compared
to MSCs alone at 16 and 24 days within both dexamethasone treatments. Co-cultures with
dexamethasone (CC400+ and CC1000+) resulted in lower cellularity at 16 and 24 days
compared to those without dexamethasone (CC400— and CC1000-).

Scanning electron micrographs were taken to visualize the surface morphology of culture
wells with MSCs alone and MSCs and HSPCs in co-culture, as well as changes in the
overall topography over time (Figure 2). MSCs spread over the surface of culture wells
forming a monolayer while HSPCs maintained a rounded phenotype. In short-term co-
culture over 8 days, HSPCs appeared to grow on the surface of MSCs. In long-term co-
culture over 24 days, HSPCs seemed to incorporate into the cell layer with MSCs. The
cultures acquired a rough texture after 24 days with the development of mineralized
extracellular matrix containing mineral nodules.

Alkaline phosphatase expression and activity was used to assess early osteogenic
differentiation of cells in culture. Light micrographs were taken of culture wells stained blue
to visualize qualitatively the ALP expression of MSCs alone and MSCs and HSPCs in co-
culture after 8 days (Figure 3). All cultures showed positive expression of ALP with fairly
even distribution within the culture wells overall. Microscopy images revealed that most of
the spread MSCs express ALP with varying intensities of blue staining, while the rounded
HSPCs did not appear to express ALP as evident in the lack of blue staining
macroscopically. The alkaline phosphatase activity was also measured for each group and
normalized to DNA content (ALP/DNA) to quantitatively reflect early osteogenic
differentiation (Figure 4). ALP/DNA remained constant over time at approximately the
initial level at seeding for cultures of MSCs alone without dexamethasone, whereas ALP/
DNA increased significantly in the first 8 days and peaked at 16 days for cultures of MSCs
alone with dexamethasone. Although co-cultures without dexamethasone showed the same
trend and ALP/DNA levels as MSCs alone, those with dexamethasone resulted in a peak in
ALP/DNA at 8 days.

Calcium content as compared to MSCs within each respective dexamethasone treatment was
used to assess late osteogenic differentiation of cells in culture qualitatively by microscopy
(Figure 5) and quantitatively via a calcium assay (Figure 6). Light micrographs were taken
of culture wells stained red to visualize qualitatively the calcium deposition of MSCs alone
and MSCs and HSPCs in co-culture after 24 days (Figure 5). Although all cultures showed
calcium deposition with varying intensities of red staining, the distribution of calcium
deposits within the culture wells varied overall. Blank regions lacking calcium deposits were
most apparent for co-cultures without dexamethasone, whereas calcium deposition appeared
more evenly distributed for co-cultures with dexamethasone. Microscopy images revealed
that the blank regions indeed had functional cells growing which did not stain red for
calcium deposits. Further, a calcium assay was applied to determine quantitatively the fold
change in calcium content as compared to MSCs within each respective dexamethasone
treatment (Figure 6). Only the low dose co-culture group with dexamethasone (CC400+)
showed a significant difference in calcium content compared to MSCs alone with
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dexamethasone (MSC+). Fold change in calcium deposition for CC400+ was 5.8 + 1.2 fold
higher than MSC+ at 8 days and 5.5 £ 2.8 fold higher than MSC+ at 16 days. Interestingly,
there was no significant difference at 24 days.

Colony-forming cell growth in methylcellulose medium was used to assess the colony-
forming capacity of HSPCs after co-culture (Figure 7). Although the number of
hematopoietic stem and progenitor cells significantly decreased in the first week of co-
culture as compared to the initial HSPC population following FACS analysis prior to
seeding (99.4 + 11.6 colony-forming units per 10* total cells), more colonies remained with
dexamethasone treatment in short-term co-culture. After 8 days of co-culture, colony-
forming unit counts per 10* total cells for CC400+ was 35.3 + 12.4 and for C400— was 3.3 +
1.3. While dexamethasone treatment resulted in this significant difference in colony counts
at 8 days, the number of colonies decreased over extended culture periods.

Discussion

The objective of this study was to investigate the influence of HSPCs on the osteogenic
differentiation of MSCs through direct contact co-culture, to better understand the
interactions of cellular components comprising the stem cell niche under in vitro culture
conditions. This study was designed to evaluate the osteogenic differentiation of MSCs in
vitro induced by dexamethasone treatment, and to examine how the inclusion of HSPCs in
co-culture would augment this differentiation response by providing a niche
microenvironment consisting of both direct cell-cell interactions and paracrine signaling.

Recent studies have reported that HSPCs actively participate in bone formation by
producing BMP-2 and BMP-6 [15], especially when activated by elevated erythropoietin
levels induced by acute bleeding [16]. Frequently in studies investigating the crosstalk
between HSPCs and MSCs, the effect of soluble signaling is emphasized as HSPCs are
cultured separately from MSCs in the top chambers of transwell plates then assessed for
osteoblastic colony formation at the end of culture [15, 27]. Although inclusion in the
present study of non-contact co-cultures of MSCs osteogenically induced by dexamethasone
treatment and HSPCs may have provided a base-line regarding the effects of soluble
signaling between HSPCs and MSCs in vitro, it is known that HSPCs and MSCs reside in
close physical association to form a unique niche in the bone marrow [1]. Accordingly, the
focus of the present study was to mimic the direct HSPC-MSC contact in the stem cell niche
under in vitro conditions, and to examine osteogenic differentiation of MSCs in contact co-
culture with HSPCs following induction via dexamethasone treatment. Indeed, here we
investigated the progression of osteogenesis from induction to mineralized matrix
production by incorporating direct cell-cell interactions in addition to paracrine signaling,
which allowed us to examine the extent to which HSPCs participate in the physical
development of a mineralized niche environment in vitro.

