Curriculum Vitae

Jimena G. Dancy
University of Maryland School of Medicine
Graduate Program in Life Sciences
Molecular Medicine Program
655 W. Baltimore St, BRB 8-010
Baltimore, MD 21201
Email: jimenadancy@gmail.com
Education
2013-2018

2007-2011

Ph.D. in Molecular & Cellular Cancer Biology
University of Maryland School of Medicine
Baltimore, MD
Dissertation: “Fn14-targeted, Tissue-penetrating
Treatment of Primary and Metastatic Tumors”

Nanoparticles

for

B.A. in Public Health
Concentration in Biological Sciences
Johns Hopkins University Krieger School of Arts & Sciences
Baltimore, MD

Professional Experience
March 2014 –
April 2018

Graduate Research Assistant, Translational Therapeutics Research
Group, Department of Neurosurgery
Mentors: Jeff Winkles, Ph.D., Anthony Kim, Ph.D., Graeme Woodworth,
M.D.
 Determine the thresholds for nanoparticle (NP) size and PEG density for
effective tumor penetration
 Determine the efficacy of novel NP drug delivery systems in vitro and
in vivo as targeted therapies for primary and metastatic triple negative
breast cancer
 Formulate targeted NPs for improved penetration, cellular uptake, and
tumor retention in invasive gliomas

June 2011 –
May 2013

Laboratory Research Technologist, The Johns Hopkins University School
of Medicine, Department of Upper Aerodigestive Cancer
Mentor: Christine Chung, M.D.
 Investigated epithelial-to-mesenchymal transition as a common
resistance mechanism of dalotuzumab and cetuximab exposure in head
and neck cancer (HNC) cell lines grown in mice
 Determined whether overexpression of certain cancer-specific
microRNAs could enhance cellular proliferation in HNC cells
 Maintain mouse colonies and oversee transgenic mouse model

October 2009 –
May 2011

Undergraduate Research Assistant, The Johns Hopkins University School
of Medicine, Department of Otolaryngology
Mentor: Rafael Guerrero Preston, Ph.D.
 Identified methylated and downregulated biomarkers for early detection
and progression monitoring of premalignant lesions in cervical cancer
 Helped run correlation analyses to determine the association between
HPV infection, DNA methylation, and cervical cancer status

Volunteering & Leadership Roles
September 2015 – Co-founder – Molecular Medicine Program Student Advisory
April 2018
Committee
University of Maryland School of Medicine
 Plan and organize meetings and events to educate, socialize, and build
camaraderie between PhD students within the program
August 2014 – Volunteer – Molecular Medicine Program recruitment, new student
April 2018
orientation, and Big Brother/Big Sister Program
University of Maryland School of Medicine
 Give presentations about the graduate program and campus life
 Serve as a Big Sister to three incoming graduate students during different
years to help welcome them to graduate school and aid them in whatever
they may need during their studies.
October 2015 – President – Meyerhoff Fellowship Graduate Student Association
September 2016
University of Maryland School of Medicine, Baltimore, MD
 Submitted funding applications to the Graduate Student Association and
University Student Government Association
 Supervised and mitigated tasks to the executive board and assisted with
planned programs
 Planned board and general body meetings to discuss the budget,
activities, and any ways to serve our students and surrounding
communities
November 2014 – Secretary – Meyerhoff Fellowship Graduate Student Association
September 2015
University of Maryland School of Medicine
 Recorded minutes of each general council and executive board meetings
 Generated flyers and announcements for different events
 Assisted other board members with coordinating programs and activities
June 2014 –
Translator – Esperanza Center, Catholic Charities of Baltimore
June 2017
 Spanish to English interpreter at a Baltimore free health clinic
September 2009 – Children’s Health Project Volunteer – SALUD Undergraduate Chapter
May 2011
Johns Hopkins University
 Enrolled eligible uninsured children in public health insurance programs




Learned the necessary requirements and qualifications for Medicaid and
CHIP enrollment
Matched children with community pediatricians that offered language
and culturally appropriate services for Spanish-speaking patients

September 2007 – Translator – SALUD Undergraduate Chapter
May 2011
Johns Hopkins University
 Spanish to English interpreter at a Baltimore free health clinic
September 2007 – Tutoring Volunteer – Refugee Group Project
May 2008
Johns Hopkins University
 Tutored refugee children in Baltimore
 Helped with homework assignments and English interpretation
Tutoring & Mentoring Experience
2016 – 2017

Participate in mock qualifying exams for Molecular Medicine Program
Ph.D. students
University of Maryland School of Medicine
 Read Ph.D. candidacy exam proposals and provide feedback and
example questions for qualifying exams

2014 – 2017

Laboratory Mentor for undergraduate interns
Nathan Schnaper Summer Research Intern Program & UM Scholars
Intern Program
University of Maryland School of Medicine
 Directly mentor interns in the lab (including designing an 8 week
project, teaching lab protocols and techniques, aiding in completing a
final presentation)
o Haelee Pettingil (Summer 2014) – B.S. from St. Mary’s College of
Maryland (2015)
o Adip Bhargav (Summer 2015) – B.S. from University of Maryland
College Park (2016)
o Arjun Adapa (Summer 2015) – B.S. from University of Maryland
College Park (2016); Fulbright Scholar at University of Groningen
(2017)
o Nathalie Chen (Summer 2016) – Undergraduate student at Carnegie
Mellon University (expected graduation May 2018)
o Jay Swayambunathan (Summer 2016) – Undergraduate student at
University of Maryland College Park (expected graduation May
2018)
o Sara Barlow (Summer 2017) – Undergraduate student at Grand
Valley State University (expected graduation May 2018)

January 2010 – Tutor – Public Health Biostatistics
May 2010
Johns Hopkins University
 Tutor students on weekly material, problem sets, and help prepare for
midterms and exams
September 2007 – Tutor – Spanish, Department of German and Romance Languages
May 2009
Johns Hopkins University
 Help student comprehend weekly material
 Prepare homework and write and practice oral presentations
 Study for written and verbal exams.
Awards & Fellowships
2016 – 2018
2013 – 2018
2017
2015

Selected for Support by NIH T32 Training Grant in Cancer Biology
Meyerhoff Graduate Research Fellowship
UMB Otani Award, Runner up
AAPS Innovation in Biotechnology Award, Sponsored by
Genentech, American Association of Pharmaceutical Scientists (coauthor on selected paper)

Professional Society Memberships
American Association of Pharmaceutical Scientists (AAPS)
Controlled Release Society (CRS)
American Association for Cancer Research (AACR)
Publications (Note: Last name changed from Perez to Dancy in mid-2016)
Peer-reviewed Journal Articles
1. Hersh DS, Peng S, Dancy JG, Galisteo R, Eschbacher JM, Castellani RJ, Heath
JE, Legesse T, Kim AJ, Woodworth GF, Tran NL, Winkles JA. (2018) Differential
expression of the TWEAK receptor Fn14 in IDH1 wild-type and mutant gliomas.
J. Neuro-Oncology, Epub ahead of print.
2. Wadajkar AS*, Dancy JG*, Roberts NB, Connolly NP, Strickland DK, Winkles
JA, Woodworth GF, Kim AJ. (2017) Decreased non-specific adhesivity, receptortargeted (DART) nanoparticles exhibit improved dispersion, cellular uptake, and
tumor retention in invasive gliomas. J. Controlled Release 267:144-153.
*Co-first author
3. Dancy JG, Wadajkar AS, Schneider CS, Mauban JRH, Woodworth GF, Winkles
JA, Kim AJ. (2016) Non-specific binding and steric hindrance thresholds for
penetration of particulate drug carriers within tumor tissue. J. Controlled Release
238:138-48.
4. Hersh DS, Nguyen BA, Dancy JG, Adapa AR, Winkles JA, Woodworth GF, Kim
AJ, Frenkel V. (2016) Pulsed ultrasound expands the extracellular and perivascular
spaces of the brain. Brain Research 1646:543-50.

5. Schneider CS, Perez JG, Cheng E, Zhang C, Mastorakos P, Hanes J, Winkles JA,
Woodworth GF, Kim AJ. (2015) Minimizing the non-specific binding of
nanoparticles to the brain enables active targeting of Fn14-positive glioblastoma
cells. Biomaterials 42:42-51.
6. Cheng H, Fertig EJ, Ozawa H, Hatakeyama H, Howard JD, Perez J, Considine M,
Thakar M, Ranaweera R, Krigsfeld G, Chung CH. (2015) Decreased SMAD4
expression is associated with induction of epithelial-to-mesenchymal transition and
cetuximab resistance in head and neck squamous cell carcinoma. Cancer Biol.
Ther. 5:1-7.
7. Chung CH, Lee JW, Slebos RJ, Howard JD, Perez J, Hang H, Fertig EJ, Considine
M, Gilbert J, Murphy BA, Nallur S, Paranjape T, Jordan RC, Garcia J, Burtness B,
Forastiere AA, Weidhass JB. (2014) A 3’ KRAS-variant is associated with cisplatin
resistance in patients with recurrent and/or metastatic head and neck squamous cell
carcinoma. Ann. Oncol. 25:2230-6.
8. Michailidi C, Soudry E, Brait M, Maldonado L, Jaffe A, Ili-Gangas C, BrebiMieville P, Perez J, Kim MS, Zhong X, Yang Q, Valle B, Meltzer SJ, Torbenson
M, Esteller M, Sidransky D, Guerrero-Preston R. (2014) Genome-wide and genespecific epigenomic platforms for hepatocellular carcinoma biomarker
development trials. Gastroenterol. Res. Pract. 2014:597164.
9. Guerrero-Preston R, Hadar T, Ostrow KL, Soudry E, Echenique M, Ili-Gangas C,
Pérez G, Perez J, Brebi-Mieville P, Deschamps J, Morales L, Bayona M, Sidransky
D, Matta J. (2014) Differential promoter methylation of kinesin family member 1a
in plasma is associated with breast cancer and DNA repair capacity. Oncol. Rep.
32:505-12.
10. Brebi P, Maldonado L, Noordhuis MG, Ili C, Leal P, Garcia P, Brait M, Ribas J,
Michailidi C, Perez J, Soudry E, Tapia O, Guzman P, Muñoz S, Van Neste L, Van
Criekinge W, Irizarry R, Sidransky D, Roa JC, Guerrero-Preston R. (2014)
Genome-wide methylation profiling reveals Zinc finger protein 516 (ZNF516) and
FK-506-binding protein 6 (FKBP6) promoters frequently methylated in cervical
neoplasia, associated with HPV status and ethnicity in a Chilean population.
Epigenetics 9:308-17.
11. Howard JD, Cheng H, Perez J, Ratner R, Fertig EJ, Considine M, Ochs MF, Slebos
RJ, Weidhaas J, Chung CH. (2013) miRNA array analysis determines miR-2005 is
overexpressed in head and neck squamous cell carcinoma and enhances cellular
proliferation. J. Cancer Res. Ther. 1:153-62.
12. Brebi-Mieville P, Ili-Gangas C, Leal-Rojas P, Noordhuis MG, Soudry E, Perez J,
Roa JC, Sidransky D, Guerrero-Preston R. (2012) Clinical and public health
research using methylated DNA immunoprecipitation (MeDIP): A comparison of
commercially available kits to examine differential DNA methylation across the
genome. Epigenetics 7:106-12.
Review Articles
1. Wadajkar AS, Dancy JG, Hersh DS, Anastasiadis P, Tran NL, Woodworth GF,
Winkles JA, Kim AJ. (2017) Tumor-targeted nanotherapeutics: Overcoming
treatment barriers for glioblastoma. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 9:e1439.

2. Hersh DS, Wadajkar AS, Roberts NB, Perez JG, Connolly NP, Frenkel V, Winkles
JA, Woodworth GF, Kim AJ. (2016) Evolving drug delivery strategies to overcome
the blood brain barrier. Curr. Pharm. Des. 22:1177-93.
3. Perez JG, Tran N, Rosenblum M, Schneider C, Connolly N, Kim AJ, Woodworth
GF, Winkles JA. (2016) The TWEAK receptor Fn14 is a potential cell surface
portal for targeted delivery of glioblastoma therapeutics. Oncogene 35: 2145-55.
4. Schneider CS, Bhargav AG, Perez JG, Wadajkar AS, Winkles JA, Woodworth
GF, Kim AJ. (2015) Surface plasmon resonance as a high throughput method to
evaluate specific and non-specific binding of nanotherapeutics. J. Controlled
Release 219:331-44.
Conference Presentations (Note: Last name changed from Perez to Dancy in mid-2016)
Oral Presentations
1. Perez JG, Wadajkar AS, Schneider CS, Mauban JRH, Woodworth GF, Winkles
JA, Kim AJ. (2016) Non-specific binding and steric hindrance thresholds for
penetration of particulate drug carriers within tumor tissue. 2016 Controlled
Release Society (CRS) Annual Meeting, Seattle, WA.
2. Perez JG, Wadajkar AS, Schneider CS, Mauban JRH, Woodworth GF, Winkles
JA, Kim AJ. (2016) Non-specific binding and steric hindrance thresholds for
penetration of particulate drug carriers within tumor tissue. Annual Cancer Biology
Research Retreat, University of Maryland School of Medicine (UMSOM),
Baltimore, MD.
Poster Presentations
1. Dancy JG, Wadajkar AS, Woodworth GF, Winkles JA, Kim AJ (2017) Optimizing
nanoparticle surface properties for improved therapeutic efficacy against Fn14positive triple-negative breast cancer tumors. 2017 American Association for
Pharmaceutical Scientists (AAPS) Annual Meeting. San Diego, CA.
2. Dancy JG, Wadajkar AS, Roberts NB, Connolly NP, Strickland DK, Winkles JA,
Woodworth GF, Kim AJ (2017) Directing biodegradable nanoparticles to Fn14positive glioma cells improves intracranial tumor retention. 2017 AAPS Annual
Meeting. San Diego, CA.
3. Dancy JG, Wadajkar AS, Woodworth GF, Winkles JA, Kim AJ (2017) Optimizing
nanoparticle surface properties for improved therapeutic efficacy against triplenegative breast cancer tumors. Annual Cancer Biology Research Retreat, UMSOM,
Baltimore, M.D.
4. Dancy JG, Wadajkar AS, Woodworth GF, Winkles JA, Kim AJ (2017) Optimizing
nanoparticle surface properties using SPR for improved therapeutic efficacy against
triple-negative breast cancer tumors. American Association for Cancer Research
(AACR) Annual Meeting Washington, D.C.
5. Dancy JG, Wadajkar AS, Schneider CS, Mauban JRH, Woodworth GF, Winkles
JA, Kim AJ (2016) Non-specific binding and steric hindrance thresholds for

penetration of nanoparticles carriers within tumor tissue. Graduate Program in
Molecular Medicine Research Retreat, UMSOM, Baltimore, MD.
6. Perez JG, Wadajkar AS, Schneider CS, Mauban JRH, Woodworth GF, Winkles
JA, Kim AJ. (2016) Non-specific binding and steric hindrance thresholds for
penetration of particulate drug carriers within tumor tissue. AACR Annual
Meeting, New Orleans, LA.
7. Perez J, Schneider CS, Connolly N, Winkles JA, Woodworth GF, Kim AJ (2015)
Development of biodegradable Fn14-targeted nanoparticles for controlled drug
delivery for invasive brain tumors. AACR Advances in Brain Cancer Research
Meeting, Washington D.C.
8. Perez J, Schneider CS, Connolly N, Winkles JA, Woodworth GF, Kim AJ (2015)
Development of biodegradable Fn14-targeted nanoparticles for controlled drug
delivery for invasive brain tumors. Annual Cancer Biology Research Retreat,
UMSOM, Baltimore, MD.
9. Guerrero-Preston R, Soudry E, Hamilton J, Brait M, Maldonado L, Jaffe A, IliGangas C, Brebi-Mieville P, Perez J, Kim M, Zhong X, Yang O, Meltzer S, Irizarry
R, Esteller M, Sidransky D (2011) Methylation portraits discriminate between
hepatocellular carcinoma cases and controls: Tools for biomarker development
trials. AACR Annual Meeting, Orlando, FL.
10. Brebi-Mieville P, Ili-Gangas C, Leal-Rojas P, Garcia P, Ostrow K, Perez J,
Guerrero-Preston R, Soudry E, Roa JC, Sidransky D (2010) Identification of
epigenomics biomarkers for early detection and progression of cervical
carcinogenesis. AACR Annual Meeting, Washington D.C.
11. Guerrero-Preston R, Jahuira-Arias M, Gilman R, Soudry E, Perez J, Mancinelli A,
Unger H, Ili-Gangas C, Brebi-Mieville P, Sidransky D (2010) Global DNA
hypomethylation Is independently associated with clinical diagnosis of gastric
cancer, inflammation severity, and metaplasia. AACR Annual Meeting,
Washington D.C.

Abstract
Title of Dissertation: Fn14-targeted, Tissue-penetrating Nanoparticles for Treatment of
Primary and Metastatic Tumors
Jimena Dancy, Doctor of Philosophy, 2018
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Nanotherapeutics is a burgeoning field in cancer therapy that may address some of the
issues associated with systemically administered chemotherapeutics, including a nonspecific mechanism of action and a poor biodistribution profile, which results in doselimiting toxicities. However, many of the nanoparticle (NP) formulations approved for
clinical use in solid tumor therapy provide only modest improvements in patient survival.
This is in part due to rapid clearance from the circulation, inability to efficiently target
tumor cell drug uptake, and NP tumor penetration barriers, including a dense and complex
extracellular matrix (ECM) and an elevated interstitial fluid pressure. These barriers hinder
the penetration of drugs and NPs into and within tumors limiting therapeutic efficacy.
Fibroblast growth factor-inducible 14 (Fn14), a member of the tumor necrosis factor
receptor (TNFR) superfamily, is expressed at low levels in normal tissues but highly
expressed in over 20 solid cancer types. Thus, Fn14 has the potential to be an ideal
candidate for the development of targeted therapy and its down-regulation may contribute
to positive disease outcomes. However, while targeting therapeutics to specific disease
components may decrease some of the limitations mentioned, in order to fully capitalize
on the potential benefits of targeting, low levels of non-specific adhesivity and off-target

binding must be maintained in setting off an effective level of target-specific binding. My
thesis project tests the hypothesis that biodegradable, polyethylene glycol (PEG)- and antiFn14 antibody-coated, drug-loaded NPs will exhibit high efficacy against Fn14-positive
tumors due to their ability to penetrate tissue and effectively target Fn14-positive cancer
cells. We tested this hypothesis in the following Specific Aims: 1) Determine the thresholds
for NP size and PEG density for effective tumor penetration and examine the potential
penetrative capacity of FDA-approved NPs used for breast cancer patients, 2) Determine
if Fn14-targeted and/or non-targeted tissue-penetrating, paclitaxel (PTX)-loaded
biodegradable NPs are more effective than the FDA-approved NP formulation Abraxane
in reducing primary and metastatic breast cancer growth, and 3) Evaluate the potential use
of our biodegradable NP formulation against glioblastoma (GBM), the most common and
deadly form of adult brain cancer, by examining NP dispersion, cellular uptake, and tumor
retention in a murine model of GBM. These findings will generate new knowledge related
to the value of tumor-specific targeting for NP therapeutics.
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Chapter 1: Introduction
1.1 The TWEAK-Fn14 cytokine-receptor axis
TWEAK, a member of the TNF superfamily [1], acts on cells via binding to Fn14, a 102aa type I transmembrane protein that was initially discovered as a growth factor-inducible
gene product [2, 3] and then subsequently identified as the TWEAK receptor by Wiley and
colleagues [4]. TWEAK is initially synthesized as a type II transmembrane protein, but it
can be cleaved by furin to generate a soluble cytokine [1-5]. Both the membrane-anchored
and soluble TWEAK isoforms can bind to Fn14 [5, 6]. TWEAK:Fn14 engagement
promotes Fn14 trimerization and TNFR associated factor (TRAF) binding to the Fn14
cytoplasmic tail [7], which activates a number of intracellular signal transduction cascades,
including the NF-κB pathway. This can result in increased cell proliferation, survival,
migration, differentiation or death, depending on the cellular context (Fig. 1.1) [8]. Also,
TWEAK is a pro- inflammatory and pro-angiogenic cytokine in vivo [9-12].
The TWEAK and Fn14 genes are expressed at low levels in most healthy normal
tissues, but increased expression has been noted after tissue injury [8, 13, 14] and in
many solid primary tumor types and tumor metastases (Fig. 1.2). For example, TWEAK
is highly expressed in liver, ovarian, colorectal, bladder, esophageal, pancreatic, and
prostate cancers as well as a high percentage of prostate cancer metastases [15-19]. Fn14
overexpression has been detected in over a dozen solid tumor types, including the tumor
types mentioned above [3, 15, 17-22] as well as brain cancer [23, 24] (Fig. 1.2), breast
cancer [25-27], lung cancer [28, 29], and melanoma [30].
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Figure 1. 1 The TWEAK/Fn14 signaling dyad.
Both membrane-anchored TWEAK and soluble TWEAK monomers assemble into trimers.
TWEAK binding to the Fn14 extracellular domain promotes Fn14 trimerization and
binding of TRAF adaptor proteins to the Fn14 cytoplasmic tail. This interaction triggers
the activation of various downstream protein kinases, only some of which are shown here,
and signaling cascades, including the classical (c) and alternative (a) NF-B pathways,
resulting in transcription factor binding to genomic DNA and the expression of numerous
TWEAK-inducible genes, including Fn14.15,16 TWEAK:Fn14 engagement stimulates
various cellular responses such as apoptosis, migration, and differentiation. Figure obtained
from review article previously published by the lab [31].
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Figure 1. 2 Fn14 is expressed at low levels in normal human, mouse, and rat tissues.
Normal tissue microarray (TMA) slides were immunostained using an anti-Fn14 mAb. A
brain tumor specimen from a human patient and a transgenic mouse and rat were also
stained under identical conditions as a positive control for the Fn14 staining protocol
(brown stain).
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It has also been reported that Fn14 is highly expressed in the metastatic lesions of breast
[26],colorectal [22], melanoma [30], non-small cell lung [32], and prostate [19] cancer
patients.
Studies using TWEAK-null mice, Fn14-null mice, or anti-TWEAK neutralizing
monoclonal antibodies (mAbs) have revealed that transient TWEAK/Fn14 signaling after
acute tissue injury is critical for efficient wound repair [8, 13, 14]. However, chronic,
dysregulated Fn14 activation has been implicated in the pathophysiology of several
prominent human diseases, including cancer, cardiovascular disease, rheumatoid arthritis,
and inflammatory bowel diseases [8, 13, 14]. Accordingly, a number of TWEAK- or
Fn14-targeted therapeutic agents are currently in pre-clinical development [33, 34] and
some agents have progressed into early phase clinical trials [35, 36].