Our results showed that HSPCs influenced the osteogenic differentiation of MSCs under in
vitro culture conditions with dexamethasone. We observed that low doses of HSPCs co-
cultured in direct contact with MSCs and exposed to dexamethasone treatment, reduced
overall cellular proliferation, stimulated early alkaline phosphatase activity, and enhanced
calcium deposition, thus supporting the progression of osteogenic differentiation in vitro.
Additionally, qualitative morphological observations from light microscopy and scanning
electron microscopy suggest the presence of physical interactions between HSPCs and
differentiating MSCs throughout the progression of osteogenesis in vitro, which may be
examined in greater detail in future studies.
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Cellularity and proliferation throughout the culture period was evaluated by quantifying total
DNA content per culture well. Cultures of MSCs alone, particularly with dexamethasone
treatment, maintained similar cellularity over 24 days of culture. Since cells were induced
toward osteogenic differentiation in vitro with dexamethasone, we expect to see minimal
proliferative activity as cells transition to an osteoblastic phenotype [28]. Although in all co-
culture groups, the overall cell population rapidly proliferated, dexamethasone treatment
significantly reduced cellularity after 16 and 24 days of culture. Qualitative morphological
observations from light microscopy and scanning electron microscopy suggest that the
HSPC population proliferated quickly in co-culture, while the MSC population maintained a
confluent cell layer, which may have supported the growth and retention of HSPCs in vitro.
Over an extended culture period, however, HSPCs appeared to incorporate into the cell layer
with MSCs, where they could possibly outcompete MSCs for space and nutrients. While in
this study, the contribution of each cell population to the overall change in cellularity over
time was not specifically assessed, we consider that HSPCs proliferate much more rapidly
than MSCs in co-culture, as MSCs and osteogenic cells are often used as feeder layers to
expand hematopoietic cell numbers ex vivo due to their supportive role in the stem cell niche
[2-5]. However in those applications, dexamethasone is not included as a culture
supplement, and thus the effects of co-culture in combination with dexamethasone on
HSPCs in vitro are not known. Studies investigating glucocorticoid treatment through
intraperitoneal injections have shown hematoprotective effects of dexamethasone,
promoting the quiescence of stem cells as seen in the maintenance of high colony-forming
cell numbers even after cytotoxic chemotherapy [29, 30]. In exploring how HSPCs affect the
progression of MSCs initiated toward osteogenic differentiation via dexamethasone
exposure, we observed that dexamethasone may play a role in maintaining hematopoietic
stem and progenitor cells in vitro. This is evidenced in the higher number of functional
hematopoietic stem and progenitor cells within the total cell population that remain
following short-term co-culture with dexamethasone, albeit those colony-forming cells
decrease significantly in number over extended culture periods. Although the expansion of
HSPCs ex vivo was not the focus of this current study, we found that dexamethasone as a
culture supplement may be worth exploring in order to optimize co-culture conditions to
permit the sustained expansion of HSPCs ex vivo.

Alkaline phosphatase activity was used as an early marker for osteogenic differentiation as
enzyme levels peak during the onset of osteogenic differentiation then decrease as cells
progress toward an osteoblastic phenotype [28]. Dexamethasone treatment induced a
significant increase in ALP/DNA in the first 8 days for all culture groups. While MSCs
alone showed a clear peak in ALP/DNA at 16 days, the data suggest that the peak in ALP/
DNA for co-culture groups may have occurred sooner within the first 8 days of culture,
since ALP/DNA levels were already declining after 8 days. Thus, these trends in ALP/DNA
imply that dexamethasone indeed promotes osteogenic differentiation with a characteristic
peak in the profile of alkaline phosphatase expression we typically observe in our osteogenic
cultures [31-33], and that co-culture with HSPCs accelerates the osteogenic differentiation
of MSCs in their transition to an osteoblastic phenotype.

Since cell populations were not separated following co-culture, total alkaline phosphatase
activity of the entire cell population as a whole was evaluated qualitatively via microscopy.
Through macroscopic inspection following the staining procedure to visualize ALP
expression at 8 days, HSPCs did not appear to stain for ALP activity, as most of the staining
was much more apparent and intense for the MSCs. While we do not know how the HSPC
population contributes to quantitative ALP measurements, ALP expression has been
documented for rare hematopoietic cells, particularly plasma cells as terminally
differentiated B-cells [34]. This may account for the higher levels of total ALP detected
qualitatively for co-cultures without dexamethasone, as the colony-forming assay revealed
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that cells rapidly differentiated into mature hematopoietic lineages within the first week of
culture without dexamethasone treatment, as evident in the lower numbers of functional
hematopoietic stem and progenitor cells remaining within the total cell population after co-
culture.

Calcium deposition was used as a late marker for osteogenic differentiation, as cells with an
osteoblastic phenotype deposit increasing amounts of extracellular matrix, which
mineralizes over time [28]. Since mouse MSCs were expanded through a brief osteogenic
pre-culture period with dexamethasone in order to direct cells toward the osteoblastic
lineage prior to establishing experimental cultures as with our previous osteogenic studies
using rat MSCs [17, 18], this transient exposure may have initiated osteogenic progression
with sustained effects even after the removal of dexamethasone in subsequent experimental
cultures, similar to what has been documented for human MSCs [35]. Thus, the sustained
effects of dexamethasone in initiating a pre-osteoblastic phenotype likely contributed to the
calcium deposition qualitatively observed in our experimental cultures without
dexamethasone. Interestingly, there is a qualitative difference in the distribution of cell
populations and calcium deposits within co-cultures not treated with dexamethasone.
Mineralized extracellular matrix appears to be localized to the MSC population, with large
regions of the cultures wells occupied by the HSPC population that did not stain for calcium,
in contrast to the more even staining seen for co-cultures treated with dexamethasone.