1.2 Fn14 in tumor development and metastasis
Tumorigenesis is often linked to tissue damage, inflammatory responses, and the
corresponding repair processes. Indeed, the tumor microenvironment contains many
growth factors and cytokines that have been shown to upregulate Fn14 gene expression
[8]. Fn14 is overexpressed in most solid tumors and this expression can activate cell
signaling pathways that promote certain cellular responses, independently of TWEAK
expression [8]. Indeed, TWEAK/Fn14-induced cell migration and invasion have been
demonstrated for glioblastoma (GBM), ovarian, breast, prostate, and non-small cell lung
cancer cells [20, 23, 25, 37]. Additionally, Fn14-overexpressing A549 lung cancer cells
display enhanced lung metastasis upon tail vein injection in mice [28].
Effective tumor cell metastasis requires the completion of a multistep process,
which includes invasion through the tumor stroma, intravasation through the endothelium,
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survival in the circulatory system and extravasation into a distant site [38]. This metastatic
spread to distant organs is responsible for the majority of cancer deaths [38]. However, in
certain tumors like GBM, cell invasion into the normal brain tissue and tumor recurrence,
not metastatic spread, is the predominant cause of patient mortality [39].
There is clinical evidence that high Fn14 levels may impart tumor-promoting
activities. For example, high Fn14 expression correlates with clinical indicators of poor
prognosis in breast cancer patients [25]. Similarly, Fn14 expression has been found to be
increased in glioma samples and again correlate with poor prognosis [23]. Taken together,
these findings suggest that Fn14 might not only be a tumor biomarker, but also a proinvasive/metastatic molecule. In view of its tumor-associated expression and multiple protumoral functions, Fn14 is an attractive anti-tumor target for two reasons. First, blockade
of Fn14 might deprive cancer cells of pro-tumor-mediated activities and secondly, Fn14
might serve as a tumor-associated target for delivery of antibodies, antibody drug
conjugates, or antibody-conjugated drug nanocarriers irrespective of its tumor-related
functions.

1.3 Therapeutic strategies that leverage Fn14 overexpression in tumors
Fn14 is a very promising drug target since it is a plasma membrane-anchored receptor that
is highly expressed in injured, inflamed tissues and many tumor types. It has already been
demonstrated in a variety of disease models, including cancer, that drugs targeting
TWEAK and Fn14 can produce noticeable therapeutic effects [33, 34]. Consequently, there
are Fn14-specific antibodies that are being investigated in pre-clinical animal models or in
phase I clinical trials for people suffering from RA, lupus, and solid tumors [34]. Some of
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these agents include monoclonal antibodies, fusion proteins, and immunotoxins. The drug
development efforts that target TWEAK and Fn14 proteins do this by either inhibiting
TWEAK:Fn14 engagement, activating the Fn14 signaling pathway, or by directly killing
Fn14-positive cancer cells (reviewed in [33]).
As stated earlier, TWEAK/Fn14 signaling may promote tumor growth in vivo
through multiple mechanisms. Therefore, agents that inhibit TWEAK binding to Fn14 have
been investigated for their potential therapeutic benefits. Briefly, two examples of agents
that were developed to inhibit TWEAK:Fn14 binding are the humanized anti-TWEAKneutralizing mAb RG7212 [35, 40] and an Fn14-TRAIL fusion protein [41]. RG7212
blocks TWEAK-stimulated proliferation, NF-B activation, and cytokine secretion when
added to cells cultured in vitro [40]. Fn14-TRAIL consists of the Fn14 extracellular
domain fused to the soluble form of TRAIL, a TNF superfamily member with proapoptotic activity [42]. This construct is designed to both inhibit TWEAK/Fn14 signaling
and promote TRAIL/TRAILR signaling [42]. Both of these agents have demonstrated
tumor growth inhibition in in vitro and in vivo models [35, 40, 41]. However, the main
concern with these agents is that TWEAK is expressed at low levels in many Fn14overexpressing tumors, so TWEAK-independent Fn14 signaling may occur in these
tumors, which will not be inhibited by these agents.
Another therapeutic strategy under consideration is the activation of the Fn14
signaling pathway. TWEAK is a pro-apoptotic factor for some human cancer cell lines [8,
33] and several studies have revealed that TWEAK-stimulated cell death is an indirect
activity mediated by TWEAK-stimulated cytokine expression [43, 44]. Accordingly,
several groups are exploring the potential of agonistic Fn14 mAbs as cancer therapies.
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Three mAbs- BIIB036, 18D1, and PDL192 - have agonistic activity; for example, they can
induce cell death (reviewed in [33]). They also inhibit tumor growth in vivo, and this likely
occurs via multiple mechanisms, including receptor activation, blockade of TWEAK:Fn14
engagement, or stimulation of immune cell antibody-dependent cellular cytotoxicity.
These mAbs have complex biological properties when characterized in vitro and thus the
mechanism responsible for their tumor growth inhibition (BIIB036, PDL192) and antimetastatic (18D1) activity is unclear [45, 46]. Another concern with the use of these Fn14
mAbs is that Fn14 activation is most cancer cells does not cause cell death [40]. Many
studies have shown that TWEAK/Fn14 signaling can stimulate pro-tumorigenic and
metastatic cellular responses and TWEAK can act on Fn14-positive endothelial cells to
promote angiogenesis [8, 33]. Consequently, it can be argued that agonistic Fn14 mAbs
could have similar detrimental effects.
A more promising therapeutic strategy is the use of agents to directly kill Fn14positive cancer cells. One way to accomplish this is through the use of Fn14 mAb-based
immunotoxins. Targeted toxins consist of a targeting moiety like an antibody, an antibody
fragment, or a receptor ligand that is either chemically conjugated or covalently linked to
a toxin derived from a bacterium or plant [47]. These agents bind specific cell surface
receptors and are internalized by receptor-mediated endocytosis to deliver the toxin in the
cytosol [47]. To date three types of Fn14-targeted immunotoxins have been developed and
tested in in vivo models. Two of these agents, ITEM4-rGel and hSGZ, utilized the Fn14
extracellular domain-specific mAb ITEM4 and the plant-based protein gelonin [30, 48,
49]. Both immunotoxins showed cytotoxicity against Fn14-positive cancer cells in vitro
and significant tumor growth inhibition in melanoma and breast cancer xenograft models
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[30, 48, 49]. However, these gelonin-based agents may elicit immune responses in patients
[47]. Another agent developed to kill Fn14-positive cells is the fusion protein named
granzyme B (GrB)-TWEAK [49]. This construct uses human TWEAK as the targeting
moiety and human GrB as the cell-killing agent. GrB, a serine protease stored in the
secretory granules of cytotoxic T lymphocytes and NK cells, functions by entering target
cells and promoting apoptotic cell death [50]. Studies have revealed that GrB-TWEAK is
rapidly internalized by Fn14-positive cancer cells and promotes cell death in vitro and in
vivo [47, 51, 52]. Lastly, the same laboratory has recently developed a new GrB-based
agent containing GrB, an Fc linker and a single chain fragment of ITEM4 (GrB-Fc-IT4)
[53]. This agent showed high affinity and cytotoxicity against a panel of Fn14-positive
human tumor cells and displayed significant tumor growth inhibition when administered
to mice bearing orthotopic TNBC tumor xenografts. These GrB-based agents are promising
because their therapeutic efficacy does not depend on promoting or inhibiting immune cell
function or signaling pathways. They also do not promote activation of compensatory
signaling cascades since they function by directly killing cancer cells.
Relatively large, protein-based therapeutics like those described can only act on cell
surface or secreted molecules and have other innate disadvantages, for instance, they have
poor tissue penetration [54]. In this study, we describe a novel therapeutic approach that
uses the specific targeting capabilities of the Fn14-specific mAb ITEM4 with the
penetrative capacity of PEG-coated nanoparticles for both systemic and local delivery to
tumors.
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1.4 Nanoparticles (NPs) for systemic and local drug delivery to tumors
Nanotechnology and, in particular, the use of engineered nanocarriers to deliver imaging
agents, cytotoxic drugs, RNA-based therapeutics, or gene vectors to solid tumors, has the
potential to improve cancer diagnosis and therapy [55-59]. Many different NP drug
delivery systems have been developed for cancer therapy, including liposomes, polymeric
NPs, micelles, dendrimers, and polymer-drug conjugates [55, 57, 60-62] (Fig. 1.3). In
general, NP-based chemotherapeutic drug delivery has several advantages over
conventional drug administration, including (i) preferential tumor accumulation, which is
largely mediated by unique structural alterations in the tumor capillary and lymphatic
vascular networks, resulting in a phenomenon known as the enhanced permeability and
retention (EPR) effect [56, 63, 64], and (ii) sustained and in some cases controllable drug
release at the tumor site [55, 56, 61, 65]. These properties and others allow systemically
administered NPs to achieve higher intratumoral drug concentrations than their free drug
counterparts, while simultaneously minimizing off-target toxicity in normal tissues, which
can translate into improved therapeutic efficacy. One strategy that has been employed by
numerous groups in order to further increase tumor cell-specific cytotoxicity is to decorate
the surface of therapeutic NPs with peptides, polypeptide ligands or antibodies recognizing
molecules overexpressed on the cancer cell plasma membrane [66-68]. This approach is
frequently referred to as ‘active tumor-targeting’ to distinguish it from the ‘passive tumortargeting’ mechanism that occurs via the EPR effect [66].
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Figure 1. 3 Nanomaterials and the physicochemical characteristics that affect their
performance in vitro and in vivo
Nanoparticle (NP) physicochemical properties, such as size, shape, surface charge,
surface chemistry, hydrophobicity, roughness, rigidity, and degree of composition, can
result in differential uptake and/or targeting to certain organs, tissues or cells and may be
optimized through the effective design of NPs (Figure from Gabizon et al., 2015) [62].
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Several NPs for cancer have been approved by the FDA for clinical use, including
Doxil® (also known as Caelyx®), a polyethylene glycol (PEG)-modified liposomal
formulation of the anthracycline doxorubicin, and Abraxane®, an albumin-bound NP
formulation of the mitotic inhibitor paclitaxel [56-59, 61, 65]. These formulations are less
toxic than their free drug counterparts but only modestly improve patient overall survival,
most likely due to poor penetration through tumor tissue. Indeed, it has been reported that
the penetration depth of intravenously administered Doxil® in lung cancer xenograft tissue
is only 8-16 µm (1-2 cell layers) beyond the tumor capillary endothelium [69].
Indeed, a main reason for the limited success of nanomedicines is that tumor tissue
is not readily penetrable by compounds introduced through the bloodstream [56, 70]. NPs
do not readily extravasate, and their penetration into tumor tissue beyond the vicinity of
blood vessels is particularly problematic because of the high tumor interstitial pressure [56,
71]. It has been shown that NPs coated with PEG accumulate more efficiently in tumors
compared to similar uncoated NPs, at least partly due to improved blood circulation time
and the “stealth” nature of PEG-coated NPs. However, it was suggested previously that
NPs must be very small (< 50 nm) to penetrate within the tumor ECM [72-75]. ECM
openings below this size are large enough to allow diffusion of small molecules, while
being small enough to limit the movement of many NP drug delivery systems. Despite the
need to deliver drugs directly to tumor tissue, the tumor ECM is thought to pose a barrier
to NP penetration.
Since NP tumor penetration can vary depending on the volume of ECM
components like collagen and glycosaminoglycan, several strategies have been used to
enhance drug delivery by altering the tumor ECM [76]. One strategy is the delivery of
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bacterial collagenase or matrix metalloproteinases (MMPs), both of which have been
shown to increase diffusion and distribution of different molecules including antibodies
and viruses [76-79]. One problem with using MMPs to normalize the tumor matrix is that,
beyond their collagen degradation functions, MMPs degrade and process many other
components of the ECM like the basement membrane, and so are considered major
facilitators of cellular migration via the breakdown of these barriers and are therefore
thought to be important for tumor spread and angiogenesis [80]. Another strategy that has
been considered to optimize NP drug delivery is the use of multistage NPs with sizes that
decrease in response to MMPs present in the tumor microenvironment [72, 81]. This
multistage system consists of a primary particle that is loaded with smaller secondary
particles, which contain the therapeutic agent. The primary particle has to be large enough
to ensure long circulation and small enough to cross the wall of tumor vessels (100 nm or
less). Once the primary NP enters the tumor interstitial space, it is degraded by MMPs and
drug-loaded secondary NPs of 5-10 nm in diameter can penetrate deeper into the tumor
tissue releasing therapeutic agents [72]. However, MMPs are also present, albeit in lower
amounts, in the blood plasma and in normal tissues, therefore, the kinetics of NP
degradation must be carefully designed so that the system reacts only in the tumor
microenvironment and drug is not released into healthy tissue causing toxicity.
Numerous research groups are developing nanotechnology-based biomaterials that
can be used for local treatment of advanced cancers. Glioblastoma (GBM), for example,
has the potential to greatly benefit from direct delivery of NPs to the brain [82-84] (further
described in Chapter 4). The location of GBM tumors presents several unique barriers to
systemic drug treatment [39]. First, the blood brain barrier (BBB), consisting of cerebral
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endothelial cells connected together by tight junctions, a thick basement membrane, and
astrocytic end-feet, controls the passage of most molecules and drugs from the blood
circulation to the brain [85]. Second, the anisotropic, electrostatically charged extracellular
space (ECS) found between brain cells, which contains a dense network of ECM
components, comprises 10-20% of total brain volume and acts as a ‘brain penetration
barrier’ (BPB) for both systemic and local drug delivery [86]. Several strategies have been
proposed to transiently disrupt the BBB to improve the delivery of therapeutic agents to
brain tumors (e.g., intra-arterial mannitol, focused ultrasound) but each of these methods
have limitations that must be overcome before widespread clinical use [39, 85, 87]. In
consideration of the challenges associated with systemic drug administration, there is great
interest in applying local drug delivery strategies for the treatment of malignant gliomas
[39, 88].
In regard to the design of therapeutic, biodegradable NPs for GBM patient use, the
issue of poor NP tissue penetration is of particular concern, since perhaps the best strategy
is to deliver the therapeutic particles into the invasive rim at the time of surgery in order to
potentially reach and kill the unresected glioma cells embedded within the normal brain
parenchyma. Convection-enhanced delivery (CED) can “infuse” therapeutic agents,
including NPs [89-91], into brain tissue but there is still limited drug distribution;
accordingly, several approaches have been pursued to develop NPs with enhanced brainpenetrating capacity. These approaches include NP surface alterations such as high density
PEGylation to minimize non-specific binding to brain ECM [92-94], and the covalent
conjugation of the tissue penetration peptide iRGD [95-97]. Also, Zhou et al. reported that
relatively small (~70 nm) nanoparticles exhibit enhanced ability to distribute in the brain
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following CED if they are stored in trehalose to reduce particle aggregation [91]. There is
also a significant amount of research underway evaluating whether nanomedicines
engineered for ‘active tumor-targeting’ may be the best formulations for GBM patient
therapy. Surface modified NPs have been designed to recognize several “GBM tumorspecific” cell surface proteins including TfR [98, 99], EGFR [100], EGFRvIII [101], IL13Rα2 [102], and Fn14, the target of interest for our work [94].
The brain is considered to be the most challenging organ to target with
intravenously administered NPs due to the presence of the BBB [103, 104]. On the other
hand, diseases of the central nervous system, including brain tumors and metastases, can
disrupt the integrity of the BBB, thereby potentially altering the ability of therapeutics to
access the brain [105-108].

1.5 Hypothesis and Study Aims
Our group has extensive experience producing relatively small NPs densely coated with a
PEG layer that do not adhere to biological tissues, including mucus [26], tumor tissue
[109], and brain parenchyma [94, 110], allowing them to penetrate and distribute more
uniformly in vivo. Indeed, we can quantify the individual movements of thousands of NPs
in ex vivo tissue slices using a technique called multiple particle tracking (MPT) [94, 109,
110]. Furthermore, we have developed a surface plasmon resonance (SPR)-based assay
that allows us to screen NP formulations for non-specific binding to either normal (e.g.
brain) or tumor tissue ECM (e.g. GBM or other solid tumors) proteins or specific binding
to proteins such as Fn14 [94, 109-111]. We have also optimized the conditions, size and
PEG coating density, for monitoring NP tissue penetration in vivo and have shown that

14

NPs penetrate deeply into tumor-bearing brain and TNBC xenograft tissue following direct
injection [109]. This work is described in the Chapters 2-4.
Our overall hypothesis is that biodegradable, drug-loaded NPs with a surface
coating of both PEG and Fn14 antibody (Fig. 1.4) will exhibit efficacy against Fn14positive tumors due to a balance of specific and non-specific binding, which allows NPs
the ability to penetrate tissue and effectively target Fn14-positive cancer cells. This
hypothesis and prediction was tested in three related but independent Specific Aims, each
of which generated novel information and provided new insight into the field of cancer
nanotherapy. Specific Aims: 1) Determine the thresholds for NP size and PEG density for
effective tumor penetration and examine the potential penetrative capacity of FDAapproved NPs used for breast cancer patients. 2) Determine if Fn14-targeted and/or nontargeted tissue-penetrating, paclitaxel (PTX)-loaded biodegradable NPs are more effective
than the FDA-approved NP formulation Abraxane in reducing orthotopic TNBC tumors
and TNBC tumors in the brain. 3) Evaluate the potential use of our biodegradable NP
formulation against GBM, the most common and deadly form of adult brain cancer, by
examining NP dispersion, cellular uptake, and tumor retention in a murine model of GBM.
Our findings provide new insights into the characteristics necessary for prolonged NP
circulation, tumor-specific targeting, and tissue penetration and retention for effective
systemic and local drug delivery to TNBC breast and brain tumors and GBM.
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Figure 1. 4 Schematic of NP formulation.
Drug-loaded, Fn14-targeted NPs will be generated using the di-block copolymer PEG
(polyethylene glycol)-PLGA (poly(lactic-co-glycolic acid)) to generate a PEG surface
coated NP with a PLGA backbone. We will use paclitaxel (PTX) as our therapeutic
payload and the Fn14-specific mAb ITEM4 as our targeting ligand.

16

Chapter 2: Non-specific binding and steric hindrance thresholds for penetration of
particulate drug carriers within tumor tissue 1
2.1 Introduction
PEGylated liposomal doxorubicin (Doxil, size ~100 nm) and albumin-bound paclitaxel
(Abraxane, size ~130 nm) are two examples of nanoparticle (NP) formulations currently
approved for cancer therapy [112, 113]. The major advantage of these clinically approved
NPs compared to conventional free drugs is significantly reduced adverse side effects,
including lower cardiotoxicity for Doxil, and limited hypersensitivity reactions and
peripheral neuropathy for Abraxane [114, 115]. While the enhanced permeability and
retention (EPR) effect has been shown to improve preferential tumor accumulation of
various agents [63, 64, 66], improvements in overall patient survival still remain modest
[72]. This is likely due to tumor-related barriers to effective therapeutic delivery, including
a relatively more dense and complex extracellular matrix (ECM) with narrower
extracellular spaces and elevated interstitial fluid pressure. These tumor features hinder
the penetration of drugs and NPs into and within the tumor interstitium [56, 64, 116-119].
Indeed, Doxil and other clinically approved NPs have shown limited penetration within
solid tumor tissue [69, 95, 120-124].
Recent studies have demonstrated that therapeutic NPs with diameters less than 50
nm exhibit improved tumor penetration compared to larger particles resulting in effective
tumor growth inhibition in vivo. Cabral and colleagues demonstrated that in a poorly
permeable human tumor xenograft model characterized by low vascularity and dense
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Dancy JG, Wadajkar AS, Schneider CS, Mauban JRH, Woodworth GF, Winkles JA, Kim AJ. (2016) Nonspecific binding and steric hindrance thresholds for penetration of particulate drug carriers within tumor
tissue. J. Controlled Release 238:138-48.
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fibrosis, only small micelles <50 nm in diameter were able to accumulate in tumors [73].
Similarly, Tang et al. evaluated three NP formulations to identify the optimal size for the
most effective anticancer drug delivery [75]. They found that, ~50 nm particles had the
highest tumor tissue retention due to deep tissue penetration, cancer cell internalization,
and slow tumor clearance, ultimately leading to the highest efficacy against primary and
metastatic tumors in vivo. In another study, Wang et al. found that increased tumor
accumulation of 100 nm micelles with encapsulated SN38 prodrug did not result in
significantly improved therapeutic efficacy because these large micelles had poorer tumor
penetration than their smaller 30 nm counterparts [74]. While these studies provide
valuable information about potential NP size limits for effective tumor penetration, the
influence of surface properties on the optimal size and dispersion of NPs in tumors remains
unclear. Previous studies have demonstrated that eliminating the non-specific binding of
NPs by adding a dense low molecular weight polyethylene glycol (PEG) coating enables
larger than expected particles to rapidly penetrate various biological environments [93, 94,
125, 126]. Therefore, we speculated that (1) relatively large NPs (>50 nm) may penetrate
in tumor tissues if they are densely coated with PEG and (2) non-PEGylated clinically
approved NPs such as Abraxane may exhibit non-specific binding towards tumor ECM
components, and this could play a role in the limited clinical benefit observed with these
formulations to date.
In this study, we examined the effect of size and surface PEG density on NP
penetration within tumor tissue, both ex vivo and in vivo. Using polymeric polystyrene (PS)
particles in a size range of 20-100 nm, we first tested how these parameters impact NP
diffusion in a tumor ECM preparation (Matrigel) by multiple particle tracking (MPT) and
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MDA-MB-231 breast cancer xenograft tissue by MPT and intravital microscopy. Next, we
investigated the effect of PEG surface density on the diffusion of ~60 nm PS NPs in the
same models. Nonspecific binding interactions of the NPs to Matrigel were determined by
a surface plasmon resonance (SPR) assay in an attempt to correlate in vitro interactions
with ex vivo and in vivo diffusion behavior. Finally, biodegradable poly(lactic-co-glycolic
acid) (PLGA) NPs with various surface PEG densities, as well as two clinical-grade NPs,
Doxil and Abraxane, were evaluated by SPR to evaluate their non-specific binding to
Matrigel as a surrogate for their ability to penetrate solid tumors. Through these studies,
we determined valuable criteria for particle size and surface characteristics that mediate
penetration of NPs within tumor tissue and identified key parameters of clinically-used
NPs that may contribute to therapeutic efficacy.

2.2 Materials and Methods
Materials
5 kDa MW polyethylene glycol (PEG), methoxy-PEG5k-amine was purchased from
Creative PEGWorks (Winston Salem, NC). Red (20 nm, 40nm, and 100 nm, 580/605
excitation/emission) and Green (40 and 100 nm, 505/515 excitation/emission) carboxyl
(COOH)-modified PS FluoSpheres (PS-COOH NPs) were purchased from Invitrogen
(Carlsbad, CA). Poly(lactic-co-glycolic acid) (PLGA, LA/GA molar ratio 50:50, MW
7,000-17,000 Da) and PEG-PLGA (MW 5,000:10,000 Da) were purchased from
PolySciTech (West Lafayette, IN). MatrigelTM Basement Membrane Matrix was purchased
from BD Biosciences (San Jose, CA). Lab-Tek glass-bottom tissue culture plates were
purchased from ThermoFisher Scientific (Rochester, NY). Clinical-grade Abraxane and
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Doxil were obtained from the University of Maryland Greenebaum Cancer Center Katz
Pharmacy. Cell culture materials were purchased from Invitrogen Corp. (Carlsbad, CA)
unless specified. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC),
N-hydroxysulfosuccinimide (sulfo-NHS), and all other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO) and used without further purification.

Nanoparticle preparation
To formulate PEG-coated nanoparticles (CNPs), 20, 40, and 100 nm PS-COOH NPs were
covalently modified with methoxy-PEG5k-amine by carbodiimide chemistry, following a
modified protocol previously described [93, 94, 127]. Briefly, 20 and 100nm PS-COOH
nanoparticles (1 mg) were mixed with methoxy-PEG5k-amine (4-5x equivalent to total
COOH groups on surface of PS-COOH particles) in 100 mM borate buffer (pH 8.2),
followed by addition of excess sulfo-NHS (2-3 mg) and EDC (0.5-1 mg) to a volume of
500 µL. For 40 nm CNPs, a different proportion of methoxy-PEG5k-amine (0.1x, 0.25x,
and 1x equivalent to total COOH groups on surface of PS-COOH particles) was used for
PS-COOH particle PEGylation. After the reaction, particles were purified by
ultracentrifugation (Amicon Ultra-15 mL 100 kDa MW cut-off) with ultrapure water for a
total of 3 washes. CNPs were resuspended in ultrapure water and stored at 4 °C until use.
Biodegradable PLGA and PEG-PLGA nanoparticles were prepared by the
nanoprecipitation method. PLGA and PEG-PLGA at determined ratios were dissolved in
tetrahydrofuran (THF) at a concentration of 28 mg/mL and added dropwise into 10 mL of
Tween-20 (0.25% w/v in water) solution under magnetic stirring (700 rpm). After 4 h of
stirring and the complete removal of THF by evaporation, nanoparticles were first purified
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by ultracentrifugation (Amicon Ultra-15 mL 100 kDa MW cut-off) with ultrapure water
for a total of 2 washes. The nanoparticles were further purified by microcentrifugation at
21.1 x g for 10 min with ultrapure water (2 washes total). Following resuspension, particles
were allowed to settle for 1 h and the top layer containing the well suspended NPs was
collected, discarding the settled NPs.

Physicochemical characterization of nanoparticles
The physicochemical characteristics of COOH- and PEG-coated fluorescent nanoparticles
of all sizes and biodegradable formulations were measured in 15x diluted PBS (~10 mM
NaCl, pH 7.4). Hydrodynamic diameter and ζ-potential (surface charge) were determined
by dynamic light scattering and laser Doppler anemometry using a Zetasizer NanoZS
(Malvern Instruments, South Borough, MA). Particle size measurement was performed at
25 °C at a scattering angel of 173° and is reported as the number-average mean. The surface
charge on the particles was calculated using the Smoluchowski equation and is reported as
the mean ζ -potential. Data for diameter (nm) and ζ –potential (mV) represent the average
of 3 independent experiments with 10 runs each +/- SD.

Surface PEG density calculation
The surface concentration of PEG (# of PEG chains/100 nm2) and Γ/ Γ*, where Γ is the
PEG surface coverage over the total surface area (Γ*), was calculated from the 1H integrals
of the ethylene oxide peak of PEG (3.6 ppm) using a previously described method [93].
Briefly, nanoparticles were lyophilized, weighed and dissolved in chloroform-d (CDCl3)
containing 0.1% (v/v) trimethylsilane (TMS) as an internal standard. NMR spectra were

21

obtained at 500 MHz using Agilent DD2 500 MHz Spectrometer. A calibration curve was
obtained by plotting the 1H NMR integrals of various concentrations of 5 kDa PEG (~3.6
ppm) in the same CDCl3 solvent containing 0.1% (v/v) TMS. The average PEG surface
density (# of PEG chains/100 nm2) on the surface of the nanoparticles was calculated by
taking the total quantity of PEG detected by NMR and the total particle surface area. The
surface area of nanoparticles was calculated assuming that the particles are made of
individual particles of diameter equal to that measured by the Zetasizer using a density of
1.055 g/cm3 and 1.34 g/cm3 for PS and PLGA nanoparticles, respectively.

Nanoparticle diffusion in Matrigel
The diffusion of individual fluorescent nanoparticles in Matrigel was quantified using
multiple particle tracking (MPT) as previously described [93]. Fluorescent nanoparticles
(2 μg/mL) were diluted in cold Matrigel (4 °C) and then added to Lab-Tek glass-bottom
chamber. The chamber was placed in at 37 °C incubator for a minimum of 15 min before
imaging to allow Matrigel to form into a gel matrix. The movement of individual
nanoparticles in Matrigel was imaged at a frame rate of 20 frames/s for a total of 400 frames
(20 s) for 40 and 100 nm nanoparticles and at a frame rate of 10 frames/s for a total of 400
frames (40 s) for 20 nm nanoparticles. Images were captured using a Zeiss LSM5 Duo slit
scanning confocal microscope (Zeiss, Thornwood, NY) with a 63x Plan-Apo/1.4 NA oilimmersion objective. Movies were analyzed using a custom written MATLAB automated
tracking code to extract x, y-coordinates of nanoparticles over time, as previously described
[93, 94]. Each particle type was imaged at least three separate times with at least 100
particles tracked per sample every time. The geometric mean of the mean squared
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displacement (MSD) was calculated per particle type and the average was calculated as a
function of time scale.

Nanoparticle binding to Matrigel
Nanoparticle binding affinities to Matrigel were evaluated by SPR using a Biacore 3000
instrument at 25 °C. Matrigel was diluted to 100 μg/mL in acetate buffer pH 4.0 and was
conjugated to a CM5 Biacore chip with RU value of ~2000. The first flow path (Fc1) was
activated and blocked with ethanolamine to serve as a reference for each binding run, as
suggested per manufacturer’s protocol. The running buffer, 10 mM HEPES buffer (pH 7.4)
containing 150 nM NaCl, 0.05% surfactant Tween 20 with 50 µM EDTA (HBS-P+), was
degassed prior to use. For SPR experiments, samples were run at a flow rate of 20 µL/min
with an injection time of 3 min followed by a 2 min wait time for dissociation, before chip
regeneration with 10 mM glycine, pH 1.75 (GE Healthcare). Nanoparticle binding was
assayed with particle concentrations of 1 mg/mL diluted in running buffer. Data were
analyzed using Biacore 300 Evaluation Software, where data from Fc1 were subtracted
from the Fc2, Fc3, and Fc4 data to give the final sensorgrams.

Cell culture
MDA-MD-231 breast cancer cells were provided by Dr. Stuart Martin (University of
Maryland School of Medicine (UMSOM)). Cells were cultured at 37 oC in a humidified
incubator (95% air, 5% CO2) in DMEM supplemented with 10% Fetal Bovine Serum
(FBS) 1% of penicillin-streptomycin (1000 units/L), 0.25 mg/ml G418 sulfate (Corning,
Manassas, VA), and 0.5 mg/ml hygromycin B (Corning, Manassas, VA).
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Implantation of MDA-MB-231 breast cancer cells into immunodeficient mice
All animal procedures were approved by the University of Maryland Institutional Animal
Care and Use Committee (IACUC) and the Office of Animal Welfare Assurance (OAWA).
Athymic nude female mice (age, 6-8 weeks) were purchased from the UMSOM Veterinary
Resources. For the tumor implantation procedure, animals were anesthetized via
continuous flow of 2-3% isoflurane through a nose cone. MDA-MB-231 cells (2x106 cells)
in 100 μL of DMEM were mixed with 100 μL of Matrigel and subcutaneously inoculated
in both flanks of the mice.

Nanoparticle diffusion in breast tumor slices
The diffusion of individual fluorescent nanoparticles in tumor tissue slices was quantified
via MPT as described above. Mice bearing MDA-MB-231 xenografts (≥ 500 mm3 in
volume) were euthanized and the tumor was harvested and sliced into 2 mm sections using
a Zivic matrix slicer (Zivic Instruments, Pittsburgh, PA). Slices were added to custom
microscope slide chambers and red fluorescent nanoparticles were injected (0.5 μL of 2050 μg/mL stocks) into tumor slices using a Hamilton syringe aided by a stereotactic frame.
Slides were sealed with super glue and allowed to incubate at 37 oC for a minimum of 15
min before imaging to allow tissue recovery and convection dissipation. The movement of
individual nanoparticles in tumor tissue slices was analyzed by MPT as described above.

Nanoparticle penetration in breast tumor xenografts
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Mice bearing MDA-MB-231 subcutaneous tumors were secured and anesthetized on a
custom-designed, heated microscope stage from the UMSOM Confocal Microscopy Core.
Animals were anesthetized with 2-4% isoflurane vaporizer and nose cone mixed with 1
L/min oxygen administration throughout the surgical procedure. The custom microscope
stage has a heating source to maintain body temperature of 37 oC. A single midline incision
was made in the skin and the skin-flap attached to the tumor was gently separated from the
underlying musculature and then draped over parallel to the mouse using needle retractors.
A Hamilton syringe was inserted gently into the exposed tumor at a depth of 100-200 μm
and a 0.5 μl volume injection was made at this depth to deliver nanoparticle formulations
(500 μg/mL). The particle distribution within the tumor was assessed by a Zeiss LSM 710
2-photon confocal microscope (Zeiss, Thornwood, NY) using a 10x/0.45 NA air objective.
Images were acquired every 10 min for a total of 1 h.

Statistical analysis
A nested mixed-effects model was used to estimate and compare the average MSD for
Matrigel and tumor tissue slice groups over time [128]. MSD values were log transformed
(base 10) for statistical analyses to assure approximate normality and to decrease
variability. The data have a hierarchical structure or represent a nested design. There is
more than one size of experimental unit and a smaller experimental unit is nested within a
larger one, i.e. a particle is nested within a group (uncoated or coated). A nested mized
model was used to estimate and compare outcome (log MSD) between two groups. The
model included the fixed effects of nanoparticle size, coating density, time, and their
interaction. Common factor for random effects was specified using unique particle number.
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The reported p-values correspond to the tests for overall difference between the average
MSD for Matrigel and tumor tissue slice groups at 1 second for each nanoparticle type. All
tests were performed at the 0.05 level of significance. Statistical analyses were performed
using JMP Pro 10.0.2 (SAS Institute Inc., Cary, NC) and SAS 9.4 (SAS Institute Inc., Cary,
NC).

2.3 Results
Surface modification and characterization of PS nanoparticles of different sizes
We first formulated 20, 40, and 100 nm PEG-coated PS nanoparticles (CNP) and compared
the size and surface charge (i.e. ζ-potential) of these formulations to 20, 40, and 100 nm
uncoated carboxyl-modified PS (PS-COOH) nanoparticles (UNP) (Table 2.1). The CNPs
exhibited a ~10 to 20 nm increase in hydrodynamic diameters and more near-neutral ζpotentials compared to their negatively-charged UNP counterparts of the same size, as
expected for nanoparticles with dense PEG coatings.

Diffusion of nanoparticles of different sizes in Matrigel
We have previously shown that CNPs up to ~100 nm in diameter are able to diffuse rapidly
through brain tissue ECM, provided they have sufficiently dense PEG coatings[93, 94].
Here, we applied similar dense PEG coatings to 20, 40 and 100 nm PS particles (CNPs)
and examined their diffusion in Matrigel, an ECM preparation derived from a mouse EHS
sarcoma that is thought to resemble the extracellular environment found in most solid
tumors [129], with the goal of establishing size criteria for CNPs in penetrating tumor
tissue. Fluorescent 20, 40, and 100 nm CNPs or UNPs (Table 2.1) were mixed with
Matrigel and MPT was used to test the diffusion rates of individual particles.
26

Table 2. 1 Physicochemical properties of NPs of different sizes.

a

Diameter (number mean) measured by dynamic light scattering. Data represent the
average of 3 independent experiments +/- SD.
b
o
Measured at 25 C in 15x diluted PBS with ~9 mM NaCl, pH 7.4. Data represent the
average of 3 independent experiments +/- SD.
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All three sets of UNPs (20, 40, and 100 nm), regardless of size, were immobilized in a
Matrigel matrix (Fig. 2.1A). Additionally, the 100 nm CNPs were also immobilized in the
Matrigel matrix (Fig. 2.1A), despite a dense PEG coating, suggesting that 100 nm CNPs
were too large to fit through the pores in the tumor tissue ECM. In contrast, 20 and 40 nm
CNPs exhibited more diffusive trajectories, which were quantitatively observed by the
upward shift in the mean square displacement (MSD) vs time scale (τ) curve compared to
20, 40, 100 nm UNP and 100 nm CNP (Fig. 2.1A). The calculated MSD at a time scale (τ)
of 1s for 20 and 40 nm CNP formulations were statistically greater than 20 and 40 nm UNP
formulations (Fig. 2.1B). There was also a statistically significant difference in MSD
between 20 nm CNP and 40 nm CNP and between 40 nm CNP and 100 nm CNP at τ = 1
(Fig. 2.1B). To ensure that the observed rapid diffusion for 20 and 40 nm CNPs was not
biased by a small fraction of fast-moving outliers, we examined the distribution of
individual particles. We found that a substantial fraction of 20 and 40 nm CNPs exhibited
a more diffusive transport compared to 100 nm CNPs and the other UNP formulations (Fig.
2.1C).

Diffusion of nanoparticles of different sizes in breast tumor slices
Fluorescent 20, 40, and 100 nm CNPs or UNPs (Table 2.1) were injected directly into
freshly dissected MDA-MB-231 breast tumor slices and MPT was used to test the diffusion
rates of individual particles. Consistent with the Matrigel experiment, 100 nm CNPs and
all three UNP formulations were immobilized or strongly hindered within the breast tumor
ECM. In contrast, 20 and 40 nm CNPs exhibited rapid diffusion in breast tumor tissue.
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Figure 2. 1 Diffusion of nanoparticles of different sizes in Matrigel
The diffusion of individual fluorescent polystyrene (PS) NPs in Matrigel was quantified
using multiple particle tracking (MPT). (A) Ensemble-averaged mean square
displacements (MSD) as a function of time scale for 20, 40, and 100 nm uncoated (UNP)
and PEG coated (CNP) PS NPs. (B) The ensemble-averaged MSD of nanoparticles at a
time scale of 1 s. (C) Distributions of the logarithms of individual MSDs for UNPs and
CNPs of different sizes at a time scale of 1 s. Larger MSD values indicate faster transport
rates of nanoparticles. Data represent mean of at least three experiments, with n ≥ 100
particles per experiment. Data analyzed for significance using one-way ANOVA with
Tukey test. *P ≤ 0.05, **P ≤ 0.01.
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This can be quantitatively observed by the upward shift in the MSD vs time scale (τ) curve
for 20 and 40 nm CNPs compared to 20, 40, 100 nm UNPs and 100 nm CNPs (Fig. 2.2A).
The calculated MSD at a time scale (τ) = 1 for 20 and 40 nm CNP formulations were
statistically greater than 20 and 40 nm UNP formulations (Fig. 2.2B). There was also a
statistically significant difference in MSD between 40 nm CNP and 100 nm CNP at τ =
1(Fig. 2.2B). There was no statistically significant difference in the MSD between 100
UNP and 100 CNP at τ = 1. By examining the distribution of individual particle
diffusivities, a substantial fraction of 20 and 40 nm CNPs exhibited a more rapidly diffusive
fraction compared to the other formulations (Fig. 2.2C).

Surface modification and characterization of PS nanoparticles with different PEG
densities
We selected 40 nm CNPs (actual hydrodynamic size ~63 nm) for surface PEG density
variation studies based on their ability to rapidly diffuse in both Matrigel and MDA-MB231 breast tumor slices. The 40 nm CNPs with three different surface PEG densities were
formulated by varying the amount of methoxy-PEG5k-NH2 that was added to the reaction
mixture. As expected, there was an inverse relationship between PEG density and ζpotential; specifically, as the amount of PEG on the surface increases, the ζ-potential
becomes more neutral (Table 2.2). We also saw a correlation between NP size and PEG
density with 40 nm CNP (high) exhibiting the largest diameter of ~63 nm and highest
surface PEG coating with Γ/Γ* of 3.6 (Table 2.2), where Γ is the PEG surface coverage
over the total surface area (Γ*). The 40 nm CNP (med) and 40 nm CNP (low) formulations
displayed particle diameters of 57 and 54 nm with Γ/Γ* of 1.4 and 0.8, respectively.
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Figure 2. 2 Diffusion of nanoparticles of different sizes in MDA-MB-231 tumor tissue
ex vivo
MDA-MB-231 breast cancer cells were injected into the flank of mice and tumors were
allowed to grow to ~500 mm3. Tumor slices were prepared, fluorescent NPs were injected
into the tumor, and the diffusion of individual NPs was quantified using multiple particle
tracking (MPT). For these experiments, the transport rates of all three particle sizes, with
and without PEG coatings, were measured in the same tumor tissue. (A) Ensembleaveraged mean square displacements (MSD) as a function of time scale. (B) The ensembleaveraged MSD of nanoparticles at a time scale of 1 s. (C) Distributions of the logarithms
of individual MSDs for UNPs and CNPs of different sizes at a time scale of 1 s. Data
represent at least three experiments, with n ≥ 100 particles per experiment. Data analyzed
for significance using one-way ANOVA with Tukey test. *P < 0.05.
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Table 2. 2 Physicochemical properties of low, medium, and high PEG-coated 40 nm NPs.

a

Diameter (number mean) measured by dynamic light scattering. Data represent the
average of 3 independent experiments +/- SD.
b
o
Measured at 25 C in 15x diluted PBS with ~9 mM NaCl, pH 7.4. Data represent the
average of 3 independent experiments +/- SD.
c
PEG Surface density determined by NMR.
d
PEG surface coverage/total surface area (value < 1 indicates mushroom coverage (low
density), whereas > 1 indicates brush regime (high density).
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Biacore screening of nanoparticles for non-specific binding to Matrigel
Our group has previously used a surface plasmon resonance (SPR) assay to evaluate nonspecific binding of PS-based CNPs to mouse brain ECM proteins immobilized on a Biacore
chip, and these results correlated with in vivo imaging of CNP spread in the brain [94].
Here, we sought to use a similar SPR assay to examine non-specific binding of UNPs and
CNPs to a Matrigel-coated chip. We found that 40 nm UNPs bound strongly to the
Matrigel-coated Biacore chip (Fig. 2.3A). The CNP formulation with the lowest PEG
density on the
surface, 40 nm CNP (low), also showed relatively strong binding to the Matrigel-coated
chip, although not as strongly as UNP (Fig. 2.3B). In contrast, the other 40 nm CNP
formulations with medium and high PEG density, 40 nm CNP (med) and 40 nm CNP
(high), did not bind appreciably to the Matrigel-coated chip, suggesting minimal nonspecific interactions between the particles and Matrigel components (Fig. 2.3B).

Diffusion of nanoparticles with different PEG density in Matrigel and breast tumor slices
Fluorescent 40 nm CNP (low), 40 nm CNP (med), and 40 nm CNP (high) were mixed with
Matrigel and MPT was used to test the diffusion rates of individual particles. The 40 nm
CNP (high) formulation was equivalent to 40 nm CNPs used in Figure 2.1. We found that
uncoated 40 nm UNP and 40 nm CNP (low) were largely immobilized in the Matrigel
matrix (Fig. 2.4A). In contrast, 40 nm CNP (med) and 40 nm CNP (high) exhibited
enhanced transport rates. The calculated MSDs at a time scale (τ) = 1 for 40 nm CNP (med)
and 40 nm CNP (high) were significantly greater than 40 nm UNP and 40 nm CNP (low)
(Fig. 2.4B).
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Figure 2. 3 Surface plasmon resonance (SPR) analysis of 40 nm nanoparticles with
varying surface PEG densities
SPR experiments were performed by flowing various NP formulations into flow cells and
across the surface of a Matrigel-coated sensor chip. Data are displayed as sensograms
showing resonance units (RU) as a function of time. (A) SPR analysis measuring the
binding of 40 nm uncoated (UNP) and coated (CNP) NPs ranging in PEG-coating densities
(low, medium, high) to a Matrigel chip. (B) Expanded view of boxed region in A.
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Figure 2. 4 Diffusion of nanoparticles with varying PEG densities in Matrigel
The diffusion of individual fluorescent NPs that were either uncoated or coated with a low,
medium, or high PEG density in Matrigel was quantified using multiple particle tracking
(MPT). (A) Ensemble-averaged mean square displacements (MSD) as a function of time
scale. (B) The ensemble-averaged MSD of nanoparticles at a time scale of 1 s. Data
represent at least three experiments, with n ≥ 100 particles per experiment. Data analyzed
for significance using one-way ANOVA with Tukey test. *P < 0.05, **P ≤ 0.01.
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We also tested the diffusivity of the same 40 nm UNP and 40 nm CNPs in MDAMB-231 breast tumor slices ex vivo. Similar to their transport behavior in Matrigel, 40 nm
UNP and 40 nm CNP (low) particles were immobilized in the tumor tissue slice (Fig.
2.5A). In contrast, the calculated MSDs at a time scale (τ) = 1 for 40 nm CNP (med) and
40 nm CNP (high) formulations were statistically greater than 40 nm UNP formulation.
There was also a statistically significant difference in the calculated MSDs between 40 nm
CNP (low) formulation and 40 nm CNP (med) and 40 nm CNP (high) formulations at τ =
1 (Fig. 2.5B).