When the quantitative calcium data for co-culture groups are normalized to that of MSCs
alone within each respective dexamethasone treatment and considered as fold change in
calcium content, it is apparent that, in combination with dexamethasone treatment, a low
dose of HSPCs in fact enhance calcium deposition at early time points. Over an extended
culture period, the signaling effects of HSPCs, which seem to accelerate osteogenic
progression, dissipate as MSCs in all culture groups treated with dexamethasone converge to
an osteoblastic phenotype. From the colony-forming assay, we see that it is the primitive
hematopoietic stem and progenitor cells remaining in the total cell population following co-
culture that exert this stimulatory effect on the osteogenic differentiation of MSCs. On the
contrary, if HSPCs differentiate into mature hematopoietic lineages in co-culture, then those
hematopoietic cells lose their ability to augment the osteogenic progression of MSCs. Our
findings in this study support the concept that not only do osteoblastic cells play a
supportive role in maintaining hematopoietic cells, but that there is a reciprocal relationship
whereby hematopoietic cells regulate osteoblastic cell function as active participants in the
maintenance and development of the stem cell niche [15, 27]. Interestingly, there appears to
be an optimal cell density to achieve enhanced mineralization under co-culture conditions,
as may be the case in the physiological environment where the balance between cell
populations affects overall cell function and tissue morphology. Furthermore, in modeling
the osteogenic development of MSCs through dexamethasone exposure, we observed that
not only does dexamethasone assist in directing cells towards recreating a mineralized
microenvironment in vitro via brief exposure in pre-culture, but dexamethasone may also
promote the maintenance of functional hematopoietic stem and progenitor cells in short-term
co-culture, perhaps through direct action on HSPCs or indirectly through promoting the
osteogenic development of MSCs that in turn act upon HSPCs. However, further
investigation is warranted to determine whether MSCs or osteogenically differentiated
MSCs constitute a sufficient environment to support the hematopoietic function of HSPCs
[2, 3, 36]. Nevertheless, our investigation into the reciprocal relationship between the two
major cell populations comprising the bone marrow niche under in vitro culture conditions
may facilitate the development of tissue engineering strategies further optimizing co-culture
parameters to achieve expansion of hematopoietic cells ex vivo. Understanding the
development of the bone marrow microenvironment and recreating key components or
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interactions in vitro brings us a step closer towards the realization of medical therapies
utilizing culture expanded stem cells.

Conclusion

In this work, we demonstrated that primitive hematopoietic stem and progenitor cells
enhance the osteogenic differentiation of mesenchymal stem cells through both cell-cell
interactions and paracrine signaling as facilitated through dexamethasone treatment in vitro.
We were able to examine how HSPCs participate in the physical development of a
mineralized niche environment through direct contact co-culture with MSCs. This study
further supports the concept that HSPCs actively regulate the development and maintenance
of the stem cell niche environment in which they reside.
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Figure 1.

Total DNA content of wells cultured with MSCs alone (MSC) or MSCs and HSPCs in co-
culture (CC) at specified seeding densities (400 or 1000 HSPCs seeded onto 40,000 MSCs)
either with (+) or without (—) the addition of dexamethasone. Data are presented as mean +
standard deviation for n = 4. Within a specific treatment group, significant difference (p <
0.05) compared to MSCs at seeding and between time points is noted with (#). Within each
culture group at a specific time point, significant difference (p < 0.05) between
dexamethasone treatment is noted with (1). Within each dexamethasone group at a specific
time point, significant difference (p < 0.05) compared to MSCs alone is noted with (*), with
significant difference (p < 0.05) compared to all other groups noted with (**).
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Figure 2.

Representative scanning electron micrographs of wells cultured with MSCs alone (MSC) or
MSCs and HSPCs in co-culture (CC) either with (+) or without (=) the addition of
dexamethasone after 8 days (A-D) and 24 days (E-H). Arrows indicate areas of
mineralization showing mineral nodules. The scale bar represents 100 um for all images
with insets showing a 3x magnified view of HSPCs (B, D, F and H) and MSCs or mineral
nodules (A, C, E and G) in more detail.

J Orthop Res. Author manuscript; available in PMC 2012 October 1.
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Figure 3.

Alkaline phosphatase staining of wells after 8 days of culture with MSCs alone (MSC) or
MSCs and HSPCs in co-culture (CC) at specified seeding densities (400 or 1000 HSPCs
seeded onto 40,000 MSCs) either with (+) (D—F) or without (—) (A—C) the addition of
dexamethasone. The scale bar represents 200 um for all microscopy images, save insets.
Bottom-left insets (A—F) show the overall alkaline phosphatase staining of the wells, and
top-right insets (B, C, E and F) show a 3x magnified view (with respect to the respective
main images) of co-cultures, with arrows indicating apparent HSPCs.

J Orthop Res. Author manuscript; available in PMC 2012 October 1.
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Figure 4.