Nanoparticle penetration in live animals bearing breast tumor xenografts
We directly examined in vivo penetration of NPs in breast tumor xenografts using liveanimal microscopy to determine if our findings obtained using Matrigel (SPR and MPT
assays) and tumor tissue slices (MPT assay) could be extended to the in vivo setting. Red
fluorescent 40 nm UNPs and green fluorescent 40 nm CNPs (high) were co-injected into
the tumor at a depth of ~100 μm below the tumor surface and NPs were visualized by
intravital fluorescence microscopy. We found that 40 nm UNPs were immobilized in the
tissue at the injection site, whereas 40 nm CNPs penetrated greater than 500 μm into the
tumor (Fig. 2.6A). To further study the differences between size and particle coating, we
performed a co-injection of red fluorescent 40 nm UNPs and green fluorescent 100 nm
CNPs. Similar to the results observed in the SPR and MPT assays, 40 nm UNPs and 100
nm CNPs did not penetrate into the tumor, as evidenced by an overlay between red and
green fluorescence in the merged image (Fig. 2.6B).
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Figure 2. 5 Diffusion of nanoparticles with varying PEG densties in MDA-MB-231
tumor tissue ex vivo
MDA-MB-231 bresat cancer cells were injected into the flank of mice and tumors were
allowed to grow to ~ 500 mm3. Tumor slices were prepared and the diffusion of individual
fluorescent NPs was quantified using multiple particle tracking (MPT). (A) Ensembleaveraged mean square displacements (MSD) as a function of time scale. (B) The ensembleaveraged MSD of nanoparticles at a time scale of 1 s. Data represent at least three
experiments, with n ≥ 100 particles per experiment. Data analyzed for significance using
one-way ANOVA with Tukey test. *P < 0.05.
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Figure 2. 6 Nanoparticle penetration of breast tumor tissue in vivo
MDA-MB-231 breast cancer cells were injected into the flank of mice and tumors were
allowed to grow to ~ 500 mm3. Fluorescent nanoparticle formulations were injected at a
depth of 100-200 μm and particle distribution within the tumor was assessed by 2-photon
confocal microscopy. (A) Direct comparison of the distribution of fluorescent uncoated
and PEG coated 40 nm PS NPs after direct tumor co-injection into mice. Images were
acquired within 10 minutes after injection. (B) Direct comparison of the distribution of
PEG-coated 100 nm PS NPs (100 nm CNP) and uncoated 40 nm PSCOOH NPs (40 nm
UNP). Images were acquired within 10 minutes after injection. Arrow indicates
approximate postion of injection needle. Scale bar is 500 μm.

38

Synthesis and physicochemical characterization of biodegradable nanoparticles
NPs composed of block copolymers of poly(lactic-co-glycolic acid) (PLGA) and PEG were
formulated to determine the effects of PEG density using a biodegradable formulation.
These NPs were formulated to have different surface PEG densities by varying the amount
of PEG-PLGA that was added to the reaction mixture. We formulated PLGA and PEGPLGA NPs with 1, 2.5, and 5% PEG by weight. As expected, uncoated PLGA NPs
exhibited the most negative ζ-potential compared to the other formulations (Table 2.3). We
found an inverse relationship between PEG density and ζ-potential; specifically, as the
amount of PEG on the surface increased, the ζ-potential becomes more neutral In addition,
there was an inverse relationship between NP size and PEG density with uncoated PLGA
NPs exhibiting the largest diameter of 187 nm and 5% PEG-PLGA NPs having the smallest
diameter of 109 nm. Using a nuclear magnetic resonance (NMR)-based method to quantify
the PEG density, we estimated that 1, 2.5, and 5% PEG-PLGA NPs had PEG conformation
(Γ/Γ*) of 2.1, 2.7, and 2.8, respectively.

Biacore screening of PLGA nanoparticles, Doxil, and Abraxane for non-specific binding
to Matrigel
We used SPR assays to screen biodegradable PLGA-based and two clinically approved
NPs for non-specific binding to tumor ECM. The uncoated PLGA NP formulation and 1%
PEG-PLGA particles bound to the surface of the Matrigel-coated chip (Fig. 2.7A). In
contrast, the other PEG-PLGA formulations with 2.5% and 5% PEG did not bind to the
Matrigel-coated chip, suggesting minimal non-specific interactions between the particles
and tumor ECM components (Fig. 2.7B).
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Table 2. 3 Physicochemical properties of biodegradable NPs.

a

Diameter (number mean) measured by dynamic light scattering. Data represent the
average of 3 independent experiments +/- SD.
b
PDI (Polydispersity Index) indicates the distribution of individual molecular masses in a
batch of nanoparticles. Measured by dynamic light scattering. Data represent the average
of 3 independent experiments +/- SD.
c
o
Measured at 25 C in 15x diluted PBS with ~9 mM NaCl, pH 7.4. Data represent the
average of 3 independent experiments +/- SD.
d
PEG Surface density determined by NMR.
e
PEG surface coverage/total surface area (value <1 indicates mushroom coverage (low
density), whereas >1 indicates brush regime (high density).
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Figure 2. 7 Surface plasmon resonance (SPR) analysis of biodegradable nanoparticles
SPR experiments were performed by flowing various NP formulations into flow cells and
across the surface of a Matrigel-coated sensor chip. Data are displayed as sensograms
showing resosnance units (RU) as a function of time. (A) SPR analysis measuring the
binding of PLGA and PEG-PLGA nanoparticles ranging in PEG-coating percentages (1%,
2.5%, 5%) to a Matrigel chip. (B) Expanded view of boxed region in A. (C) Screening of
the FDA-approved nanodrugs Abraxane and Doxil for non-specific binding to tumor ECM.
Data were compiled from separate runs using the same Matrigel chip.
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Using another Matrigel-coated chip that was prepared in the same way (same RU ~2000),
we detected relatively strong non-specific binding of Abraxane to tumor ECM components
(Fig. 2.7C). On the other hand, the clinical-grade Doxil did not bind appreciably to the
Matrigel-coated chip, suggesting minimal non-specific binding of this therapeutic NP
formulation to tumor ECM components (Fig. 2.7C).

2.4 Discussion and Conclusion
Particle size and surface characteristics are fundamental, modifiable features of therapeutic
NPs that mediate in vivo behavior and thus the eventual therapeutic ratio of encapsulated
drugs [56, 117, 119]. Here, we examined the size and surface characteristics that affect
particle adhesivity to tumor ECM (Matrigel) and particle movement within breast tumor
xenograft tissue, ex vivo and in vivo. Using densely PEGylated, polystyrene (PS) NPs, we
determined the diffusivity-size threshold and found a steric limit between 63 and 116 nm
diameter. Intravital microscopy of NP spread in living tissue confirmed a significant
difference in tumor tissue penetration between 63 and 116 nm PEG-PS NPs, as well as
between PEG-coated and uncoated NPs. Further examination of the particle surface PEG
densitydiffusivity relationship using SPR and MPT techniques revealed a PEG density threshold
related to tumor ECM binding that was consistent across multiple particle types, including
PS NPs, biodegradable PLGA NPs, and two clinically-approved NPs, Abraxane and Doxil.
Penetration of therapeutic agents within tumor tissue has been found to be a critical
mediator of treatment duration, toxicity, and efficacy following delivery of free drug,
protein-drug conjugates and drug-loaded particles [56, 119, 130, 131]. This is particularly
true in tumors where high intratumoral pressure limits movements of therapeutic agents
42

into the tissue and a dense ECM network hinders diffusive transport throughout the tumor
[70, 71, 132]. The importance of the tumor ECM barrier has been acknowledged in
previous studies that have focused on reducing the tumor ECM matrix barrier by either
directly degrading tumor ECM components or using a multistage delivery approach where
NP size decreases in response to matrix metalloproteinases (MMPs) present in the tumor
microenvironment [72, 76, 133]. Previous findings from other groups revealed that sub-50
nm NPs are required for deep tissue penetration and retention in tumors [72-75] . Our
current study provides in vivo evidence that larger NPs can penetrate tumor ECM if densely
coated with PEG. This result is significant in the context that most clinically tested NP
formulations, including liposomes (Doxil, ~100 nm), albumin-coated NPs (Abraxane,
~130 nm), and PLGA NPs (Accurins, ~100 nm) typically have a formulation size limit of
>50 nm [132].
NP surface composition is another parameter that plays an important role in NP
interactions with tumor ECM components and movement within tumor tissues[134, 135].
It has been shown that NPs coated with PEG accumulate more efficiently in tumor
compared to similar uncoated NPs, due in part to improved blood circulation time and the
ability to avoid clearance mechanisms [136-138]. With regard to particle penetration within
tumor tissue, it is thought that dense PEG coatings promote dispersion of NP within tumors
by reducing binding to tumor tissue components [72, 132, 139]. High surface PEG density
has been shown to assume a brush like conformation, as opposed to a mushroom
configuration, at low PEG density [139, 140], limiting exposure of electrostatic and
hydrophobic surfaces that facilitate non-specific adhesion. In a prior study by Nance and
colleagues that focused on brain tissue penetration, a nuclear magnetic resonance (NMR)-
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based method was used to quantify the PEG coating density that correlated with brain
penetration. The authors found that in order for NPs to diffuse in human and rodent brain
tissue, 100 nm PS NPs must have ~9 PEG molecules per 100 nm2 of particle surface and a
PEG layer in a brush regime with Γ/SA ≥2, where Γ is the PEG surface coverage over the
total surface area (SA) [93]. Similarly, we found that negatively charged PS and PLGA
NPs with exposed hydrophobic regions exhibit hindered diffusion in tumor tissues
regardless of the NP size. We observed diffusive behavior in tumor tissues for 40 nm CNP
(med) and 40 nm CNP (high) with Γ/ Γ* ≥ 1.4, whereas the coating density of Γ/ Γ* ≤0.8
for 40 nm CNP (low) was not sufficient for tumor penetration. Interestingly, the PEGPLGA NP formulations exhibited a slightly higher threshold for minimum PEG density to
prevent non-specific binding to the Matrigel-coated chip. We found that PLGA and PEGPLGA NPs need to be formulated with at least 2.5% PEG on the surface with Γ/ Γ* ≥ 2.7
and Γ/ Γ* ≤ 2.1 for 1% PEG-PLGA NPs was not sufficient to prevent the non-specific
binding to tumor ECM components. This discrepancy between the PS and PLGA NPs is
likely due to incomplete partitioning of the hydrophilic PEG segments to the surface of the
PEG-PLGA nanoparticles during the formulation process by the nanoprecipitation method
[141]. Thus, our NMR-based quantification analysis of total PEG content in NPs may
overestimate the minimum surface PEG density of PEG-PLGA NPs required to reduce
non-specific binding to the Matrigel-coated chip. In addition, relatively porous and rough
surface structures of the PEG-PLGA NPs (compared to PS NPs) may further reduce the
"effective" PEG chain surface coverage around the NPs. Therefore, the estimated PEG
surface density required for tumor penetration will likely depend on the material being
coated as well as PEG molecular weight. We recognize that PEG surface coating is not a
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requirement for tumor penetration, as long as the exposed surfaces do not bind nonspecifically to tumor ECM components [91]. However, based on our work, most drug
carriers that we tested including PS NPs, PLGA NPs, and Abraxane, suffered from strong
non-specific binding to tumor ECM components when the particle surfaces were not
shielded by PEG coatings.
More than 20 therapeutic NPs have been approved for clinical use by the FDA and
many others are currently being evaluated in clinical trials [72]. There have been very few
studies using SPR to test non-specific interactions of nanomedicines such as Doxil and
Abraxane with biologically-relevant molecules. Our work highlights the value of SPR as a
method to assess the NP adhesivity and thereby estimate tumor penetration capability of
many clinically relevant NPs, which cannot be analyzed via conventional microscopy
without additional surface modifications or fluorescent tags [111]. Using this SPR
methodology, we determined that Abraxane, but not Doxil, displayed strong non-specific
interaction with tumor ECM components. This has important clinical implications. For
example, the PEG coating density on Doxil, 5 wt % of 2 kDa PEG, is sufficient to prevent
the non-specific binding to tumor ECM components, which suggests that the inability of
Doxil to penetrate tumors [69] is likely due to steric size and/or particle stability limitations.
This new finding motivates further development of Doxil-based PEGylated liposomal
formulations with smaller sizes (<100 nm). Also, while there is some preclinical evidence
that Abraxane disintegrates into smaller size NPs (~10 nm) after it enters the bloodstream
[72], the majority of the particles are found along the tumor blood vessels, with very few
diffusing into the tumor tissue [95, 124]. Our SPR results revealed relatively strong
nonspecific binding of Abraxane to tumor ECM components, which may explain the lack
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of tumor penetration in vivo in addition to the potential steric obstruction of the intact
Abraxane particles (~130 nm). Therefore, we expect that effective shielding of the exposed
surfaces of Abraxane, such as with PEG coating, may enhance tumor penetration and
further improve therapeutic efficacy.
In conclusion, the findings in this study provide new insights into the NP size and
surface PEG density thresholds related to tumor tissue penetration and adhesivity to
extracellular tumor components. In particular, this work may help explain in vivo
differences between clinically-relevant particulate delivery systems including albuminbased nanoformulations, PEGylated liposomes, and biodegradable polymeric NPs. Finally,
the results from this study are likely to help guide the design of new particulate drug carriers
for enhanced tumor tissue penetration and greater therapeutic efficacy.
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Chapter 3: Paclitaxel-loaded PLGA-PEG nanoparticles: In vitro and in vivo
performance compared with Abraxane
3.1 Introduction
Breast cancer is the most common malignancy in women world-wide [142]. In the United
States this year, ~250,000 women will be diagnosed and ~40,000 women are predicted to
die from breast cancer [143]. Patient prognosis and treatment selection are often influenced
by clinical and pathological features including the expression of specific markers such as
estrogen, progesterone, HER2, and other receptors. Triple-negative breast cancer (TNBC)
is a particularly aggressive subtype that is associated with increased incidence of metastasis
and poor patient survival and is defined by the lack of expression of estrogen, progesterone,
and HER2 receptors [144-147]. TNBC accounts for 15-20% of all breast cancers and is
more prevalent in younger and African-American patients [148, 149]. TNBC represents an
important clinical challenge because these cancers do not respond to endocrine therapy or
other available targeted agents; therefore, relatively toxic and marginally effective
chemotherapy remains the backbone of treatment [145, 150-152]. Patients with TNBC also
have an increased likelihood of distant recurrence and death within 5 years of diagnosis
relative to other breast cancer subtypes [153, 154]. Indeed, clinical experience suggests
that many women with triple-negative metastatic disease relapse very quickly when
receiving chemotherapy [154] and, compared to other breast cancer subtypes, patients with
TNBC are at a higher risk of developing brain metastasis of breast cancer [155, 156].
Brain metastases of breast cancer appear to be increasing in incidence compared to
other metastatic sites, approaching 35% in subpopulations of metastatic breast cancer
patients [157]. While chemotherapy is routinely used to control peripheral metastasis of
breast cancer, this modality is largely ineffective at treating metastatic lesions in the brain
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due to poor drug penetration through the blood brain barrier (BBB). The BBB is a diffusion
barrier consisting of cerebral endothelial cells connected together by tight junctions, a thick
basement membrane, and astrocytic end-feet, that controls the passage of most molecules
and drugs from the blood circulation to the brain. It is estimated that about 98% of central
nervous system (CNS) therapeutics fail to enter clinical trials due to poor brain penetration
[158, 159]. While the brain tumor-associated BBB (BTB) is structurally impaired and more
permeable compared to the healthy BBB, it still represents a significant barrier to drug
delivery to brain metastases. Previous systemic strategies for the treatment of breast cancer
brain metastases include identification of novel BBB-permeable drugs [160-166] or
delivery of clinically established BBB-impermeable drugs across the BBB by conjugating
ligands that bind to cell surface receptors found on brain endothelial cells. These may
include transferrin receptor [167, 168], low density lipoprotein (LDL) receptor [169],
insulin receptor [170], or glutathione receptor [171]. Binding of the antibody-drug
conjugates to their respective receptors may enable receptor-mediated transcytosis of the
drug across the BBB. Despite these encouraging approaches, there is still an urgent need
to identify new treatment strategies for TNBC primary and metastatic tumors. Furthermore,
our proposed strategy may be relevant to primary TNBC as well as metastasis to non-CNS
sites.
Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) and its receptor,
fibroblast growth factor-inducible 14 (Fn14) are members of the TNF and TNFR
superfamilies, respectively, and are thought to play a major role in tissue repair after injury
[8]. TWEAK:Fn14 binding promotes various cellular responses such as proliferation,
invasion, and survival [8]. Fn14 is elevated in over a dozen solid cancer types and high
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Fn14 expression levels correlate with poor patient outcome in several different cancers [20,
23, 25, 32, 172]. Previous studies have shown that Fn14 expression is low in normal breast
tissue, but frequently elevated in the HER2+/ER- [25] and TNBC [53] intrinsic subtypes
of breast cancer (Fig. 3.1). Indeed, IHC analysis of a 101 patient TNBC tumor microarray
showed that 55 of 101 (54%) tumors stained positively for Fn14 (Fig. 3.1), indicating that
Fn14 could be an excellent cell surface portal for targeted TNBC therapy. It is also
important to note that Fn14 is also highly expressed in bone, lymph node, and brain
metastases of breast cancer patients [26, 173, 174]. Interestingly, ectopic expression of
Fn14 in breast cancer cells stimulates cell migration and invasion; therefore, the
upregulation of this pathway in cancer suggests a potential metastasis-promoting function
[25, 175]. Recently, a group led by Angels Sierra reported that Fn14 is overexpressed in
primary breast tumors that develop brain metastasis and remains elevated in brain
metastatic cells and is a predictor of poor prognosis [173, 176, 177].
Nanomedicine, and in particular the use of imaging agents and cytotoxic drugs
formulated into nanoparticles (NPs) to diagnose and treat solid tumors, has the potential to
make a significant impact on cancer diagnosis and therapy [59, 178]. Various NP
formulations are in development for potential use in breast cancer, including TNBC [179].
One of the NP formulations currently approved by the FDA for metastatic breast cancer is
Abraxane (Nab-paclitaxel), a human serum albumin-bound paclitaxel (PTX) particle [113,
180, 181]. Abraxane was developed to take advantage of the antitumor activity of PTX
while removing the toxicities associated with the detergent-like solvents most commonly
used in clinical formulations of PTX (Taxol) (e.g., Cremophor EL) [113, 180, 181].
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Figure 3. 1 Fn14 is highly expressed in TNBC.
IHC analysis of Fn14 expression was conducted using normal breast (A) and a breast tumor
tissue microarray (B). TNBC tumor specimens exhibiting Fn14 mAb staining (red color)
scores of 0 - 3 are shown in panel B, respectively. Figure modified from Willis et al., Mol
Cancer Res. 6(5): 725 (2008) (Panel A) and Zhou et al., Mol Cancer Ther. 13(11): 2688
(2014) (Panel B).
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It is established that the Abraxane formulation of PTX has a significant clinical advantage
over solvent-Cremophor PTX for metastatic breast cancer patients; however, Abraxane has
only modest effects on patient survival [58, 113, 115, 180-182]. Also, it is notable that
some adverse effects occur more frequently in Abraxane-treated breast cancer patients
compared to Taxol-treated patients (e.g., sensory neuropathy, neutropenia, and diarrhea)
[115, 182, 183].
There are several challenges that need to be addressed in order to maximize the
potential of Abraxane and other therapeutic NP formulations for breast cancer treatment.
First, many systemically administered NPs, including Abraxane [184], are rapidly cleared
from the circulation by the reticuloendothelial system (RES). Second, particle transport
across the vessel wall and into the interstitial space can be inefficient. Third, solid tumors
possess an elevated interstitial fluid pressure, narrow extracellular spaces, and a dense
ECM barrier, all of which hinder movement of therapeutic NPs after extravasation from
the blood vessel lumen [56, 117-119]. Indeed, tissue penetration is of a particular concern
with Abraxane particles because they are relatively large (~130 nm in diameter) and
albumin is known to bind to the tumor ECM glycoprotein SPARC [180, 181]. This
interaction may have a detrimental effect by reducing NP penetration through tumor
extracellular spaces. In fact, when Abraxane is administered intravenously into tumor
xenograft-bearing nude mice, the vast majority of the particles are found associated with
tumor blood vessels, with very few diffusing into the tumor tissue [95, 124].
Surface modifications of NPs can allow for longer blood circulation time and favor
the preferential accumulation and penetration of NPs in solid tumors. To minimize the
adsorption of opsonins and subsequently the removal from the blood, a hydrophilic surface

51

coating is widely applied in NPs [185]. Polyethylene glycol (PEG) is an inert polymer that
resists interactions with components in the blood stream, imparting “stealth” properties.
Although much of the initial development of PEGylated NPs focused on systemic
administration, the benefits of NP PEGylation for overcoming biological barriers (e.g.
mucus, tumor ECM) to effectively deliver drugs has also been elucidated [186].
Additionally, NPs with targeting ligands (e.g. monoclonal antibodies, their Fab fragments
and other moieties) on their surface have been developed to specifically recognize and bind
to tumor vasculature or cancer cells [187]. In this work, we have synthesized a poly(lacticco-glycolic acid)-polyethylene glycol (PLGA-PEG) NP formulation that is PTX-loaded
and Fn14-targeted via conjugation of the mAb ITEM4. We evaluated NP tumor tissue
targeting and penetration capabilities as well as in vitro cytotoxicity against the TNBC cell
line MDA-MB-231 (231-Luc) and the TNBC “brain seeking” cell line 231-Br-Luc. In
addition, this novel NP formulation was evaluated for its tumor growth inhibitory activity
in vivo versus non-targeted NPs, IgG-conjugated NPs, and the FDA-approved NP
formulation Abraxane.

3.2 Materials and Methods
Materials
Methoxy terminated poly(lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG, 10:5
kDa), PLGA-PEG with maleimide end group (PLGA-PEG-Mal, 10:5 kDa), and PLGArhodamine B (PLGA-Rhod, 10:30 kDa) were purchased from Polyscitech (West Lafayette,
IN). Poly vinyl alcohol (PVA, 25 kDa) was purchased from Polysciences (Warrington,
PA). 5 kDa MW polyethylene glycol (PEG), methoxy-PEG5k-amine and thiol reactive
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malemided-PEG5k-amine were purchased from Creative PEGWorks (Winston Salem,
NC). Near infrared 40 nm carboxyl (COOH)-modified PS FluoSpheres (PS-COOH NPs)
were purchased from Invitrogen (Carlsbad, CA). Lab-Tek glass-bottom tissue culture
plates and Zeba Spin Columns (7 kDa cut-off) were purchased from ThermoFisher
Scientific (Rochester, NY). Paclitaxel (>99.5%) (PTX) was purchased from LC
Laboratories (Woburn, MA). Clinical-grade Abraxane was purchased from the University
of Maryland Medical Center outpatient pharmacy. The ITEM4 monoclonal antibody was
provided by Dr. Hideo Yagita (Juntendo University School of Medicine, Tokyo, Japan).
The mouse IgG isotype control antibody and Hoechst 33342 trihydrochloride were
purchased from Invitrogen (Carlsbad, CA). D-Luciferin was purchased from Promega
(Madison, WI). Cell culture materials, including Dulbecco’s modified Eagles’s medium
(DMEM), 0.25% trypsin, fetal bovine serum and penicillin-streptomycin, were purchased
from Corning (Manassas, VA). All Biacore materials, including sensor chips and running
buffers, were purchased from GE Healthcare Life Sciences (Marlborough, MA). PLGA (717 kDa, 50:50), chloroform-d (CDCl3), phosphate buffer solution (PBS), 2-iminothiolane
hydrochloride, and all other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) and used without further purification.

Preparation of IgG-SH and ITEM4-SH
IgG and ITEM4 were thiol-modified via reaction of free amines with 2-iminothiolane as
described previously [94, 110]. Briefly, either IgG or ITEM4 (0.5 mg/mL) were mixed
with 2-iminothiolane (140x molar excess to ITEM4) in 100 mM phosphate buffer with
EDTA (pH 7.2, 150 mM NaCl, 5 mM EDTA). The reaction was allowed to proceed for 2
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h at room temperature to yield thiolated mAbs. After the reaction, the resulting solution
was purified with Zeba Spin Columns (7 kDa MW cut-off) and frozen immediately to avoid
potential disulfide bond formation between newly generated thiol groups.

Nanoparticle preparation
To formulate biodegradable PLGA and PLGA-PEG NPs, single emulsion solvent
evaporation technique was used for preparation of empty, rhodamine-labeled, and PTXloaded NPs. The polymers and drug were dissolved in 2 mL dichloromethane (DCM) to
form organic/oil phase. PVA (5% w/v) was dissolved in water and passed through 0.2 µm
filter to form water phase. The oil phase was added to 12 mL of the water phase to form
oil-in-water emulsion. All the emulsions were sonicated in an ice bath using ultrasonication
probe (Sonics Vibra-Cell, Newton, CT) at 30% amplitude for 3 min with 20 sec on-off
pulser. The sonicated emulsions were immediately transferred to magnetic stirring for 4 h
at room temperature to allow organic solvent evaporation. The formed NPs were washed
by microcentrifugation at 21,100 × g for 10 min with ultrapure water (4 washes total). The
NPs were resuspended in ultrapure water and used fresh for experiments.
To formulate IgG- or ITEM4-conjugated biodegradable PLGA-PEG NPs, IgG-SH
or ITEM4-SH was conjugated onto the surface of PLGA-PEG NPs containing maleimide
functional groups by maleimide-thiol chemistry as described previously [94, 110]. Briefly,
PLGA-PEG-Mal NPs were mixed with IgG-SH or ITEM4-SH (1.2× excess ITEM4-SH to
maleimide) in 100 mM phosphate buffer (pH 7.2, 150 mM NaCl) and allowed to react
overnight at 4 °C. The maleimide-thiol linkage covalently conjugates the mAb molecules
to PEG molecules. This reaction was performed immediately following PLGA-PEG-Mal

54

NP formulation to avoid hydrolysis of the maleimide groups due to longer incubation
times. After the reaction, PLGA-PEG-IgG and PLGA-PEG-ITEM4 NPs were purified
from unconjugated free IgG- and ITEM4-SH via microcentrifugation at 21,100 × g for 10
min with ultrapure water (3 washes total). The NPs were resuspended and used fresh for
experiments.
PEG-coated PS NPs were formulated as previously described [94, 188]. Briefly,
PS-COOH nanoparticles (1 mg) were mixed with methoxy-PEG5k-amine (10x equivalent
to total COOH groups on surface of PS-COOH particles) in 100 mM phosphate buffer (pH
7.2, 150 mM NaCl), followed by addition of excess sulfo-NHS (~5–6 mg), and EDC (~3–
4 mg) to a volume of 500 µL. Particle suspensions were placed on a rotary incubator and
the reaction was allowed to proceed for 4 h at 25°C. After the reaction, particles were
purified by ultracentrifugation (Amicon Ultra-15 mL 100 kDa MW cut-off) with ultrapure
water (3 washes total). NPs were resuspended in ultrapure water and stored at 4°C until
use.
For IgG- and ITEM4-conjugated PSPEG NPs, a different proportion of PEG
(methoxy-PEG5k-amine to malemide-PEG5k-amine (10% mol %)) was used for particle
PEGylation. IgG-SH or ITEM4-SH was conjugated onto the surface of the NPs containing
maleimide-functionalized PEG by maleimide-thiol chemistry. Briefly, purified PSPEGmaleimide NPs were mixed with IgG-SH or ITEM4-SH in 100 mM phosphate buffer (pH
7.2, 150 mM NaCl) and allowed to react overnight at 4°C. This reaction was performed
immediately following NP PEGylation, as longer incubation times resulted in increased
hydrolysis of the maleimide groups. After the reaction, NPs were purified from
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unconjugated free IgG-SH or ITEM4-SH via dialysis (1000 kDa Float-a-Lyzer dialysis
cassettes) against 1X PBS for 5 days.

Physicochemical characterization of NPs
The physicochemical characteristics of NPs were measured in 15× diluted PBS (~10 mM
NaCl, pH 7.4). Hydrodynamic diameter, polydispersity index (PDI) and ζ-potential
(surface charge) were determined by dynamic light scattering and laser Doppler
anemometry using Zetasizer NanoZS (Malvern Instruments, South Borough, MA). Particle
size measurements were performed at 25 °C at a scattering angel of 173° and are reported
as the number-average mean. The surface charge on the particles was calculated using the
Smoluchowski equation and is reported as the mean ζ-potential.
The surface density of PEG (# of PEG chains/100 nm2) and Γ/Γ*, where Γ is the
PEG surface coverage over the total surface area (Γ*), was calculated from the 1H integrals
of the ethylene oxide peak of PEG using a previously described method [26, 93, 109].
Briefly, NPs were lyophilized, weighed and dissolved in CDCl3 containing 0.1% (v/v)
trimethylsilane as an internal standard. Nuclear magnetic resonance (NMR) spectra were
obtained at 500 MHz using Agilent DD2 500 MHz Spectrometer. A calibration curve was
obtained by plotting the 1H NMR integrals of various concentrations of 5 kDa PEG
(~ 3.6 ppm) in CDCl3 solvent containing 0.1% (v/v) trimethylsilane. The average PEG
surface density (# of PEG chains/100 nm2) on the surface of the NPs was calculated by
taking the total quantity of PEG detected by NMR and the total NP surface area. The
surface area of NPs was calculated assuming that the particles are made of individual
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particles of diameter equal to that measured by the Zetasizer and using a density of
1.34 g/cm3 for PLGA.
The surface concentration of ITEM4 and IgG (# of ITEM4 or IgG molecules/NP)
was quantified via the LavaPep protein assay (Gel Company, San Francisco, CA) using
free ITEM4 as a standard [94, 110]. A calibration curve was generated by plotting
the fluorescence from different concentrations of mAb molecules. The average mAb
surface density on the surface of the NPs was calculated by taking the total quantity of
ITEM4 or IgG measured by the LavaPep protein assay and the total number of NPs in 1
ml solution. The number of NPs in the sample was calculated assuming that the NPs are
made of individual NPs of diameter equal to that measured by the Zetasizer and using a
density of 1.34 g/cm3 for PLGA.

NP binding to tumor extracellular matrix proteins
Non-specific binding of the NPs was analyzed on a tumor extracellular matrix (ECM)
preparation (Matrigel) using a high throughput SPR-based Biacore 3000 instrument (GE
Healthcare, Marlborough, MA) at 25 °C as previously described [94, 109, 110, 189].
Matrigel was diluted to 100 ug/mL in acetate buffer pH 4.0 and conjugated to a CM5
Biacore chip with RU value of ~5000. The first flow path (Fc1) was activated and blocked
with ethanolamine to serve as a reference for each binding run, as suggested per
manufacturer’s protocol. The running buffer, 10 mM HEPES buffer (pH 7.4) containing
150 mM NaCl, 0.05% surfactant P-20 with 50 µM EDTA (HBS-P), was degassed prior to
use. For binding experiments, samples (PLGA, PLGA-PEG, PLGA-PEG-ITEM4 NPs)
were assayed at a flow rate of 20 l/min with an injection time of 3 min followed by a 2.5
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min wait for dissociation, before chip regeneration with 10 mM glycine, pH 1.75.
Nanoparticle binding was assayed with NP concentrations of 1 mg/ml diluted in running
buffer. Data were analyzed using Biacore 300 Evaluation Software, where data from Fc1
were subtracted from the Fc2, Fc3, and Fc4 data to give the final sensorgrams.

Cell culture and evaluation of Fn14 expression by FACS and Western blotting
The MDA-MB-231-Luc (231-Luc) cell line, provided by Dr. Stuart Martin (University of
Maryland School of Medicine, Baltimore, MD), was chosen for these studies as it is a
firefly luciferase transfected human breast cancer cell line that is “triple negative” for
estrogen, progesterone, and HER-2 receptors. Cells were cultured at 37 °C in a humidified
incubator (95% air, 5% CO2) in DMEM supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin (1000 units/l), 0.25 mg/ml G418 sulfate (Corning, Manassas, VA),
and 0.5 mg/ml hygromycin B (Corning, Manassas, VA).
The MDA-MB-231-Br-Luc (231-Br-Luc) “brain seeking” cell line was provided
by Dr. Suyun Huang (University of Texas MD Anderson Cancer Center, Houston, TX).
This is a brain-seeking clone of the parental cell line MDA-MB-231 that was established
to study breast cancer metastasis to the brain as previously described [190]. Cells were
cultured at 37 °C in a humidified incubator (95% air, 5% CO2) in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin (1000 units/l).
To examine Fn14 surface expression by the 231-Luc and 231-Br-Luc cell lines,
flow cytometry analysis was performed. Briefly, cells were seeded in 24-well plates at a
density of 105 cells per well and allowed to attach overnight. The media was then replaced
with serum-free DMEM along with no antibody, IgG isotype-PE, or ITEM4-PE. After 1 h

58

incubation, cells were washed 3 times with PBS, detached with trypsin, and diluted in cold
PBS for flow cytometry analysis. Mean fluorescence intensity was analyzed using a
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lake, NJ). Data from 104 events
were gated using forward and side scatter parameters to exclude dying cells and debris.
For Western blot analysis, cells were harvested by scraping, snap frozen, and lysed
in RIPA buffer (150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, and
1% Triton X-100) supplemented with a protease/phosphotase inhibitor cocktail (Cell
Signaling Techology, CST). The protein concentration of each lysate was determined by
BCA protein assay (Pierce Protein Biology). Equal amounts of protein were subjected to
SDS-PAGE (Life Technologies) and electrotransferred to PVDF membranes (Thermo
Scientific Pierce). Immunoblotting was performed using Fn14 and glyceraldehyde-3phosphate dehydrogenase (GAPDH) antibodies purchased from CST.

MDA-MB-231-Luc cell implantation onto mammary fat pad and bioluminescence imaging
All animal procedures were approved by the University of Maryland Institutional Animal
Care and Use Committee (IACUC) and the Office of Animal Welfare Assurance (OAWA).
For the tumor implantation procedure, animals were anesthetized via continuous flow of
2-3% isoflurane through an induction chamber followed by a nose cone. MDA-MB-231Luc cells (1x106) were suspended in 50% Matrigel and implanted subcutaneously proximal
to the mammary fat pad (MFP) of 6-8 week-old athymic nude female mice (Taconic
Biosciences, Hudson, NY). Every 2 to 3 days, perpendicular tumor diameters were
measured by digital caliper and used to calculate tumor volume according to the formula:
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volume = LxWxW/2, where L indicates the larger diameter and W indicates the smaller
diameter.
For the bioluminescence imaging (BLI) of the tumors, animals were anesthetized
in an induction chamber with 2.5% isoflurane and injected with D-luciferin (150 mg/kg,
dissolved in PBS) intraperitoneally. After 10 min, animals were moved to a Xenogen IVIS
system (Caliper Life Sciences, Hopkinton, MA) maintained at 2.5% isoflurane and imaged
for tumor bioluminescence. Photons emitted from live mice were acquired as
photons/s/cm2/steradian (p/s/cm2/cm2/sr) and analyzed using LivingImage software
(PerkinElmer, MA).

Nanoparticle penetration in breast tumor slices
The diffusion of individual fluorescent NPs was analyzed using MPT assays in ex vivo
breast tumor slices as described previously [94, 109, 110]. Mice bearing 231-Luc
xenografts (≥ 500 mm3 in volume) were euthanized and the tumor was harvested and sliced
into 2 mm sections using a Zivic matrix slicer (Zivic Instruments, Pittsburgh, PA). Slices
were added to custom microscope slide chambers and rhodamine-labeled NPs were
injected (0.5 μL of 100 μg/mL) into tumor slices using a Hamilton syringe aided by a
stereotactic frame. Cover slips were placed on the slide chambers and sealed with super
glue. Slices were incubated at 37 oC for a minimum of 15 min before imaging to allow
tissue recovery and convection dissipation. Diffusion of NPs was imaged at a frame rate of
20 frames/s for a total of 400 frames (20 s) using LSM5 Duo slit scanning confocal
microscope with 63x Plan-Apo/1.4 NA oil-immersion objective. Particle movement
movies were analyzed using a custom written MATLAB automated tracking code to
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extract x, y-coordinates of the NPs over time [191]. The geometric mean of the mean
squared displacement (MSD) was calculated per sample and the average MSD was plotted
as a function of time scale. The theoretical MSD values of NPs in water were calculated
from the Stokes-Einstein equation using the mean particle diameters, measured by DLS.

Nanoparticle binding to Fn14 extracellular domain
Fn14-specific binding of the NPs was analyzed on recombinant Fn14 extracellular domain
(Cell Sciences, Canton, MA) conjugated to a CM5 Biacore chip, with RU values ranging
from 300 to 1700. The first flow path was activated and blocked with ethanolamine to serve
as a reference for each binding run, as suggested per manufacturer's protocol. The running
buffer, 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl, 0.05% surfactant P-20
with 50 mM EDTA (HBS-P), was degassed prior to use. Similar to the non-specific binding
experimental procedure, the samples (PLGA-PEG, PLGA-PEG-ITEM4 NPs and ITEM4
as a positive control) were assayed at a flow rate of 20 l/min with an injection time of 3
min followed by a 2.5 min wait for dissociation, before chip regeneration with 10 mM
glycine, pH 1.75. Nanoparticle binding was assayed with NP concentrations of 1 mg/mL
diluted in running buffer. Data were analyzed using Biacore 3000 Evaluation Software,
where data from reference flow path were subtracted from the experimental flow path data
to give the final sensorgrams. In addition, binding isotherm of the NP was generated by
analyzing binding at various NP concentrations. The data were analyzed by fitting to a
pseudo-first order process to determine the maximum change in response units (RUeq).
RUeq values were then plotted versus NP concentration and the equilibrium binding
affinities (KD) were calculated by fitting the binding isotherm data into a single class of
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binding sites using non-linear regression analysis employing GraphPad Prism 7.03
software (GraphPad Software, Inc., La Jolla, CA) [94, 189, 192].

Nanoparticle cellular association and internalization in 231-Luc cells
Cellular uptake of rhodamine-labeled fluorescent NPs by Fn14-positive 231-Luc cells, was
determined by flow cytometry. For NP cellular association analysis by flow cytometry,
cells were seeded in 24-well plates at a density of 105 cells per well and allowed to attach
overnight. The media was then replaced with serum-free DMEM containing non-targeted
or Fn14-targeted fluorescent NPs (100 µg per well). In addition, to confirm the specific
interaction between ITEM4 and Fn14, the cells were incubated with free ITEM4 (500
µg/ml) for 30 min to block Fn14 binding sites before adding Fn14-targeted fluorescent
NPs. After 1 h incubation, cells were washed 3 times with PBS, detached with trypsin, and
diluted in cold PBS. Mean fluorescence intensity was analyzed using a FACSCalibur flow
cytometer.
The internalization of the NPs in 231-Luc cells was confirmed by live-cell confocal
microscopy. Briefly, cells were seeded onto Lab-Tek glass-bottom culture plates at a
density of 105 cells per plate and allowed to attach overnight. The media was then replaced
with fresh media containing non-targeted or Fn14-targeted NPs (100 µg per well). After 1
h incubation, cells were treated for 15 min with Hoechst 33342 (5 µg/ml) to stain the nuclei
and then washed 3 times with PBS. Clear Opti-MEM (Invitrogen Corp., Carlsbad, CA)
media was added to the plates and the cells and NPs were imaged under a LSM5 Duo slit
scanning confocal microscope (Carl Zeiss Inc., Thornwood, NY) with a 63x Plan-Apo/1.4
NA oil-immersion objective.
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Intravenous injection of near-infrared polystyrene NPs and in vivo imaging
Individual mice were restrained briefly in a Tailveiner® apparatus (Braintree Scientific,
Braintree, MA), which is specially designed for tail vein injections. The tail was then
prepared aseptically by betadine scrub, followed by 70% ethanol rinse. For systemic
circulation studies, 200 μL of near-infrared polystyrene (PS) NPs (~60 nm) were injected
at a concentration of 1 mg/ml via the tail vein using a 32-gauge needle. Care was taken to
avoid delivery of air bubbles that can produce embolism. At designated time points (0, 1,
3, 6, 24, 48, 72 h) mice were anesthetized as previously described and fluorescent signal
was detected using the Xenogen IVIS system. Identical imaging acquisition settings (time,
2–30 seconds; ex/em, 710/760; F-stop, 1; binning, medium) and the same area of regions
of interest (ROI) were used to obtain total radiance (photons/sec/cm2/sr) of the fluorescent
animal signals.

Polystyrene NP binding to mouse serum proteins
Non-specific binding of PEG- and Fn14 antibody-coated PS NPs to mouse serum proteins
was analyzed using a high throughput SPR-based Biacore 3000 instrument (GE Healthcare,
Marlborough, MA) at 25 °C as described above. Mouse serum was diluted to 100 ug/mL
in acetate buffer pH 4.0 and conjugated to a CM5 Biacore chip with RU value of ~5000.
The first flow path (Fc1) was activated and blocked with ethanolamine to serve as a
reference for each binding run. For binding experiments, samples (PS, PSPEG, PSPEGIgG, and PSPEG-ITEM4) were assayed at a flow rate of 20 l/min with an injection time
of 3 min followed by a 2.5 min wait for dissociation, before chip regeneration with 10 mM
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glycine, pH 1.75. Nanoparticle binding was assayed with NP concentrations of 1 mg/ml
diluted in running buffer. Data were analyzed using Biacore 300 Evaluation Software,
where data from Fc1 were subtracted from the Fc2, Fc3, and Fc4 data to give the final
sensorgrams.

Intravenous injection of rhodamine-labeled NPs and tumor accumulation
Individual mice bearing 231-Luc mammary fat pad injected tumors (≥ 500 mm3 in volume)
were restrained briefly and the tail was prepared as described above. For tumor
accumulation studies, 200 μL of rhodamine-labeled NPs were injected at a concentration
of 10 mg/ml via the tail vein using a 32-gauge needle. At 24 h after injection, the mice
were euthanized and organs and tumors were isolated and placed on a petri dish and
rhodamine (near-infrared) signal was detected using the Xenogen IVIS system. Identical
imaging acquisition settings (time, 2–60 seconds; ex/em, 535/620; F-stop, 1; binning,
medium) and the same area of regions of interest (ROI) were used to obtain total radiance
(photons/sec/cm2/sr) of the fluorescent tumor signals. Images were processed using the
Living Image Software (IVIS Spectrum, Perkin Elmer). The total radiance from the
fluorescence readings was used for signal quantification.

Determination of PTX loading in NPs
For PTX loading measurements, lyophilized NPs were dissolved in acetonitrile (1 mg/ml)
and passed through 0.2 µm filter to separate drugs from polymers. The filtered solution
was analyzed at UV absorption peak of 228 nm on high performance liquid
chromatography (HPLC, Waters, 2690) equipped with a reverse phase C18 column
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(150mm × 4.6 mm, Supelco). The pump was set for isocratic flow with mobile phase A
(0.4 ml/min) consisting of acetonitrile/DI water/trifluoroacetic acid (TFA) (2/98/0.05,
v/v/v) and mobile phase B (0.6 ml/min) consisting of acetonitrile/DI water/TFA (99/1/0.05,
v/v/v). The PTX retention time was found to be 7 min. A PTX standard curve was
established by plotting peak areas with respect to known PTX concentrations. The drug
loading (DL) % was calculated from following equation.
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑇𝑋 𝑖𝑛 𝑡ℎ𝑒 𝑁𝑃𝑠
𝐷𝐿 (%) = (
) 𝑥 100
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝑃𝑠

Determination of PTX release from NPs
In vitro release of PTX from NPs was performed using the dialysis method over 28 days.
A known amount of NPs in PBS (pH 7.4, 1 mL) was placed in Float-A-Lyzer dialysis tubes
(3.5 – 5 kDa MW cut-off, Spectrum Labs, Rancho Dominguez, CA) and dialyzed against
PBS on an orbital shaker at 37 °C. At predetermined time intervals, 1 ml dialysate was
collected and the equal volume was replenished with fresh PBS incubated at 37 °C. All the
collected PTX release samples were analyzed by HPLC with the setting mentioned above
to get the PTX peak areas. The drug release (DR) % was calculated from following
equation.
𝐷𝑅 (%) =

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑑𝑖𝑎𝑙𝑦𝑠𝑎𝑡𝑒 𝑥 100
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃 𝑖𝑛 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 𝑡𝑢𝑏𝑒

In vitro cytotoxicity assays
Cytotoxicity of PTX, Abraxane, and PTX-loaded Fn14-targeted and non-targeted NPs was
assessed using the MTS in vitro cytotoxicity assay (CellTiter 96® Aqueous One, Promega,
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Madison, WI). Cells (231-Luc) were cultured in 96-well plates at 5 x 103 cells/well for 24
h. Culture media was removed and replaced with media containing various doses of free
PTX, Abraxane, non-targeted PTX-loaded NPs, or targeted PTX-loaded NPs. First, the
cytotoxicity of PTX and Abraxane were confirmed on a separate 96-well plate, where cells
were treated with Abraxane and free PTX and cell viability was measured after 24 h of
treatment exposure. In order to determine NP uptake and clearance by the cells, Abraxane,
the two NP formulations, and PTX were added to a separate plate, removed after 2 h
incubation, and replaced with culture media. Cell viability was measured after 24 h with
percent viability calculated as absorbance relative to control wells (cell with culture media).
A total of 3 wells were used per treatment per concentration for each experiment.

NP in vivo efficacy experiments using 231-Luc orthotopic tumor model
Mice bearing 231-Luc tumors (100-200 mm3) were randomized into four groups, each
containing either 5 mice for intratumoral delivery or 9 mice for systemic delivery of
therapeutics. For the intratumoral delivery experiment, mice received 10 µL of Saline,
Abraxane, PLGA-PEG-PTX, or PLGA-PEG-ITEM4-PTX at a single dose of 1 mg/kg of
PTX. The rate of change was estimated and compared between the groups. For the systemic
efficacy experiment, three groups of mice were given Abraxane, PLGA-PEG-IgG-PTX, or
PLGA-PEG-ITEM4-PTX intravenously (i.v.) via tail vein at a single dose of 10 mg/kg of
PTX. The control group received saline (200 µL) injected i.v. on the same day as the PTX
treatments. Post-drug administration, mouse body weight and tumor size were monitored
every 2-3 days. Tumor volumes were calculated according to the formula volume =
LxWxW/2, where L indicates the larger diameter and W indicates the smaller diameter. Mice
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were euthanized when tumor volumes reached 1800 mm3. Survival comparisons between
groups in the systemic efficacy experiment were analyzed by Kaplan-Meier and the logrank test.