Alkaline phosphatase activity MSCs alone (MSC) or MSCs and HSPCs in co-culture (CC)
at specified seeding densities (400 or 1000 HSPCs seeded onto 40,000 MSCs) either with
(+) or without (—) the addition of dexamethasone. Plots show alkaline phosphatase activity
normalized to DNA content. Data are presented as mean + standard deviation for n = 4.
Within a specific treatment group, significant difference (p < 0.05) compared to MSCs at
seeding and between time points is noted with (#). Within each culture group at a specific
time point, significant difference (p < 0.05) between dexamethasone treatment is noted with
(T). Within each dexamethasone group at a specific time point, significant difference (p <
0.05) compared to MSCs alone is noted with (*), with significant difference (p < 0.05)
compared to all other groups noted with (**).
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Figure 5.

Alizarin Red staining of wells after 24 days of culture with MSCs alone (MSC) or MSCs
and HSPCs in co-culture (CC) at specified seeding densities (400 or 1000 HSPCs seeded
onto 40,000 MSCs) either with (+) (D—F) or without (=) (A—C) the addition of
dexamethasone. The scale bar represents 200 um for all microscopy images, and arrows
indicate apparent HSPCs. Insets show the overall Alizarin Red staining of the wells.
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Figure 6.

Calcium content of wells cultured with MSCs alone (MSC) or MSCs and HSPCs in co-
culture (CC) at specified seeding densities (400 or 1000 HSPCs seeded onto 40,000 MSCs)
either with (+) or without (—) the addition of dexamethasone. Plots show fold change in
calcium content as compared to cultures with MSCs for each dexamethasone treatment at
each time point. Data are presented as mean = standard deviation for n = 4. Within a specific
treatment group, significant difference (p < 0.05) between time points is noted with (#).
Within each culture group at a specific time point, significant difference (p < 0.05) between
dexamethasone treatment is noted with (). Within each dexamethasone group at a specific
time point, significant difference (p < 0.05) compared to MSCs alone is noted with (*), with
significant difference (p < 0.05) compared to all other groups noted with (**).

J Orthop Res. Author manuscript; available in PMC 2012 October 1.
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Figure 7.

Colony-forming unit counts of colonies derived in methylcellulose medium from the total
cell population after co-culture (CC) at the specified seeding density (400 HSPCs seeded
onto 40,000 MSCs) either with (+) or without (—) the addition of dexamethasone. Data are
presented as mean + standard deviation for n = 4. Within a specific treatment group,
significant difference (p < 0.05) between time points is noted with (#). Significant difference
(p < 0.05) between dexamethasone treatment is noted with ().

J Orthop Res. Author manuscript; available in PMC 2012 October 1.



Alliance for NanoHealth (ANH) NASA/DOE
Graduate Student Research Training Fellowship 2009
Final Report

Name: Elizabeth O. McCullum

Institution: Baylor College of Medicine

Project Title: De novo Evolution of Anti-breast Cancer Peptide Therapeutics for Nano-
based Drug Delivery

The preparation to begin research aims began with the organization, ordering
and design of the immediate planned experiments. This includes the
purchasing of equipment, chemicals and other materials pertinent to
fulfilling immediate experiments. The first several months were spent
designing the library that would be used to select Rad21 peptide mimics,
designing the mock library that would be used to test the mRNA display
experiments in the lab and finally performing and optimizing preliminary
experiments that would set the foundation for future work. In order to move
the project forward to gain insight into specific aims two and three, we
decided to use a peptide from the evolutionary trace experiment to test
following the aforementioned experimental design.

Experiments:

Western blotting

The Western blotting technique is commonly used to identify proteins
as a result of their ability to recognize and bind specific antibodies. This
analysis of a reaction mixture can specifically detect a protein of interest.
Regardless of the source, this technique will provide information on protein
size and the amount that is expressed. However, the antibody used for
detection must be specific for the protein of interest to overcome the possible
discrepancies associated with non-specific proteins in the mixture.
Furthermore, a secondary antibody with a fluorescent tag, binds to the
primary antibody to indicate the presence of the initial protein in the
solution.

WB analysis of the Rad21 Smc1 interaction in solution this pull-down assay
was used to demonstrate the positive control used to compare the Rad21
mimic inhibition with the standard Rad21 Smc1 interaction. (Figure 1.) Both
proteins, Rad21 and Smcl, were synthesized in a coupled
transcription/translation (TnT) reaction. The Rad21 protein is encoded with a
HA-tag on the N-terminus, while the SMC1 has a Myc tag at its C-terminus.
These constructions allowed for the two proteins to interact with their
respective C- and N- termini. Moreover, this allows for blotting with a variety



McCullum, E. O.

of antibodies. The antibodies used consisted of Rad21 monoclonal (mAb) and
polyclonal antibodies (pAb), Myc mAb, HA pAb and SMC1 pAb.

The assay will also be able to contribute to other lab endeavors as means to
probe for other key Rad21 protein interactors, which play a critical role in
cancer cell proliferation.

This was a learning endeavor for me considering I have not preformed an
experimental WB in quite some time. I was also responsible for determining
buffer conditions for providing the proteins with an environment conducive to
binding. Although, this took more time than expected I was able to
successfully generate data.

Molecular Cloning: Constructing the solid phase selection molecule: SMC1-
GST plasmid

This series of experiments required use of several molecular biology
techniques. I decided to use a SMC1-GST tagged protein to serve as the
selection step. This could possibly be the most important step of the selection,
therefore a large amount of this construct is needed with high purity. As a
result, I designed two plasmid construction strategies to get optimal amounts
and quality of this target.