Intracranial implantation of brain-seeking 231-Br-Luc cells and bioluminescence imaging
Athymic nude mice (age, 6–8 weeks) were purchased from Taconic Biosciences (Hudson,
NY). Animals were anesthetized via continuous flow of 2.5% isoflurane through a nose
cone and were secured to a stereotactic frame. Using a handheld drill, a burr hole was
drilled into the left frontal lobe of the brain 2 mm lateral to the sagittal suture and 1 mm
anterior to the coronal suture at a depth of 3 mm below the dura of all animals. Using a
Hamilton syringe attached to the stereotactic frame, 3x105 231-Br-Luc cells were injected
at a rate of 1 µl/min over 5 min through the burr hole. Mice were given the analgesic
Rimadyl (Carpofen, 3 mg/kg) subcutaneously after the surgery. Animals were observed
daily for any signs of deterioration or neurological dysfunction. If the symptoms persisted
and resulted in debilitation, animals were euthanized according to protocol.
For BLI of the tumors, animals were anesthetized in an induction chamber with
2.5% isoflurane and injected with D-luciferin (150 mg/kg, dissolved in PBS)
intraperitoneally. After 10 min, animals were moved to a Xenogen IVIS system (Caliper
Life Sciences, Hopkinton, MA) maintained at 2.5% isoflurane and imaged for tumor
bioluminescence.

Photons

emitted

from

live

mice

were

acquired

as

photons/s/cm2/steradian (p/s/cm2/cm2/sr) and analyzed using LivingImage software
(PerkinElmer, MA).
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NP in vivo efficacy experiments using 231-Br-Luc tumors implanted into the brain
Mice bearing 231-Br-Luc brain tumors were randomized into four groups (n=10/group) 7
days post-tumor cell implantation. Three groups of mice were given either Abraxane,
PLGA-PEG-IgG-PTX, or PLGA-PEG-ITEM4-PTX intravenously (i.v.) via tail vein with
three doses (10 mg/kg of PTX) each given on day 7, 11, and 14. The control group received
saline (200 µL) injected i.v. on the same days as the PTX treatments. Post-drug
administration, mouse body weight and tumor growth were monitored every 2-3 days.
Tumor growth was evaluated via BLI monitoring as described above. Mice were
euthanized when body weight dropped more than 20% and/or if animals showed any signs
of discomfort or illness, labored breathing or any interference with their ability to eat, sleep,
or rest comfortably. Survival comparisons between groups were analyzed by Kaplan-Meier
and the log-rank test.

Statistical analysis
Statistical analysis of data was performed by a two-tailed Student’s t test assuming unequal
variances or one-way analysis of variance (ANOVA) using GraphPad software. Tests used
are indicated in the figure legends. Differences were considered to be statistically
significant at a level of P < 0.05.

3.3 Results
Synthesis and characterization of biodegradable NPs
Biodegradable PLGA, PLGA-PEG, and PLGA-PEG-ITEM4 NPs, with either rhodamine
fluorescent dye or paclitaxel (PTX), were synthesized using single emulsion solvent
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evaporation technique. The PLGA-PEG NPs were then conjugated with ITEM4 via
maleimide-thiol chemistry to formulate PLGA-PEG-ITEM4 NPs. One percent maleimide
compared to total mass of PLGA-PEG was used to formulate maleimide containing PLGAPEG NPs, which should provide only 1% of NP surface covered by maleimide groups. We
were able to formulate sub-100 nm sized biodegradable NPs. With the addition of PEG and
ITEM4, hydrodynamic diameter of NPs increased from ~67 nm for rhodamine- or PTXloaded PLGA NPs to ~85 nm for the bulkiest rhodamine- or PTX-loaded PLGA-PEGITEM4 NPs (Table 3.1). All NP formulations had ζ-potential values close to the neutral
surface charge, due to the PEG coatings and/or use of PVA in the synthesis procedure. We
have previously shown that these types of NP suspensions are stable in ACSF at 37 °C for
up to 24 h [110]. We quantified the surface density of PEG and number of ITEM4
molecules on the surface of NPs. There were ~13 PEG molecules per 100 nm2 area of NPs
as estimated from the NMR data and there were ~6 ITEM4 molecules per particle as
estimated from the LavaPep protein assays (Table 3.2). NPs prepared by this method
presented high values of drug loading with PLGA, PLGA-PEG, and PLGA-PEG-ITEM4
having 5.7, 7.7, and 8.7% (w/w) PTX, respectively.

Non-specific binding of NPs to tumor ECM proteins
Non-specific binding of NPs was assessed using SPR Biacore assays, as we previously
described [94, 109, 110]. For these assays, Matrigel proteins were conjugated to the surface
of a Biacore chip and the non-specific binding of NPs to this tumor ECM was analyzed.
PLGA-PEG and PLGA-PEG-ITEM4 NPs did not bind appreciably to the Matrigel chip,
suggesting minimal non-specific interactions between the NPs and the tumor ECM proteins
(Fig. 3.2A).
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Table 3. 1 Physicochemical characterization of nanoparticles

Physicochemical characterization data represent the average of 3 independent experiments
+/- SD.
a
Hydrodynamic diameter (number mean and Z-average) measured by dynamic light
scattering.
b
Polydispersity index indicates the distribution of individual molecular masses in a batch
of nanoparticles, measured by dynamic light scattering.
c
Surface charge measured at 25 °C in 15x diluted PBS with ~9 mM NaCl, pH 7.4.
d
Loading efficiency percentage of paclitaxel into nanoparticles (%weight/weight)
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Table 3. 2 Surface characterization and diffusion behaviors of nanoparticles

a

PEG surface density determined by NMR.
PEG surface coverage/total surface area (value <1 indicates mushroom coverage [low
density], whereas >1 indicates brush regime [high density]).
c
Surface density reported from LavaPep fluorescent protein assay.
d
KD values determined on a per nanoparticle basis from fit of Biacore data.
e
Ratio indicates the extent to which diffusion of nanoparticles in brain tissues is reduced
compared to their diffusion in water.
b
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In contrast, PLGA NPs without PEG coating showed some binding to the Matrigel.
Moreover, we formulated PLGA-PEG-IgG NPs and analyzed the binding of these control
particles to tumor ECM. Similar to the PLGA-PEG particles, PLGA-PEG-IgG NPs did not
bind to tumor ECM (Fig. 3.2B). As a positive control, non-specific binding of hydrophobic
and adhesive PS NPs was measured using the Matrigel chip (Fig. 3.2B). PS particles have
been shown previously to be nearly completely immobilized when delivered into tumor
tissue [109] and as expected they bound strongly to the surface of the chip.

Nanoparticle diffusion in tumor slices
Diffusion rates of individual NPs were analyzed ex vivo using tumor slices in MPT assays
as described previously [94, 109, 110]. Rhodamine-labeled NPs were injected directly into
freshly dissected 231-Luc breast tumor slices and MPT was used to test the diffusion rates
of individual NPs. PLGA NPs without PEG coatings did not diffuse appreciably in tumor
tissue, whereas PLGA-PEG and PLGA-PEG-ITEM4 NPs exhibited more diffusive
Brownian-like trajectories. This can be seen as an upward shift in the MSD vs time scale
(τ) curve as compared to PLGA NPs (Fig. 3.2C). The calculated MSD at a time scale (τ) =
1 s for PLGA-PEG and PLGA-PEG-ITEM4 NPs was significantly higher than PLGA NPs
(Fig. 3.2D). To analyze NP size effect on the diffusion in tumor slices, we normalized
experimental MSD values of NPs by theoretical diffusion values of NPs, which takes NP
size into account. The diffusion rates of PLGA, PLGA-PEG, and PLGA-PEG-ITEM4 NPs
were 124-fold, 17-fold, and 15-fold lower, respectively, compared to their theoretical
diffusion rates in water at τ = 1 s (Table 3.2). Although the calculated MSD of PLGA-PEGITEM4 NPs was increased slightly compared to PLGA-PEG NPs, there was no statistical
difference between these two formulations.
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Figure 3. 2 Non-specific binding of PLGA NPs to tumor ECM
(A) Non-specific binding analysis of NPs to tumor ECM protein-coated Biacore chip using
surface plasmon resonance (SPR) technique (RU: Response Units). (B) Non-specific
binding of IgG-coated NPs to tumor ECM proteins compared to PS NPs used as a positive
control. (C) Multiple particle tracking (MPT) analysis of NPs in tumor slices ex vivo
showing ensemble-averaged mean square displacements (MSD) as a function of time scale
over 1 sec period and (D) at 1 sec time point (ns: not significant). Values shown are mean
+/− SD (n=5). Data analyzed for significance using one-way ANOVA followed by Tukey
HSD. *P < 0.05.
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The MPT results suggest that dense PEG-coating on NPs reduces the non-specific
interactions between PLGA-PEG and PLGA-PEG-ITEM4 NPs and the tumor ECM
proteins. Moreover, conjugation of ITEM4 to the PLGA-PEG NPs does not promote
binding to tumor ECM.

Specific binding of NPs to the Fn14 extracellular domain
Fn14-specific binding of NPs was assessed using SPR Biacore assays. The Fn14
extracellular domain was conjugated to the surface of a Biacore chip and binding of NPs
to Fn14 was analyzed. As a positive control, Fn14-specific binding of ITEM4 was
measured, which bound strongly to the surface of the Fn14 Biacore chip (Fig. 3.3A).
PLGA-PEG-ITEM4 NPs bound strongly to the Fn14 chip; however, PLGA-PEG NPs did
not show any appreciable Fn14 binding (Fig. 3.3B). In addition, binding of control murine
IgG to Fn14 was analyzed. Similar to the PLGA-PEG particles, IgG did not bind to Fn14
(Fig. 3.3A). To determine the equilibrium binding affinity of PLGA-PEG-ITEM4 NPs to
the Fn14 extracellular domain, we measured the binding using various NP concentrations
(Fig. 3.3C). We then obtained equilibrium binding (RUeq) values and plotted against NP
concentration to calculate binding isotherm (Fig. 3.3D). The equilibrium binding affinity
(KD) was then calculated by fitting the binding isotherm data in to a ‘one site specific
binding’ model equation. The measured KD for PLGA-PEG-ITEM4 NPs was 0.89 nM,
which was ~2.5-fold lower than that of ITEM4 alone, 2.2 nM (Table 3.2).
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Figure 3. 3 Fn14-specific targeting of PLGA NPs
(A) ITEM4 but not IgG binding, to Fn14 extracellular domain-coated Biacore chip
confirms adequate SPR chip preparation. (B) Specific binding of NPs to Fn14 extracellular
domain-coated Biacore chip using SPR assays. (C) Kinetic binding analysis of ITEM4conjugated NPs showing binding curves at various concentrations. These curves were fit
to a first order process to determine RUeq values at each concentration. (D) Binding
isotherm of ITEM4-conjugated NPs showing RUeq values determined from kinetic binding
analysis in B. The data were fit to a single class of binding sites by non-linear regression
analysis using GraphPad software (AU: Arbitrary Units).
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Nanoparticle cellular association and uptake by Fn14-positive 231-Luc cells
First, we confirmed that 231-Luc cells expressed Fn14 by flow cytometry using PE-labeled
ITEM4 (Fig. 3.4A). Cellular association of NPs was then measured by flow cytometry. A
significantly higher cellular association of PLGA-PEG-ITEM4 NPs by 231-Luc cells was
observed compared to PLGA-PEG NPs without Fn14 targeting ligand (Fig. 3.4B). The
cellular association efficiency of PLGA-PEG-ITEM4 NPs was ~2-fold higher compared to
PLGA-PEG NPs. To confirm whether the enhanced PLGA-PEG-ITEM4 uptake was the
result of specific interaction between ITEM4 and Fn14, we performed a competitive
inhibition assay with free ITEM4. Incubation of cells with free ITEM4, before adding NPs,
significantly inhibited the cellular association of PLGA-PEG-ITEM4 (Fig. 3.4C). To
confirm NP internalization within cells, live cell confocal microscopy imaging was
performed. We found higher uptake of PLGA-PEG-ITEM4 NPs by 231-Luc cells
compared to PLGA-PEG NPs (Fig. 3.4D). In addition, we captured 3-D projection of series
of images from z-stack scan of cells, to confirm that the NPs were not just at the surface
but were inside of the cells (Fig. 3.4E).

Systemic circulation of model polystyrene targeted and non-targeted NPs
To determine if conjugation of ITEM4 to the NP surface affects NP circulation time, we
injected various model polystyrene (PS) NP formulations into the mouse tail vein. PS NPs
were used in lieu of PLGA NPs for this experiment due to their fluorescence intensity in
vivo. The distribution of NIR-labeled uncoated PS, PEG-coated PS (PSPEG), and IgG- and
ITEM4-conjugated PSPEG particles after systemic administration was determined using
the Xenogen BLI system (Fig. 3.5).
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Figure 3. 4 Analysis of Fn14 expression and NP uptake in 231-Luc cells
(A) Flow cytometry analysis of 231-Luc cells for Fn14 surface expression with mouse IgG
isotype control (blue) and ITEM4 antibody (red). (B) Flow cytometry analysis of PLGAPEG and PLGA-PEG-ITEM4 NP uptake in 231-Luc cells. (C) Inhibition of NP uptake
with pre-incubation of free ITEM4. In B and C, values shown are mean +/− SD (n=3). Data
analyzed for significance using Student’s t-test. **P < 0.01. (D) Confocal microscopy
images of 231-Luc cells showing association of PLGA-PEG or PLGA-PEG-ITEM4 NPs.
(E) Representative 3-D projection of series of images from z-stack scan of cell in PLGAPEG-ITEM4 image, confirming that the nanoparticles (red) are inside the cell. The nucleus
is stained with Hoechst 33342 (blue).
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Figure 3. 5 Systemic circulation of model NPs and mouse serum protein binding
(A) Distribution of near infrared uncoated polystyrene (PS), PEG-coated PS (PSPEG), and
IgG- and ITEM4-conjugated PSPEG NPs after systemic administration into mice as
determined using Xenogen imaging. (B) Analysis of NP binding to a mouse serum proteincoated Biacore chip using SPR assay.
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We determined that NIR-labeled PS NPs with dense PEG coatings (PSPEG) circulate in
the blood stream for relatively long periods of time (>72 h) following systemic
administration into mice. We also found that conjugation of ITEM4 or IgG to the PSPEG
particle surface did not reduce circulation time of these particles. In contrast, PS particle
accumulation in the liver and spleen was seen after the first imaging time point, indicating
that, without PEG-coating, these particles are rapidly cleared from the circulation.

Nanoparticle uptake in 231-Luc tumors
To determine if Fn14-targeted NPs accumulate in tumor cells in vivo, we injected
rhodamine-labeled NPs via the tail vein into mice bearing 231-Luc mammary fat pad
tumors. The mice were euthanized 24 h after NP injection, tumors were harvested and
fluorescence was measured using a Xenogen imaging system. We observed higher
fluorescence intensities in harvested tumors from mice that received PLGA-PEG NPs (Fig.
3.6A). These results demonstrate that the PLGA-PEG-ITEM4 NPs can circulate and
selectively target breast tumors. A significantly higher retention of PLGA-PEG-ITEM4
NPs with 231-Luc cells was observed compared to PLGA-PEG NPs without Fn14 targeting
ligand (Fig. 3.6B). The tumor cell co-localization efficiency of PLGA-PEG-ITEM4 NPs
was ~2-fold higher compared to PLGA-PEG NPs.

In vitro PTX release
Release of PTX from the NP formulations was studied at pH 7.4 PBS, under a pseudo-sink
condition (Fig. 3.7). The rate of PTX release from the NP formulations was similar among
all three groups.
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Figure 3. 6 Analysis of NP co-localization with 231-Luc cells in vivo
(A) Fluorescence image of 231-Luc tumors isolated from mice 24 h after administration of
rhodamine-labeled PLGA-PEG and PLGA-PEG-ITEM4 NPs. (B) Analysis of
fluorescence intensity from panel A. The same area of regions of interest (ROI) were used
to obtain total radiance (photons/sec/cm2/sr) of the fluorescent tumor signals. Values
shown are mean +/− SD (n=3). Data analyzed for significance using Student’s t-test. **P
< 0.01.
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Figure 3. 7 Kinetics of paclitaxel release from PLGA, PLGA-PEG, and PLGA-PEGITEM4 NPs
Drug release profile of paclitaxel (PTX)-loaded biodegradable nanoparticles. Drug release
was monitored over time at 37°C via a dialysis method.
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The release profiles of these NPs followed a biphasic pattern, in which PTX displaced
~50% release by day 3 and a sustained release in the following 20 days, reaching 84%,
96%, and 93% for PLGA, PLGA-PEG, and PLGA-PEG-ITEM4, respectively.

In vitro cytotoxicity of PTX-loaded NPs
The cytotoxicity of PTX, PLGA-PEG-PTX, PLGA-PEG-ITEM4-PTX, and the
commercial formulation Abraxane on 231-Luc cells were determined by MTS assay (Fig.
3.8). First, various doses of PTX and Abraxane were added and maintained in the culture
media for 24 h (Fig. 3.8A). On a separate plate, to examine the uptake and clearance of
drugs by these cells, free PTX, Abraxane, PLGA-PEG-PTX, and PLGA-PEG-ITEM4-PTX
were added to cells and the media was removed after 2 h and replaced with fresh media
(Fig. 3.8B). PTX exhibited a higher cytotoxic effect than Abraxane (Fig. 3.8A). However,
when PTX was removed from the media after a 2 h incubation, we did not see any
significant effects on cell viability (Fig. 3.8B). These same results were observed with
removal of Abraxane and PLGA-PEG-PTX NPs. PLGA-PEG-ITEM4-PTX NPs exhibited
a significant higher cytotoxicity than PLGA-PEG-PTX NPs and Abraxane at the
concentrations used as a percentage of viability (Fig. 3.8B). The drug concentration played
a major role in the in vitro cytotoxicity of the drug; higher PTX concentration resulted in
higher cell mortality (Fig. 3.8A and B).
An important parameter to evaluate quantitatively the in vitro therapeutic effects of
an anticancer drug is the IC50, which represents the drug concentration needed to kill 50%
of the cancer cells at a designated time.
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Figure 3. 8 Effects of PTX-loaded NPs in vitro
(A) Viability of 231-Luc cells determined by MTS assay after incubation with free PTX
(black), Abraxane (green), PLGA-PEG-PTX (blue), and PLGA-PEG-ITEM4-PTX (red).
After 2 hr, drug agents were removed and cells were incubated for an additional 24 hrs.
Cells were also incubated with free PTX (dashed) at each concentration for 24 hr as a
positive control. (B) Viability of 231-Luc cells determined by MTS assay after incubation
with Abraxane for 24 hr. PTX, Abraxane, and PTX-loaded NPs were given at the same
PTX doses. Results are expressed as mean + S.D. (n=3).
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In 231-Luc cells, the IC50 value for PLGA-PEG-ITEM4-PTX was 0.13 µM in the in vitro
clearance study (Fig. 3.8B), compared to PTX and Abraxane, for which IC50 values of
0.013 µM and 8.7 µM were calculated, respectively, after 24 h of continuous incubation
(Fig. 3.8A). In the case of the PTX, PLGA-PEG-PTX, and Abraxane in the clearance
study, IC50 values could not be determined because at the higher concentration used (100
µM) the viability was > 50%. Therefore, we considered that PLGA-PEG-ITEM4-PTX NPs
were more cytotoxic (>100-fold) than PTX, Abraxane, and PLGA-PEG-PTX.

Effect of intra-tumoral delivery of PTX-loaded NPs on 231-Luc orthotopic tumor growth
We next investigated the in vivo tumor inhibitory activity of PTX formulated in PLGAPEG NPs compared with Abraxane, a clinically approved nanoformulation demonstrating
significant improvement over the free PTX drug (Taxol). In our first experiments, in vivo
anti-tumor efficacy after local administration of Abraxane and PTX-NPs was investigated
using a mouse 231-Luc orthotopic model of TNBC. 231-Luc cells were injected into the
mammary fat pad and 7 days later either saline, PLGA-PEG-PTX, PLGA-PEG-ITEM4PTX, or the equivalent dose of Abraxane (1 mg/kg, n=5) was delivered directly into the
tumor (Fig. 3.9A). All mice were randomized so that the starting average tumor volume
was the same among all groups. Among all four treatment groups, the PLGA-PEG-PTX
and PLGA-PEG-ITEM4-PTX treated mice exhibited smaller tumors and slower tumor
growth than saline or Abraxane treated mice (Fig. 3.9B). The average tumor doubling time
in PLGA-PEG-PTX and PLGA-PEG-ITEM4-PTX treated mice was 28 days and 35 days,
respectively, compared to 17 days for saline and 20 days for Abraxane-treated mice (Fig.
3.9C and D).
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Figure 3. 9 Efficacy of PTX-loaded NPs after local administration into orthotopic 231Luc tumors
(A) In vivo experimental design. Mice received mammary fat pad tumor cell injection and
PTX therapy locally at the same site (1 mg/kg) 1 week after tumor implantation. (B) Tumor
volumes for mice treated with saline (n=5), Abraxane (n=5), PLGA-PEG-PTX (n=6), or
PLGA-PEG-ITEM4-PTX (n=6). Values are mean + SEM. (C) Average doubling time of
primary tumor volume calculated from day 1 following treatment. Data analyzed for
significance using one-way ANOVE with Tukey HSD (*P < 0.05). (D) Tumor doubling
time of individual mice from C. Each point represents an individual mouse. Black
horizontal bars represent mean and SEM.
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Effect of systemic delivery of PTX-loaded NPs on 231-Luc orthotopic tumor growth
PTX-loaded NPs were then evaluated for in vivo systemic anti-tumor activity in an
orthotopic 231-Luc xenograft model. Mice with established 231-Luc tumors (150-200
mm3) were randomized so that the starting average tumor volume was the same among all
groups. Mice were treated once intravenously with saline, Abraxane, PLGA-PEG-IgGPTX, or PLGA-PEG-ITEM4-PTX at 10 mg/kg of PTX equivalent. Significant tumor
regression with improved survival was observed in mice treated with PLGA-PEG-ITEM4
compared with Abraxane (Fig. 3.10A). Among all four treatment groups, the PLGA-PEGITEM4-PTX treated mice exhibited smaller tumors than any other group. At 21 days after
treatment, PLGA-PEG-ITEM4-PTX treated mice had a mean tumor volume of ~360 mm3
(n = 9) versus ~750 mm3 (n = 9) of Abraxane, ~380 mm3 (n = 9) for PLGA-PEG-IgG, and
~1270 mm3 (n = 9) for saline-treated controls (Tukey’s test; P < 0.001) (Fig. 3.10A). At 28
days after treatment, Abraxane-treated mice had a mean tumor volume of ~1040 mm3,
while PLGA-PEG-IgG-PTX and PLGA-PEG-ITEM4-PTX treated mice had mean tumor
volumes of ~744 mm3 and ~506 mm3 (** P < 0.01), respectively. Clearly, the PLGA-PEGITEM4-PTX formulation outperforms Abraxane and IgG-coated NPs in reducing tumor
growth, which correlated with a substantial increase in animal survival (Fig. 3.10B). The
median survival time for mice treated with Saline was 37 days, treatment with Abraxane
slightly increased this survival to 45 days (Kaplan-Meier, Wilcoxon test, P < 0.01).
Treatment with PLGA-PEG-IgG-PTX further increased the survival to 52 days (KaplanMeier, Wilcoxon test, P < 0.001). In contrast, six out of nine mice were alive for up to 55
days after treatment of PLGA-PEG-ITEM4-PTX NPs, and three of nine mice had no
residual tumors (P < 0.0001).
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Figure 3. 10 Efficacy of PTX-loaded NPs after systemic administration to orthotopic
231-Luc tumor-bearing mice
Tumor cells (231-Luc) were implanted into the mammary fat pad on day 0. When the tumor
volume reached ~150-200 mm3, mice were treated with Saline (n=9), Abraxane, PLGAPEG-IgG-PTX, or PLGA-PEG-ITEM4-PTX (10 mg PTX equivalent per kilogram BW,
n=9). (A) Tumor volume up to day 35 (mean + SEM). (B) Cumulative survival of mice
(Kaplan-Meier).