Mock Selection:

mRNA display is an in vitro selection technique that allows for the
1dentification of peptide and protein sequences with desired properties from
either a natural protein library or a combinatorial peptide library. The
defining feature of this technique is the ability to covalently link the
polypeptide chain to the 3’ end of its encoding mRNA sequences. This is
accomplished by synthesis and in vitro translation of an mRNA template
with puromycin attached to its 3’ end using a short DNA linker. Upon the
puromycin entering the ribosome a peptide bond is made between the
molecule and the nascent peptide. Since the genotype coding sequence and
the phenotype polypeptide are now covalently linked, each will present at the
selection step despite stringent conditions. Furthermore, the ability for this
system to sift through large diverse libraries increases the probability of
isolating a rare functional sequence.

The mock selection is in the process of being preformed with a single modified
Rad21 sequence containing the conserved region of the protein sequence.
Using this single sequence I have generated the DNA template using a
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traditional enzymatic Klenow extension reaction. Using this DNA template, I
optimized PCR conditions for a fully functional DNA template to be used in
the subsequent in vitro transcription reaction. After transcription, I have
preformed a cross-linking reaction. This is one of the more challenging steps

of any selection. This reaction is approximately 50% efficient and therefore
generates only small amounts of cross-linked mRNA. (Figure 3)

Due to the slow progression of overcoming some of the challenges of working
with RNA, a fragile molecule, my advisor and I have discussed using the
evolutionary trace experiments to generate peptides for preliminary tests and
optimization for planned experiments in specific aims two and three.
Unfortunately, resources and time would prevent me from identifying
peptides to fulfill the entire research proposal. It is my hope that the work
completed will continue with in my postdoctoral lab as initially written to
complete the selection for identification of Rad21 mimics that will disrupt the
Rad21-SMC1 interaction of the Cohesin complex and couple them to a nano-
delivery system.
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Binding Buffer 1 Binding Buffer 4
(BB1) 1X TBS (BB4)

Bound Fraction
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Fig. 1. (a) Rad21 positive ctrl 4deg/RT in 1X TBS (b) SMC1 post. Ctrl w/ Myc
beads/Negt. Ctrl with HA beads in 1X TBS (c) HA-RADZ21 incubation with Myc beads
used for a negative control in 1X TBS (d) Smc1-MT pull down with HA-Rad21 beads in

a variety of buffer conditions for optimal binding conditions.
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Fig 2. SMC1-GST tag construction strategies. (a) Insertion of the SMC1
sequence using sticky end ligation. (b) Insertion of SMC1 protein using

bliunt end ligation.
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Full length
DNA product

mRNA transcript

Free nucleotides

Cross-linked mRNA
Free mRNA

Fig. 3. (a) PCR amplification of the full-length DNA from Klenow
extension reaction run on a 1% agarose gel for quantification. (b)
mRNA transcript during denaturing PAGE purification after an in

vitro transcription reaction. (c¢) Cross-linked mRNA during
denaturing PAGE purification.
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Short Bio

Dr. Andreas Jordan founded MagForce Nanotechnologies AG and serves on its management
board as chief scientific officer, with responsibility for all research and development
activities. He began his career with studies in biology at the Free University of Berlin,
followed by further studies in biochemistry at the Technical University of Berlin. His doctoral
dissertation in 1993 addressed the production of nanoparticles and their application for
cancer therapy. This pioneering work was based on research which began in 1987, long
before the subject of nanotechnology had achieved any international significance. He
subsequently managed scientific projects for the Berlin’s Virchow Clinic (now Charité) as well
as for the Institute for Diagnostic Research, a subsidiary of Schering.

Dr. Jordan has already delivered more than 500 scientific lectures about Nano-Cancer’
therapy. He has authored more than 45 articles for peer-reviewed scientific journals and has
cleared the way for twelve families of international patents, some of which have been
licensed. His contacts to NASA, the National Cancer Institute (NCI), the Institute of
Nanotechnology (IoN), the U.S. Food and Drug Administration (FDA), and such renowned
U.S. hospitals as the University of California, San Francisco (UCSF), the Cleveland Clinic
Foundation (CCF) and Duke University, as well as throughout Asia, continue to provide an
essential foundation for his professional activities through the world.



NanoTherm® Therapy

Andreas Jordan

MagForce Nanotechnologies AG, Max-Dohrn-Str. 8-10, 10589 Berlin, Germany,

Thermotherapy using magnetic nanoparticles (NanoTherm® therapy) is a new
approach for the local treatment of solid tumors and one of the first clinical applications
of nanotechnology in cancer therapy. The principle of the method is the direct
introduction of a dispersion of magnetic nanoparticles (NanoTherm®) into a tumour and
their subsequent activation by an 100 kHz alternating magnetic field (NanoActivator™)
to produce heat. The magnetic fluid consists of superparamagnetic iron-oxide
nanoparticles (iron concentration 112 mg/ml) with a mean diameter of 12 nm and an
aminosilane type shell.

In a phase Il clinical trial, 59 patients with glioblastoma recurrences received local
thermotherapy combined with fractionated stereotactic radiotherapy with a median
dose of 30 Gy in a median fractionation of 5x2 Gy/week.

Median overall survival after diagnosis of first tumour recurrence was 13.4 months
(95% CI: 10.6—16.2 months) and 23.2 months (95% CIl 17.2 — 29.2 months) after
primary tumour diagnosis compared to 6.2 and 13.4 resp. of a historical control. Due to
this positive outcome, MagForce received European regulatory approval for its medical
products NanoTherm and NanoActivator for the treatment of brain tumours.

Two other clinical trials are currently recruiting patients: A feasibility study for the
treatment of non resectable pancreatic carcinoma in combination with chemotherapy
and an efficacy study on prostate carcinoma in combination with low dose rate
brachytherapy.

Currently a new generation of nanoparticles is being developed, which can offer even
greater therapeutic potential to the NanoTherm therapy. Through modification of the
nanoparticle surface with functional drug delivery systems, it is possible to combine
hyperthermia with chemotherapy. Additionally, in order to develop multifunctional
nanocarriers with multiple therapeutic applications, MagForce is also exploring the use
of targeting ligands with tumour localizing properties along with stealth coatings for

systemic administration.
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Pioneer of atomic force microscopy Christoph Gerber was
instrumental in the invention of both the scanning tunneling
microscope and the atomic force microscope. The atomic force
microscope and Atomic Force Microscope (AFM) offers a resolution,
you can use to represent individual atoms. It works on many, even
non-conductive materials, which is why it took the world in many
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medicine and engineering dissemination. The invention of new
microscopes in the eighties was groundbreaking and has
revolutionized research in many areas sustainably. Today, Gerber
explores with his research group at the Swiss Nanoscience Institute
various applications and developments of the atomic force
microscope cantilever and the associated technology for the
measurement of features and properties in the nano world of biology
and chemistry.
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Christoph Gerber

Co-founder of the Basel nanoscience Born in 1942 in Basel physicist
started his scientific career in the research department of the company
Contraves in Sweden. He then worked for many years in the IBM
research laboratory in Switzerland, Germany and the United States. In
2001 he founded together with Prof. Dr. Hans-Joachim Gulintherodt the
NCCR Nanoscience in the Department of Physics, University of Basel,
Is from 2006, the Swiss Nanoscience Institute (SNI) emerged. Since
then he has the SNI the University of Basel as a research group
leader and director of scientific communication.

Pioneer of atomic force microscopy Christoph Gerber was
instrumental in the invention of both the scanning tunneling
microscope and the atomic force microscope. The atomic force
microscope and Atomic Force Microscope (AFM) offers a resolution,
you can use to represent individual atoms. It works on many, even
non-conductive materials, which is why it took the world in many
disciplines such as physics, biology, nanotechnology, chemistry,
medicine and engineering dissemination. The invention of new
microscopes in the eighties was groundbreaking and has
revolutionized research in many areas sustainably. Today, Gerber
explores with his research group at the Swiss Nanoscience Institute
various applications and developments of the atomic force microscope
cantilever and the associated technology for the measurement of
features and properties in the nano world of biology and chemistry.

The cantilever technique allows to understand the precision and
accuracy the nature of molecular dimensions in the laboratory. By
measuring tiny forces, it was possible, for example, to determine
specific interactions between molecules. This also enabled new
approaches for studies on genetic material and to partially vital
proteins. Thus a completely new research area has been developed
that gives a deeper insight into the nano world. The utilization of the
cantilever technique for highly sensitive nano-thermal sensors or for
the detection of magnetic resonance allows to investigate much



smaller areas with higher accuracy than with conventional magnetic
resonance imaging. Thus, for example, bacteria and demonstrate their
resistance to antibiotics, making the traditional Petri dish can be
efficiently replaced.

Internationally renowned scientist Prof. Dr. Christoph Gerber is highly
regarded internationally, and his scientific excellence has been
recognized with a variety of academic titles and memberships. The
University of Basel, honored the outstanding scientific achievements
of Prof. Gerber in 1987 with the award of an honorary doctorate from
the Faculty of Natural Sciences.

Gerber's pioneering work has been cited over 21,000 times. He is one
of the world's hundred most cited physicists. About his immediate
scientific work, he has been heavily involved through newspaper
articles, television programs and participation in public events to
communicate scientific findings to a wider public.
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Most drugs available today for treatment of major diseases such as cancer and
inflammation have a limited therapeutic etficacy as they need to reach higher
levels at the disease sites in order to improve therapeutic efficacy, and a lower
level at the normal-healthy tissues so they will be less toxic. Such achievement

will bring us closer to the "Magic Bullet" concept suggested by the famous scientist
Paul Ehrlich.

Recent developments of novel Nanotechnology based approaches enables to
load high level of many drugs into various types of nanoparticles and
especially into nano (~100 nm) liposomes leading to the development of nano-
drugs. These nano-liposomes are sacs in which an envelope (a membrane)
composed of phospholipids surround small amount of water in which high
level of drug is encapsulated. The mechanism of drug loading allows
achieving a controlled drug release. Our better understanding of the micro-
anatomy of diseased tissues and blood vessels in these tissues combined with
and of lipid biophysics enable to improve nanoparticles selectivity (passive
targeting) leading them to concentrate at the disease sites, slowly releasing

their drugs there, thereby improving therapeutic efficacy, and reducing
* toxicity. This presentation will focus on few such nano-drugs based on ~100
' ALLI AN CE nm liposomes as DDS. The first one is our nano liposomes based anticancer
/ 0 r drug Doxil™, which is the first nano-drug approved by the US FDA. Doxil
shows superior pharmacokinetics, improved therapeutic etficacy and reduced
/ N AN O H E A I TH toxicity when used to treat ovarian, breast, Kaposi sarcoma and multiple
=N / ﬁf? myeloma cancers. Means to improve Doxil performance, as well as other
A4 4 liposomal anti cancer nano-drugs and anti-inflammatory liposomal nano-drug
(all at the last stages of preclinical development) will also be discussed. If
time permit, the presentation will also deal with the scientist (inventor /

developer) selection of the optimal commercialization venue of novel nano-
drugs.
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Professor Yechezkel (Chezy) Barenholz
Head of Membrane and Liposome Research Lab, Hebrew University Hadassah
Medical School, POB 12272, Jerusalem 91120, Israel,