87

These results clearly demonstrate that treatment with PLGA-PEG-ITEM4-PTX
significantly improved the survival of mice bearing mammary fat pad 231-Luc tumors over
Abraxane (P < 0.05) and PLGA-PEG-IgG-PTX (P < 0.05).

Effect of systemic delivery of PTX-loaded NPs on 231-Br-Luc tumor growth within the
mouse brain
Finally, since brain metastasis occurs in ~ 30% of TNBC patients and leads to significant
mortality [138], we obtained a “brain-seeking” TNBC cell line that forms tumors in the
brain following intracranial implantation or cardiac ventricle injection so we could test if
these NP formulations exhibited therapeutic efficacy when TNBC cells were residing in
the brain.. First, we confirmed that 231-Br-Luc cells, like the 231-Luc cells used above,
expressed Fn14 by flow cytometry using PE-labeled ITEM4 (Fig. 3.11). Mice were then
injected with 231-Br-Luc cells (3 x 105) directly into the brain and divided into four groups
after randomization via BLI signal. A diagram representing this experiment is shown below
(Fig. 3.12). Luciferase-positive 231-Br tumors were evident in the brain 5 days after tumor
implantation (Fig. 3.13A). On day 7, 11 and 14 mice with established 231-Br-Luc tumors
were treated with saline, Abraxane, PLGA-PEG-IgG-PTX, or PLGA-PEG-ITEM4-PTX at
10 mg/kg of PTX equivalent. Mice were imaged every 4-5 days until the end of the
experiment All mice were euthanized on day 34 after implantation (day 27 after the first
treatment). Brains were harvested, lysed, and the amount of total protein in the lysates was
determined. Luciferase activity was then measured in a luminometer. Luciferase activity
was normalized to protein concentration and data are presented as relative light units
(RLUs) per mg of protein (3.13B).
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Figure 3. 11 Analysis of Fn14 expression of 231-Br-Luc cells.
Flow cytometry analysis of 231-Br-Luc cells for Fn14 surface expression with mouse IgG
isotype control (blue) and ITEM4 antibody (red).
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Figure 3. 12 Diagram representing experiment conducted for figure 3.13
Figure is a combination and modification of various images obtained from clodrosome.com
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Figure 3. 13 NP Efficacy of PTX-loaded NPs after systemic administration to 231-BrLuc brain tumor-bearing mice.
(A) Bioluminescence images over time of mice bearing 231-Br-Luc intracranial tumors.
(B) Treated animals were euthanized and brains were harvested and lysed to determine
luciferase activity using a luminometer. Data are shown as relative light units (RLUs) per
µg of protein. Values shown are mean + SEM (n=8-9). Data analyzed for significance
using one-way ANOVA followed by Kruskal-Wallis test using GraphPad softwar. *P <
0.05, **** P < 0.0001.
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Saline treated mice had an average of 3.3 x 105 RLUs/µg of protein, compared to 4.8 x 103
(P < 0.05), 9.1 x 103, and 2.7 x 103 (P < 0.0001) RLUs/mg of protein for Abraxane, PLGAPEG-IgG-PTX, and PLGA-PEG-ITEM4-PTX treated animals, respectively. It is important
to note that 8/8 saline-treated mice, 3/9 Abraxane-treated mice, 2/9 PLGA-PEG-IgG-PTXtreated mice, and 0/9 PLGA-PEG-ITEM4-PTX-treated mice had a higher luciferase signal
compared to non-tumor-bearing brain lysate. One animal in the PLGA-PEG-IgG-PTX
group had significantly higher luciferase values than any of the other mice in the Abraxane
and PLGA-PEG-ITEM4-PTX groups, which increased the average RLUs/mg (3.13B).
These results clearly demonstrate that treatment with PTX NPs can significantly reduce
tumor growth in mice bearing 231-Br-Luc tumors in the brain.

3.4 Discussion and Conclusion
NP-based cancer drug delivery systems are being extensively investigated as a means to
increase drug solubility, alter drug biodistribution, prolong drug systemic circulation,
minimize drug side effects, and target specific sites within the body [57, 117, 193]. In this
study, we formulated biodegradable PTX-loaded PLGA-PEG NPs with characteristics that
allowed for tumor-specific targeting and tumor tissue penetration for effective systemic
drug delivery to orthotopic breast cancer tumors as well as established breast tumors
growing in the brain. SPR analyses revealed minimal binding of NPs to tumor ECM
proteins and strong binding to fibroblast growth factor-inducible 14 (Fn14) – a receptor
whose expression is upregulated in many solid tumors, including triple negative breast
cancer (TNBC) and TNBC metastases. The association of Fn14-targeted NPs with Fn14positive TNBC cells was significantly greater than non-targeted NPs. Also, ex vivo MPT
in fresh tumor tissues and in vivo testing in orthotopic breast tumors revealed preserved NP
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diffusivity and increased accumulation in tumor tissue, respectively. More importantly, our
Fn14-targeted PTX-loaded NP formulation exhibited better anti-cancer activity compared
to Abraxane in vivo. This study demonstrates that PTX-loaded PLGA-PEG NPs are highly
efficacious against orthotopic breast tumor xenografts and breast tumors in the brain. This
improved efficacy was demonstrated by substantial tumor suppression and delayed time to
progression. Collectively, these results offer new methods to develop therapeutic NPs for
improving drug delivery and treatment for primary and metastatic TNBC.
Taxanes are highly effective drugs used for various cancers; however, the toxicity
associated with agents used to solubilize these drugs and the side effects caused from
nonspecific drug accumulation in healthy organs provide incentives for the development
of better delivery systems. Various NP formulations incorporating taxanes have been
developed and clinically tested. These include PTX-encapsulated liposomes [194],
polymer micelles of taxanes like Genexol [195] and NK105 [196], and the albuminbound PTX particle Abraxane, which has been regarded as the most promising NP
formulation and the only clinically approved nanoparticle carrier of PTX [115, 182, 197199]. Several groups have developed PTX-loaded NPs that exhibit therapeutic efficacy in
breast cancer xenograft models [200, 201] and some have shown that NP formulations of
PTX can outperform Abraxane [202, 203]. Abraxane and Doxil, another FDA-approved
nanoparticle-drug formulation, have been studied for the treatment of TNBC; however,
neither have shown to significantly improve tumor growth suppression or patient survival
[72, 204]. This is likely due to limited extravasation from the tumor vasculature, poor
penetration within breast tumor tissue, inability to efficiently and specifically target tumor
cells within the tumor microenvironment, and development of drug resistance via
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expression of multidrug resistance (MDR) pumps. To address these therapeutic barriers,
this study focused on the development of an innovative approach that couples NPs that
rapidly penetrate in breast tumor tissue – depending on specific size and PEG-coating
characteristics – with tumor-specific Fn14 targeting. Fn14 is not expressed in normal
breast tissue but highly expressed in TNBC primary tumors and disseminated metastases.
In addition, Fn14 undergoes constitutive receptor internalization and resynthesis, which
has been shown to facilitate efficient cellular uptake of Fn14-targeted therapeutics [205].
Consequently, this cell surface receptor is an ideal candidate to serve as a portal for the
delivery of drug-loaded nanoparticles to TNBC cells in vivo.
We recently developed a high-throughput surface plasmon resonance (SPR)-based
assay to quantify both specific binding (i.e. to Fn14) [94, 110] and nonspecific binding (i.e.
to tumor ECM proteins) [109, 111] of NPs. SPR is a tool that can be used to screen specific
and non-specific binding of nanomedicines like Doxil and Abraxane that cannot be easily
analyzed via microscopy [111]. Using this methodology, we had previously determined
that Abraxane, but not Doxil, had very strong non-specific interactions with tumor ECM
proteins, therefore, we can assume that Abraxane would also have hindered diffusion in
tumor tissue ex vivo and in vivo [109]. From this and previous data we know that the size
and electrostatic interactions of nanomedicines play a critical role in their penetration
within the tumor tissue. It has been established that there is a critical NP size and surface
PEG density that is required in order to achieve tumor penetration that is consistent across
different NP formulations, including polystyrene (PS) NPs, PLGA-based NPs, and the
clinically-approved NP formulations Abraxane and Doxil [109]. Building from this work,
our group optimized metrics for PTX-loaded PLGA NPs that can be applied to future NP
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formulations including Fn14-specific binding affinity (KD) and particle size, while
minimizing other binding effects that typically originate from nonspecific binding of NPs
(i.e. toward tumor ECM). Consistent with previously published data [206], the presence of
PTX compared to free-drug NPs did not affect the size and the ζ potential of NPs (data not
shown).
Previous studies exploring delivery improvements and limitations to tumors, have
revealed that therapeutic agents not designed to avoid body clearance and degradation
mechanisms, resistance to dispersion within tissue(s), or partitioning in non-disease sites,
lead to undesirable biological behavior and potential toxicities [56, 72, 117]. While
targeting therapeutics to specific disease components may decrease some of these
limitations, in order to fully capitalize on the potential benefits of targeting, low levels of
non-specific adhesivity and off-target binding must be maintained in setting off an
effective level of target specific binding. This balance is often quite challenging to attain
as many targeting moieties (antibodies and related fragments, peptides, carbohydrates,
and others) may also result in non-specific binding to cellular, extracellular and
intravascular components. This study represents an important step towards identifying the
nanotherapeutic design and characterization considerations to effectively achieve this
balance.
The effect of penetration and retention that our NP formulations have on tumor
efficacy were evident by the effective direct treatment into orthotopic tumors in
suppressing tumor growth. This is an indication that even if all NPs, including Abraxane,
are capable of reaching the tumor core they may not have the same effect due to their
penetrative capacities and retention rates. Abraxane did reduce average tumor volume
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compared to saline-treated mice; however, the average tumor doubling time for Abraxane
was not significantly longer than saline. Tumor doubling time for both PLGA-PEG NP
formulations was increased, with Fn14-targeted NPs exhibiting the longest time to tumor
volume doubling.
In addition to the effective intratumoral treatment, the current data also
demonstrate effective systemic delivery of PTX NPs to orthotopic TNBC tumors.
Initially, we tested the activity of Fn14-targeted biodegradable NPs in vitro by comparing
the cytotoxic effects of free PTX, non-targeted PTX PLGA-PEG nanoparticles and Fn14targeted PLGA-PEG PTX nanoparticles on 231-Luc cells. After a short incubation period
to mimic clearance in tumors (2 h), only the Fn14-targeted particles could induce tumor
cell death, likely due to increased binding and cellular uptake. Also, in this work, the
progressive changes of the tumor volume in the 231-Luc orthotopic xenograft model
confirmed the higher antitumor activity of PLGA-PEG-ITEM4-PTX as compared to
Abraxane at equivalent dosage of PTX. Lastly, we show here that PLGA-PEG-ITEM4PTX therapy not only delays orthotopic breast tumor growth, but it also eradicates
preexisting TNBC brain metastases. The improved therapeutic effect of the PTX-loaded
PLGA-PEG-ITEM4 NPs may be due to a combination of the ability of the NP to circulate
systemically, actively enter the brain through receptor-medicated transcytosis,
accumulate at sites of impaired blood-tumor vasculature, and provide sustained release of
PTX from the NPs which have accumulated at the tumor site. Although our non-targeted
NP formulation and Abraxane also reduced tumor burden of several mice bearing
preexisting TNBC brain metastases, we believe that this effect would be reduced if the
dosing concentration and schedule was modified.
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In conclusion, the aim of this study was to design Fn14-targeted polymeric NPs
loaded with the anticancer drug PTX. The PLGA-PEG-ITEM4-PTX NPs accumulated
within tumor lesions, effectively inhibited tumor growth, and increased median survival
compared to an equivalent dose of the clinically used PTX NP formulation Abraxane.
Collectively, these results offer new methods to develop therapeutic NPs for improving
drug delivery and treatment for primary and metastatic TNBC. Furthermore, these results
may be applied to other drugs and therapeutics and thereby translate into novel, more
effective treatment strategies across a broad range of other metastatic cancers.
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Chapter 4: Decreased non-specific Adhesivity, Receptor Targeted (DART)
nanoparticles exhibit improved dispersion, cellular uptake, and tumor retention in
invasive gliomas 1
4.1 Introduction
The most common and deadly form of adult brain cancer, glioblastoma (GBM),
features brain invasion, immune evasion, molecular and cellular heterogeneity, rapid
proliferation, and angiogenesis. This high degree of structural and biological complexity
within the context of the central nervous system sets up a challenging, risky scenario for
therapeutic delivery and GBM treatments [207]. The current standard of care for GBM
includes maximal surgical removal when safe and feasible followed by radiation and
chemotherapy to address the residual, invading tumor cells [208]. Most patients succumb
to this disease in less than 18 months even with the most aggressive treatments [39].
Delivering effective and sustained treatments to the invading tumor cells residing within
the functioning neural networks without worsening brain injury is a central goal of brain
cancer nanomedicine.
Over the years, several strategies have emerged to deliver therapeutics more
directly to the unresectable GBM components [209]. One of these strategies, carmustine
interstitial wafer (CIW), was shown to improve survival in both primary and recurrent
GBM patients, leading to FDA approval of CIW in 1997 and 2003 respectively [210, 211].
Despite this significant advance, the limited distribution and rapid clearance of the free
drug once it is released from the biodegradable polymeric wafer [212, 213] led many

1

Wadajkar AS*, Dancy JG*, Roberts NB, Connolly NP, Strickland DK, Winkles JA, Woodworth GF, Kim
AJ. (2017) Decreased non-specific adhesivity, receptor-targeted (DART) nanoparticles exhibit improved
dispersion, cellular uptake, and tumor retention in invasive gliomas. J. Controlled Release 267:144-153.
*Co-first author
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groups to explore alternative formulations to further enhance therapeutic effects. In
particular, these newer formulations were engineered to improve brain tissue penetration
[91, 93, 94] and enable structure-specific targeting to tumor cells or extracellular
components [94, 98, 101, 214, 215]. Pre-clinical testing of these newer drug formulations
have shown early promise toward improving efficacy and safety of otherwise neurotoxic
drugs like paclitaxel and cisplatin [91, 92, 216]. Lessons learned from these design
modifications can also be applied to other therapeutic classes, namely antibodies and fusion
proteins, antibody-drug conjugates, and viral and non-viral vectors.
Our prior work focused on the development of new nanoparticle characterization
methods [111, 188] and studied the behavior of tumor-targeted model polystyrene (PS)
nanoparticles designed to minimize off-target binding and adhesive brain interactions
while maintaining specific GBM binding via the cell surface receptor fibroblast growth
factor-inducible 14 (Fn14) [94, 111]. Notably, Fn14, which is a member of the tumor
necrosis factor receptor (TNFR) superfamily [8], is frequently upregulated on primary and
recurrent tumor cells in the invaded brain regions [23, 31], making this cell surface receptor
a promising GBM element for targeted therapeutics [31].
In this study, we applied nanoparticle design considerations to formulate
biodegradable decreased non-specific adhesivity, receptor targeted (DART) nanocarriers
directed to Fn14-positive invasive glioma cells. We characterized and tested these new
formulations in vitro, ex vivo, and in vivo using surface plasmon resonance (SPR), multiple
particle tracking (MPT), flow cytometry, confocal microscopy, and near-infrared
fluorescence imaging.
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4.2 Materials and Methods
Materials
Methoxy terminated poly(lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG, 10:5
kDa), PLGA-PEG with maleimide end group (PLGA-PEG-Mal, 10:5 kDa), and PLGARhodamine B (PLGA-Rhod, 10:30 kDa) were purchased from Polyscitech (West
Lafayette, IN). Poly vinyl alcohol (PVA, 25 kDa) was purchased from Polysciences
(Warrington, PA). Lab-Tek glass-bottom tissue culture plates and Zeba Spin Columns (7
kDa cut-off) were purchased from ThermoFisher Scientific (Rochester, NY). The ITEM4
monoclonal antibody was provided by Dr. Hideo Yagita (Juntendo University School of
Medicine, Tokyo, Japan). Hoechst 33342 trihydrochloride and 100 nm PS FluoroSpheres
were purchased from Invitrogen (Carlsbad, CA). D-Luciferin was purchased from Promega
(Madison, WI). Cell culture materials, including Dulbecco’s modified eagles’s medium
(DMEM), 0.25% trypsin, fetal bovine serum and penicillin-streptomycin, were purchased
from Corning (Manassas, VA). PLGA (7-17 kDa, 50:50), cardiogreen (indocyanine green,
ICG), chloroform-d (CDCl3), phosphate buffer solution (PBS), 2-iminothiolane
hydrochloride, and all other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) and used without further purification.

Preparation of ITEM4-SH
ITEM4 was thiol-modified via reaction of free amines with 2-iminothiolane as described
previously [94]. Briefly, ITEM4 (0.5 mg/mL) was mixed with 2-iminothiolane (140x molar
excess to ITEM4) in 100 mM phosphate buffer with EDTA (pH 7.2, 150 mM NaCl, 5 mM
EDTA). The reaction was allowed to proceed for 2 h at room temperature to yield thiolated
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ITEM4 (ITEM4-SH). After the reaction, resulting solution was purified with Zeba Spin
Columns (7 kDa MW cut-off) and frozen immediately to avoid potential disulfide bond
formation between newly generated thiol groups.

Nanoparticle preparation
To formulate biodegradable PLGA and PLGA-PEG nanoparticles, either single emulsion
(for empty nanoparticles and Rhodamine-labeled nanoparticles) or double emulsion (for
ICG-loaded nanoparticles) solvent evaporation technique was used. For single emulsion
(Table 4.1), all the polymers were dissolved in dichloromethane (DCM) to form organic/oil
phase. PVA (5% w/v) was dissolved in water and passed through 0.2 µm filter to form
water phase. The oil phase was added to the water phase to form oil-in-water emulsion.
For double emulsion (Table 4.1), aqueous ICG solution (0.5 mg/ml) was added dropwise
to the polymer solution under vigorous stirring to form primary water-in-oil emulsion.
After 30 min stirring, the primary emulsion was added to the aqueous PVA solution to
form water-in-oil-in-water emulsion. All the emulsions were sonicated in an ice bath using
ultrasonication probe (Sonics Vibra-Cell, Newton, CT) at 30% amplitude for 3 min with
20 sec on-off pulser. The sonicated emulsions were immediately transferred to magnetic
stirring for 4 h at room temperature to allow organic solvent evaporation. The formed
nanoparticles were washed by microcentrifugation at 21,100 × g for 10 min with ultrapure
water (4 washes total). The nanoparticles were resuspended in ultrapure water and used
fresh for experiments.
To formulate Fn14-targeted biodegradable PLGA-PEG nanoparticles, ITEM4-SH
was conjugated onto the surface of PLGA-PEG nanoparticles containing maleimide
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functional groups by maleimide-thiol chemistry as described previously [94]. Briefly,
PLGA-PEG-Mal nanoparticles were mixed with ITEM4-SH (1.2× excess ITEM4-SH to
maleimide) in 100 mM phosphate buffer (pH 7.2, 150 mM NaCl) and allowed to react
overnight at 4 °C. The maleimide-thiol linkage covalently conjugates the ITEM4 molecules
to PEG molecules. This reaction was performed immediately following PLGA-PEG-Mal
nanoparticle formulation to avoid hydrolysis of the maleimide groups due to longer
incubation times. After the reaction, ITEM4-conjugated nanoparticles were purified from
unconjugated free ITEM4-SH via microcentrifugation at 21,100 × g for 10 min with
ultrapure water (3 washes total). The nanoparticles were resuspended and used fresh for
experiments.

Physicochemical characterization of nanoparticles
The physicochemical characteristics of nanoparticles were measured in 15× diluted PBS
(~10 mM NaCl, pH 7.4). Hydrodynamic diameter, polydispersity index (PDI) and ζpotential (surface charge) were determined by dynamic light scattering and laser Doppler
anemometry using Zetasizer NanoZS (Malvern Instruments, South Borough, MA). Particle
size measurements were performed at 25 °C at a scattering angel of 173° and are reported
as the number-average mean. The surface charge on the particles was calculated using the
Smoluchowski equation and is reported as the mean ζ-potential. Nanoparticle structure and
morphology was imaged using FEI Tecnai T12 transmission electron microscope (TEM,
FEI, Hillsboro, OR) operated at 80 kV. For TEM analysis, nanoparticles were first mixed
with methylcellulose and then stained with 0.3% uranyl acetate. Nanoparticle stability was
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analyzed by incubating in artificial cerebrospinal fluid (ACSF, Tocris Bioscience,
Minneapolis, MN) at 37 °C and hydrodynamic size was measured at different time points.
The surface density of PEG (# of PEG chains/100 nm2) and Γ/Γ*, where Γ is the
PEG surface coverage over the total surface area (Γ*), was calculated from the 1H integrals
of the ethylene oxide peak of PEG using a previously described method [26, 93, 188].
Briefly, nanoparticles were lyophilized, weighed and dissolved in CDCl3 containing 0.1%
(v/v) trimethylsilane as an internal standard. Nuclear magnetic resonance (NMR) spectra
were obtained at 500 MHz using Agilent DD2 500 MHz Spectrometer. A calibration curve
was obtained by plotting the 1H NMR integrals of various concentrations of 5 kDa PEG
(~ 3.6 ppm) in CDCl3 solvent containing 0.1% (v/v) trimethylsilane. The average PEG
surface density (# of PEG chains/100 nm2) on the surface of the nanoparticles was
calculated by taking the total quantity of PEG detected by NMR and the total nanoparticle
surface area. The surface area of nanoparticles was calculated assuming that the particles
are made of individual particles of diameter equal to that measured by the Zetasizer and
using a density of 1.34 g/cm3 for PLGA.
The surface concentration of ITEM4 (# of ITEM4 molecules/nanoparticle) was
quantified via the LavaPep protein assay (Gel Company, San Francisco, CA) using free
ITEM4 as a standard [94]. A calibration curve was generated by plotting the fluorescence
from different concentrations of ITEM4 molecules. The average ITEM4 surface density (#
of ITEM4 molecules/nanoparticle) on the surface of the nanoparticles was calculated by
taking the total quantity of ITEM4 measured by the LavaPep protein assay and the total
number of nanoparticles in 1 ml solution. The number of nanoparticles in the sample was
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calculated assuming that the nanoparticles are made of individual nanoparticles of diameter
equal to that measured by the Zetasizer and using a density of 1.34 g/cm3 for PLGA.