Short Biography

Professor Barenholz (Daniel G. Miller Professor in Cancer Research) received his
Ph.D. at the Hebrew University-Hadassah Medical School, Jerusalem in 1971. He is
on the faculty of the Hebrew University since 1968 and was promoted to a Professor
on 1981. He was a visiting Professor at the Department of Biochemistry, University of
Virginia School of Medicine, Charlottesville VA, USA from 1973 to 2005; a Donders
Chair Professor at The Faculty of Pharmacy, University of Utrecht, The Netherlands,
on 1992; a Visiting Professor at the University Kyoto University (Kyoto, Japan, 1998);
at La Sapeinza University (Roma, Italy, 2006); Jaiotung University (Shanghai, China,
2006); Kings College (London, UK, 2006);and, Danish Technical University (DTU,
Copenhagen, 2010). His current basic research focuses on composition, structure,
function relationships of biological membranes with special focus and contributions
related to sphingolipids. His applied research deals with development of drug
delivery systems (DDS) and drugs based on such DDS including vaccines and
nucleic acids’ delivery systems. This is exemplified by Doxil™ development (together
with Professor Alberto Gabizon and SEQUUS Pharmaceuticals, Menlo Park CA,
USA).The anticancer drug Doxil™ (Caelyx™ in Europe) is the first FDA approved
nano drug and the first FDA approved liposomal drug (1995). It is distributed today
all over the world by Johnson and Johnson. Doxil is having yearly sales exceeding
half a Billion dollars. Professor Barenholz with help of others founded based on
Barenholz inventions the following start up companies:1. NasVax Ltd (now a public
company on the Israeli stock market), a vaccines' developing company now in clinical
trials of Influenza vaccine which is based on VaxiSome™, which is based on
Barenholz invented polycationic sphingolipid adjuvant; 2. Moebius medical which
develops liposomes’ based medical device for treatment of osteoarthritis; and 3.
LipoCure Ltd for the development of liposomal nano drugs for treatment of cancer
and inflammatory diseases [rheumatoid arthritis (RA) and multiple sclerosis (MS)].
Professor Barenholz is a coauthor in more than 350 scientific publications and a co-
inventor in more than 30 approved patent families. He was an executive editor of
Progress in Lipid Research and he is on the editorial board of 4 scientific journals.
Professor Barenholz was awarded few prizes including twice the Kaye award (1995
& 1997), Alec D. Bangham (the Liposome field founder) award (1998), and Teva
Founders Prize (2001). On 2003 Professor Barenholz founded (from Doxil royalties)
the "Barenholz Prize" for Israeli Ph.D. students to encourage excellence and
innovation in applied science of Israeli students.

Professor Yechezkel Barenholz Lecture Summary
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Targeted Nanodrugs: the Drugs of the 21 Century?

Most drugs available today for treatment of major diseases such as cancer and
inflammation have a limited therapeutic efficacy as they need to reach higher levels
at the disease sites in order to improve therapeutic efficacy, and a lower level at the
normal-healthy tissues so they will be less toxic. Such achievement will bring us
closer to the "Magic Bullet" concept suggested by the famous scientist Paul Ehrlich.

Recent developments of novel Nanotechnology based approaches enables to
load high level of many drugs into various types of nanoparticles and especially into
nano (~100 nm) liposomes leading to the development of nano-drugs. These nano-
liposomes are sacs in which an envelope (a membrane) composed of phospholipids
surround small amount of water in which high level of drug is encapsulated. The
mechanism of drug loading allows achieving a controlled drug release. Our better
understanding of the micro-anatomy of diseased tissues and blood vessels in these
tissues combined with and of lipid biophysics enable to improve nanoparticles
selectivity (passive targeting) leading them to concentrate at the disease sites, slowly
releasing their drugs there, thereby improving therapeutic efficacy, and reducing
toxicity. This presentation will focus on few such nano-drugs based on ~100 nm
liposomes as DDS. The first one is our nano liposomes based anticancer drug
Doxil™, which is the first nano-drug approved by the US FDA. Doxil shows superior
pharmacokinetics, improved therapeutic efficacy and reduced toxicity when used to
treat ovarian, breast, Kaposi sarcoma and multiple myeloma cancers. Means to
improve Doxil performance, as well as other liposomal anti cancer nano-drugs and
anti-inflammatory liposomal nano-drug (all at the last stages of preclinical
development) will also be discussed. If time permit, the presentation will also deal
with the scientist (inventor / developer) selection of the optimal commercialization
venue of novel nano-drugs.



*
The Alliance for Nanohealth Presents: g ALLIANCE for

o2y NANOHEALTH

Microengineered Hydrogels for Stem Cell
Bioengineering and Tissue Regeneration

Monday
August 13

2012

12:00 p.m.— 1:00 p.m.

N The Methodist Hospital
N\ Research Institute
Boardroom, R2-311

www.methodisthealth.com/tmhri_events

Micro- and nanoscale technologies are emerging as powerful tools
for controlling the interaction between cells and their surroundings
for biological studies, tissue engineering, and cell-based screening. In
addition, hydrogel biomaterials have been increasingly used in
various tissue engineering applications since they provide cells with a
hydrated 3D microenvironment that mimics the native extracellular
matrix. In our lab we have developed various approaches to merge
microscale techniques with hydrogel biomaterials for directing stem
Al i Kh a d emh 0SS eini Ph D cell differentiation and generating complex 3D tissues. In this talk, I

J o o will outline our work in controlling the cell-microenvironment
interactions by using patterned hydrogels to direct the differentiation
of stem cells. In addition, I will describe the fabrication and the use

Associate Professor,

Center for Biomedical Engineer ll’lg p Depar tment of microscale hydrogels for tissue engineering by using a ‘bottom-up’
of Medicine, Brigham and Women’s Hospital, and o top-down approach. Lop-down approaches for fabricating
. : complex engineered tissues involve the use of miniaturization

Harvard Medical SChOOL Cambr ldgE, MA techniques to control cell-cell interactions or to recreate biomimetic
Harvard-MIT Division of Health Sciences and microvascular networks within mesoscale hydrogels. Our group has

‘ 1 ' - h ' h

Technology, MIT, Cambridge, MA rssembly of shane.controlled celldaden microgels (6. tissu

Wyss Institute for Biologically Inspired building blocks), that resemble functional tissue units. In  this
Engineering, Harvard University, BOStOﬂ, MA approach, microgels were fabricated and seeded with different cell

types and induced to self assemble to generate 3D tissue structures
with controlled microarchitecture and cell-cell interactions.
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Ali Khademhosseini Biosketch

Ali Khademhosseini is an Associate Professor at Harvard-MIT's Division of Health Sciences and Technology
(HST), Brigham and Women’s Hospital (BWH) and Harvard Medical School (HMS) as well as an Associate
Faculty at the WYyss Institute for Biologically Inspired engineering. He is also a Junior Principal Investigator at
Japan’s World Premier International — Advanced Institute for Materials Research (WPI-AIMR) at Tohoku
University where he directs a satellite laboratory. In addition he is an adjunct faculty at the Biomedical
Engineering Department at the University of Texas at Austin and an eminent scholar at Kyung Hee University
in Korea.

His research is based on developing micro- and nanoscale technologies to control cellular behavior with
particular emphasis in developing microscale biomaterials and engineering systems for tissue engineering.
Currently, his laboratory is developing technologies to control the formation of vascularized tissues with
appropriate microarchitectures as well as regulating stem cell differentiation within microengineered systems.
He has edited 4 books and 4 journal special issues and is an author on over 200 articles in peer reviewed
journals, 39 book chapters, 160 abstracts, and 16 patent/disclosure applications. His work has been published in
journals such as PNAS, JACS, Advanced Materials, Nature Materials, Biomaterials and Lab on a chip and
highlighted in Nature, Scientific American and Technology Review Magazines. As of June 2012, he has been
cited over 6800 times and has an H-index of 43. Also, he has been invited to give nearly 150 seminars and
keynote lectures.

Dr. Khademhosseini’s interdisciplinary research has been recognized by over 30 major national and
international awards. He has received early career awards from three major engineering discipline societies:
electrical (IEEE Engineering in Medicine and Biology Society (EMBS) award and IEEE Nanotechnology
award), chemical (Colburn award from the American Institute of Chemical Engineers) and mechanical
engineering (Y.C. Fung award from the American Society of Mechanical Engineers). He is also the recipient of
the Presidential Early Career Award for Scientists and Engineers (PECASE), the highest honor given by the US
government for early career investigators. In 2011, he received the Pioneers of Miniaturization Prize from the
Royal Society of Chemistry for his contribution to microscale tissue engineering and microfluidics. In addition,
he has received the young investigator awards of the Society for Biomaterials (SFB), the Tissue Engineering
and Regenerative Medicine International Society-North America (TERMIS-NA) and the American Society for
Engineering Education (ASEE). He has also received the Viktor K. Lamer award, the Unilever award and the
BIOT Young Investigator award of the American Chemical Society, the International Union of Pure and
Applied Chemistry (IUPAC) Polymer Award and has been recognized by major governmental awards including
the NSF Career award and the Office of Naval Research young investigator award. In 2007, he was named a
TR35 recipient by the Technology Review Magazine as one of the world’s top young innovators. He has also
received major recognitions from other organizations including the Society for Laboratory Automation and
Screening (SLAS) Innovation Award, a Sloan fellowship as well as the IAMBE and the Coulter foundation
early career awards. For his PhD work he received the BMW Scientific Award, considered as one of the most
prestigious international prizes for a young scientist of any field. He is also a fellow of the American Institute
of Medical and Biological Engineering (AIMBE) reserved for the top 2% of the biomedical engineers in the
United States.

Dr. Khademhosseini is highly interested in training students and postdoctoral fellows for which he received the
MIT’s Outstanding Undergraduate mentor. Seventeen of his previous trainees remain as faculty in academia at
institutions including Harvard University-Massachusetts General Hospital, Brigham and Women’s Hospital,
University of California-Riverside, University of Pittsburgh, INSERM, National Hsin-Chu University, Hanyang
University, Singapore National University, Inha University and Tsinghua University.

Dr. Khademhosseini is an Associate Editor for the International Journal of Nanomedicine, as well as
Biomedical Microdevices and a Principal Editor of the journal Nano LIFE. He is also the Associate editor for
research highlights for Lab on a Chip. He also serves as a member of the editorial boards of numerous journals
including the Small, Tissue Engineering (Parts A, B and C), Journal of Tissue Engineering and Regenerative
Medicine, Reviews on Biomedical Engineering, Biomicrofluidics, Biomedical Materials, Journal of
Biomaterials Science-Polymer Edition and Biofabrication. He is the chair of the Bionanotechnology Technical
Activities Committee for the IEEE-EMBS. He received his Ph.D. in bioengineering from MIT (2005), and
MASc (2001) and BASc (1999) degrees from University of Toronto both in chemical engineering.
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