Nanoparticle binding to brain extracellular matrix proteins
Non-specific binding of the nanoparticles was analyzed on brain extracellular matrix
(ECM) proteins using a high throughput SPR-based Biacore 3000 instrument (GE
Healthcare, Marlborough, MA) at 25 °C as previously described [94, 111, 188]. Brain ECM
proteins were isolated from freshly collected mouse brain as previously described [217].
Briefly, resected whole mouse brain was frozen for at least 24 h at −80 °C and subsequently
thawed and decellularized in a series of steps: ultrapure water (16 h at 4 °C), 0.02%
trypsin/0.05% EDTA (1 h at 37 °C), 3% Triton-X 100 (1 h), 1 M sucrose (15 min), ultrapure
water (15 min), 4% deoxycholate (1 h), 0.1% periacetic acid in 4% ethanol (2 h), 1× PBS
(15 min), ultrapure water (15 min), and 1× PBS (15 min). The decellularized proteins were
filtered (0.2 μm filter) to remove insoluble proteins and then frozen and stored at −80 °C
until use.
The isolated ECM proteins were conjugated to one of the flow paths of a CM5
Biacore chip with ligand response units (RU) ranging from 140 to 250. The other flow path
was activated and blocked with ethanolamine to serve as a reference for each binding run,
as suggested per manufacturer's protocol. The running buffer, 10 mM HEPES buffer (pH
7.4) containing 150 mM NaCl, 0.05% surfactant P-20 with 50 µM EDTA (HBS-P), was
degassed prior to use. For binding experiments, samples (PLGA, PLGA-PEG, PLGAPEG-ITEM4 nanoparticles and PS nanoparticles as a positive control) were assayed at a
flow rate of 20 l/min with an injection time of 3 min followed by a 2.5 min wait for
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dissociation, before chip regeneration with 10 mM glycine, pH 1.75. Nanoparticle binding
was assayed with nanoparticle concentrations of 1 mg/ml diluted in running buffer.

Nanoparticle binding to Fn14 extracellular domain
Fn14-specific binding of the nanoparticles was analyzed on recombinant Fn14 extracellular
domain (Cell Sciences, Canton, MA) conjugated to a CM5 Biacore chip, with RU values
ranging from 300 to 1700. The first flow path was activated and blocked with ethanolamine
to serve as a reference for each binding run, as suggested per manufacturer's protocol. The
running buffer, 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl, 0.05% surfactant
P-20 with 50 mM EDTA (HBS-P), was degassed prior to use. Similar to the non-specific
binding experimental procedure, the samples (PLGA-PEG, PLGA-PEG-ITEM4
nanoparticles and ITEM4 as a positive control) were assayed at a flow rate of 20 l/min
with an injection time of 3 min followed by a 2.5 min wait for dissociation, before chip
regeneration with 10 mM glycine, pH 1.75. Nanoparticle binding was assayed with
nanoparticle concentrations of 1 mg/mL diluted in running buffer. Data were analyzed
using Biacore 3000 Evaluation Software, where data from reference flow path were
subtracted from the experimental flow path data to give the final sensorgrams. In addition,
binding isotherm of the nanoparticle was generated by analyzing binding at various
nanoparticle concentrations. The data were analyzed by fitting to a pseudo-first order
process to determine the maximum change in response units (RUeq). RUeq values were then
plotted versus nanoparticle concentration and the equilibrium binding affinities (KD) were
calculated by fitting the binding isotherm data into a single class of binding sites using non-
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linear regression analysis employing GraphPad Prism 7.03 software (GraphPad Software,
Inc., La Jolla, CA) [94, 111, 192].

Cell culture and evaluation of Fn14 expression
The invasive mouse malignant glioma cell line KR158 was obtained from Dr. Tyler Jacks
(Massachusetts Institute of Technology, Cambridge, MA). These cells were initially
generated from NF1 and p53 mutant mice and were engineered to express firefly luciferase
(KR158-Luc) [218]. Cells were cultured at 37 °C in a humidified incubator (95% air, 5%
CO2) in DMEM supplemented with 10% fetal bovine serum and 1% penicillinstreptomycin (1000 units/l).
To examine Fn14 surface expression by the KR158 cell line, flow cytometry
analysis was performed. Briefly, cells were seeded in 24-well plates at a density of 105
cells per well and allowed to attach overnight. The media was then replaced with serumfree DMEM along with no antibody, IgG isotype-PE, or ITEM4-PE. After 1 h incubation,
cells were washed 3 times with PBS, detached with trypsin, and diluted in cold PBS for
flow cytometry analysis. Mean fluorescence intensity was analyzed using a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lake, NJ). Data from 104 events were gated
using forward and side scatter parameters to exclude dying cells and debris.

Nanoparticle cellular association and internalization in KR158 cells
Cellular association and uptake of rhodamine-labeled fluorescent nanoparticles by Fn14positive KR158 cells was determined by flow cytometry and confocal microscopy. For
nanoparticle cellular association analysis by flow cytometry, cells were seeded in 24-well
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plates at a density of 105 cells per well and allowed to attach overnight. The media was then
replaced with serum-free DMEM containing non-targeted or Fn14-targeted fluorescent
nanoparticles (100 µg per well). In addition, to confirm the specific interaction between
ITEM4 and Fn14, the cells were incubated with free ITEM4 (500 µg/ml) for 30 min to
block Fn14 binding sites before adding Fn14-targeted fluorescent nanoparticles. After 1 h
incubation, cells were washed 3 times with PBS, detached with trypsin, and diluted in cold
PBS. Mean fluorescence intensity was analyzed using a FACSCalibur flow cytometer.
The internalization of the nanoparticles in KR158 cells was confirmed by live-cell
confocal microscopy. Briefly, cells were seeded onto Lab-Tek glass-bottom culture plates
at a density of 105 cells per plate and allowed to attach overnight. The media was then
replaced with fresh media containing non-targeted or Fn14-targeted nanoparticles (100 µg
per well). After 1 h incubation, cells were treated for 15 min with Hoechst 33342 (5 µg/ml)
to stain the nuclei and then washed 3 times with PBS. Clear Opti-MEM (Invitrogen Corp.,
Carlsbad, CA) media was added to the plates and the cells and nanoparticles were imaged
under a LSM5 Duo slit scanning confocal microscope (Carl Zeiss Inc., Thornwood, NY)
with a 63x Plan-Apo/1.4 NA oil-immersion objective.

Nanoparticle penetration in brain slices
Brain tissue penetration of nanoparticles was analyzed using MPT assays in ex vivo rat
brain slices as described previously [26, 94, 191]. MPT allows simultaneous measurement
of particle trajectories for hundreds of individual nanoparticles, facilitating relatively high
throughput measurements. Briefly, Sprague-Dawley rats were euthanized and brains were
harvested. Brains were sliced into 1.5 mm coronal sections using a Zivic brain matrix slicer
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(Zivic Instruments, Pittsburgh, PA) and placed on custom-made microscope slide
chambers. Rhodamine-labeled fluorescent nanoparticles were then injected (0.5 μl, 100
μg/ml) into the middle of cortical tissue of the brain slices using a Hamilton syringe aided
by a stereotactic frame. Cover slips were placed on the slide chambers and sealed with
super glue. Slices were incubated at 37 °C for 10 min prior to undergoing imaging at a
frame rate of 20 frames/s for a total of 400 frames (20 s) using LSM5 Duo slit scanning
confocal microscope with a 63x Plan-Apo/1.4 NA oil-immersion objective. Particle
movement movies were analyzed using a custom written MATLAB automated tracking
code to extract x, y-coordinates of the nanoparticles over time [191]. The geometric mean
of the mean squared displacement (MSD) was calculated per sample and the average MSD
was plotted as a function of time scale. The theoretical MSD values of nanoparticles in
water were calculated from the Stokes-Einstein equation using the mean particle diameters,
measured by DLS.

Intracranial implantation of KR158-Luc tumors and bioluminescence imaging
All animal procedures were approved by the University of Maryland Institutional Animal
Care and Use Committee and the Office of Animal Welfare Assurance. C57BL/6 mice
(age, 6–8 weeks) were purchased from Envigo RMS, Inc. (Indianapolis, IN). Animals were
anesthetized via continuous flow of 2.5% isoflurane through a nose cone and were secured
to a stereotactic frame. Using a handheld drill, a burr hole was drilled into the left frontal
lobe of the brain 2 mm lateral to the sagittal suture and 1 mm anterior to the coronal suture
at a depth of 3 mm below the dura of all animals. Using a Hamilton syringe attached to the
stereotactic frame, 3x105 KR158-Luc cells were injected at a rate of 1 µl/min over 5 min
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through the burr hole. Mice were given the analgesic Rimadyl (Carpofen, 3 mg/kg)
subcutaneously after the surgery. Animals were observed daily for any signs of
deterioration or neurological dysfunction. If the symptoms persisted and resulted in
debilitation, animals were euthanized according to protocol.
For the bioluminescence imaging of the tumors, animals were anesthetized in an
induction chamber with 2.5% isoflurane and injected with D-luciferin (150 mg/kg,
dissolved in PBS) intraperitoneally. After 10 min, animals were moved to a Xenogen IVIS
system (Caliper Life Sciences, Hopkinton, MA) maintained at 2.5% isoflurane and imaged
for tumor bioluminescence. Photons emitted from live mice were acquired as
photons/s/cm2/steradian (p/s/cm2/cm2/sr) and analyzed using LivingImage software
(PerkinElmer, MA).

Brain tissue collection and histopathological analyses
Animals were euthanized with induction of general anesthesia followed by exsanguination
using transcardiac perfusion of cold PBS. The brain tissues were rapidly extracted and
fixed in 4% formalin for 24 h and transferred to 70% ethanol for immunohistochemistry.
Fixed tissues were mounted in paraffin blocks using the Leica EG 1160 embedding center
(Leica Microsystems, Buffalo Grove, IL) and then sectioned in 5 μm slices oriented in the
coronal plane. Sections were stained with hematoxylin & eosin (H&E) and photographed.
Immunohistochemical staining for Fn14 was performed using an anti-Fn14 rabbit
monoclonal antibody (Epitomics clone EPR3179) on a Leica BOND-III™ autostainer
(Leica Microsystems) and peroxidase/DAB Bond™ Polymer Refine Detection System
(Leica Microsystems) was used for visualization.

109

Intracranial injection of nanoparticles
At day 7 after the implantation of KR158 cells, bioluminescent imaging was performed on
each animal. Once tumor signal was confirmed, the animals were anesthetized as described
above and rhodamine-labeled or ICG-loaded fluorescent nanoparticles suspended in
normal saline were administered into mouse brain through the same burr hole using a
stereotactic system. Rhodamine-labeled (10 µl, 1 mg/ml) or ICG-loaded (5 µl, 0.3 mg/ml
of ICG equivalent) fluorescent nanoparticles in PBS were loaded into a sterile 30-gauge
Hamilton syringe needle, lowered to a depth of 3.5 mm inside brain and injected slowly at
a rate of 1 µl/min.

Nanoparticle distribution in KR158 intracranial tumors
The distribution of fluorescent nanoparticles injected into KR158 tumors was evaluated by
imaging brain cryosections [94]. The animals were euthanized with an overdose of
isoflurane 4 h after the injection of nanoparticles. The euthanized animals were perfused
with 30 ml of PBS after which the brains were carefully removed, embedded in Optimal
Cutting Temperature (OCT), and stored at -80 °C. A cryostat (Leica CM3050 S) was used
to cut serial 10 mm sagittal brain sections and mounted on positively charged microscope
slides. The brain sections were stained with Prolong Gold antifade with DAPI (Invitrogen,
Carlsbad, CA), sealed with coverslips, and imaged for cell nuclei (dark blue) and
fluorescent nanoparticles (red) using a Nikon epifluorescence microscope under 10x and
20x magnification. High resolution stitched images (6 x 6) were obtained by using the
montage imaging feature in the Nikon NX 2 software.
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Nanoparticle co-localization with tumor cells
The co-localization of fluorescent nanoparticles with KR158 tumors was evaluated by flow
cytometry. Briefly, the animals were euthanized with an overdose of isoflurane 4 h after
the injection of nanoparticles. The brains were carefully removed and tumor tissues from
the brains were harvested. The tumor tissues were dissociated to get single-cell suspension
using a GentleMACS Tissue Dissociator and Brain Tumor Dissociation kit (Miltenyl
Biotech, Bergisch Gladbach, Germany) following manufacturer’s protocol. Tissue debris
was then removed using a Debris Removal Kit (Miltenyl Biotech). Tumor single-cell
suspensions were fixed and cells were permeabilized using a fixation/permeabilization kit
(Ebiosciences, San Diego, CA). Cell suspensions were stained for luciferase using a
fluorescein isoisothiocyanate (FITC)-conjugated anti-luciferase antibody (Abcam,
Cambridge, MA) and analyzed by flow cytometry. Tumor cells were detected by gating on
anti-luciferase FITC staining. FITC stained cell populations in each sample were then
analyzed for Rhodamine fluorescence. Mean fluorescence intensity was analyzed using a
FACSCalibur flow cytometer.

Nanoparticle retention in KR158 intracranial tumors
Nanoparticle retention and clearance in tumor tissue was analyzed by imaging
nanoparticles in brains of live animals using Xenogen IVIS system. Similar to described
above, free ICG, ICG-loaded PLGA-PEG or ICG-loaded PLGA-PEG-ITEM nanoparticles
in PBS (5 µl, 0.3 mg/ml ICG equivalent) were slowly administrated, at a rate of 1 µl/min
over 5 min, through the same burr hole as the tumor cell implantation using stereotactic
frame. Animals were then imaged at various time points with 2 sec exposure at excitation
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wavelength of 745 nm and emission wavelength of 820 nm to record fluorescence intensity
of ICG from the brains. The images were then processed using LivingImage software to
calculate fluorescence intensities from region of interest drawn on all the animals with the
same dimensions. The percentage relative fluorescence intensities were calculated and
plotted against time to estimate retention time and half-life of nanoparticles.

Statistical analysis
Statistical analysis of data was performed by a two-tailed Student’s t test assuming unequal
variances or one-way analysis of variance (ANOVA) followed by Tukey HSD using
GraphPad software. Differences were considered to be statistically significant at a level of
P < 0.05.

4.3 Results
Synthesis and characterization of biodegradable nanoparticles
A variety of biodegradable PLGA, PLGA-PEG, and PLGA-PEG-ITEM4 nanoparticles,
with or without fluorescent dyes, were synthesized using emulsion solvent evaporation
techniques. Empty nanoparticles and Rhodamine-labeled nanoparticles were formulated
by single emulsion method, while ICG-loaded nanoparticles were formulated by double
emulsion method (Table 4.1). These PLGA-PEG nanoparticles were then conjugated with
ITEM4 via maleimide-thiol chemistry to formulate PLGA-PEG-ITEM4 nanoparticles.
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Table 4. 1 Nanoparticle synthesis by emulsion solvent evaporation method
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Only 1% maleimide compared to total mass of PLGA-PEG was used to formulate
maleimide containing PLGA-PEG nanoparticles, which should provide only 1% of
nanoparticle surface covered by maleimide groups, leaving the remaining nanoparticle
surface area exposed for degradation by hydrolysis. We were able to successfully formulate
sub-100 nm sized biodegradable nanoparticles. With the addition of PEG, Rhodamine or
ICG, and ITEM4, hydrodynamic diameter of nanoparticles increased from ~53 nm (Zaverage of ~72 nm) for empty PLGA nanoparticles to ~95 nm (Z-average of ~108 nm) for
the bulkiest ICG-loaded PLGA-PEG-ITEM4 nanoparticles (Table 4.2). Nanoparticle
analysis by TEM showed round morphology and sub-100 nm size of PLGA, PLGA-PEG,
and PLGA-PEG-ITEM4 nanoparticles (Fig. 4.1). All nanoparticle formulations had ζpotential values close to the neutral surface charge, due to the PEG coatings and/or use of
PVA in the synthesis procedure. The nanoparticle suspensions were stable in ACSF at 37
°C for up to 24 h (Fig. 4.2). We quantified the surface density of PEG and number of
ITEM4 molecules on the surface of nanoparticles. There were ~14 PEG molecules per 100
nm2 area of nanoparticles as estimated from the NMR data (Fig. 4.3) and there were ~6
ITEM4 molecules per particle as estimated from the LavaPep protein assays (Table 4.3).
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Table 4. 2 Physicochemical characterization of nanoparticles

Physicochemical characterization data represent the average of 3 independent experiments
+/- SD.
a
Hydrodynamic diameter (number mean and Z-average) measured by dynamic light
scattering.
b
Polydispersity index indicates the distribution of individual molecular masses in a batch
of nanoparticles, measured by dynamic light scattering.
c
Surface charge measured at 25 °C in 15x diluted PBS with ~9 mM NaCl, pH 7.4.
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Figure 4. 1 Nanoparticle structure and size
(A) Schematic representation of nanoparticles depicting PEG and ITEM4 functionalized
PLGA nanoparticle surfaces. (B) TEM images show well dispersed round nanoparticles.
Scale bars = 300 nm. Insets: magnified images of nanoparticles. Scale bars = 100 nm.
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Figure 4. 2 Nanoparticle stability in artificial cerebrospinal fluid (ACSF) at 37 °C
over time
Hydrodynamic size of nanoparticles, measured by DLS, was stable for up to 24 h.
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Figure 4. 3 NMR spectra for analysis of PEG surface density measurement
Absorbance peak of PEG (solid arrows) relative to internal PEG standard absorbance peak
(dotted arrows) in (A) PLGA, (B) PLGA-PEG, and (C) PLGA-PEG-ITEM4 nanoparticle
samples.
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Table 4. 3 Surface characterization and diffusion behaviors of nanoparticles

a

PEG surface density determined by NMR.
PEG surface coverage/total surface area (value <1 indicates mushroom coverage [low
density], whereas >1 indicates brush regime [high density]).
c
Surface density reported from LavaPep fluorescent protein assay.
d
KD values determined on a per nanoparticle basis from fit of Biacore data.
e
Ratio indicates the extent to which diffusion of nanoparticles in brain tissues is reduced
compared to their diffusion in water.
b
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Non-specific binding of nanoparticles to brain ECM proteins
Non-specific binding of nanoparticles was assessed using SPR Biacore assays, as we
previously described [94, 188]. For these assays, mouse brain ECM proteins were
functionalized on the surface of a Biacore chip and the non-specific binding of
nanoparticles to this brain ECM was analyzed. As a positive control, non-specific binding
of hydrophobic and adhesive PS nanoparticles was measured. PS particles have been
shown previously to be nearly completely immobilized when delivered into the rodent
brain [93, 94] and as expected they bound strongly to the surface of the brain ECM Biacore
chip (Fig. 4.4A). PLGA-PEG and PLGA-PEG-ITEM4 nanoparticles did not bind
appreciably to the brain ECM chip, suggesting minimal non-specific interactions between
the nanoparticles and the brain ECM proteins. In contrast, PLGA nanoparticles without
PEG coating showed some binding to the brain ECM chip. Moreover, we formulated
PLGA-PEG-IgG nanoparticles and analyzed the binding of these control particles to brain
ECM. Similar to the PLGA-PEG particles, PLGA-PEG-IgG nanoparticles did not bind to
brain ECM (data not shown).

Nanoparticle diffusion in brain slices
Diffusion rates of individual nanoparticles were analyzed ex vivo using rat brain slices by
MPT assays as described previously [94, 188]. PLGA nanoparticles without PEG coatings
did not diffuse appreciably in brain tissue, whereas PLGA-PEG and PLGA-PEG-ITEM4
nanoparticles exhibited more diffusive Brownian-like trajectories. This can be seen as an
upward shift in the MSD vs time scale (τ) curve as compared to PLGA nanoparticles (Fig.
4.4B).
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Figure 4. 4 Non-specific binding of nanoparticles to off-target structures
(A) Non-specific binding of nanoparticles to brain ECM proteins-coated Biacore chip using
surface plasmon resonance (SPR) assays (RU: Response Units). (B) Multiple particle
tracking (MPT) analysis of nanoparticles in brain slices ex vivo showing ensembleaveraged mean square displacements (MSD) as a function of time scale over 1 sec period
and (C) at 1 sec time point (ns: not significant). Values shown are mean +/− SD (n=5).
Data analyzed for significance using Student’s t-test. *P < 0.05.
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The calculated MSD at a time scale (τ) = 1 s for PLGA-PEG and PLGA-PEG-ITEM4
nanoparticles was significantly higher than PLGA nanoparticles (Fig. 4.4C). To analyze
nanoparticle size effect on the diffusion in brain slices, we normalized experimental MSD
values of nanoparticles by theoretical diffusion values of nanoparticles, which takes
nanoparticle size into account. The diffusion rates of PLGA, PLGA-PEG, and PLGA-PEGITEM4 nanoparticles were 374-fold, 89-fold, and 99-fold lower, respectively, compared to
their theoretical diffusion rates in water at τ = 1 s (Table 4.3). Although the calculated MSD
of PLGA-PEG-ITEM4 nanoparticles was reduced slightly compared to PLGA-PEG
nanoparticles, there was no statistical difference between these two formulations. The MPT
results suggest that dense PEG-coating on nanoparticles reduces the non-specific
interactions between PLGA-PEG and PLGA-PEG-ITEM4 nanoparticles and the brain
ECM proteins. Moreover, conjugation of ITEM4 to the PLGA-PEG nanoparticles does not
promote binding to brain ECM.

Specific binding of nanoparticles to the Fn14 extracellular domain
Fn14-specific binding of nanoparticles was assessed using SPR Biacore assays. The Fn14
extracellular domain was functionalized on the surface of a Biacore chip and binding of
nanoparticles to Fn14 was analyzed. As a positive control, Fn14-specific binding of ITEM4
was measured, which bound strongly to the surface of the Fn14 Biacore chip (data not
shown). PLGA-PEG-ITEM4 nanoparticles bound strongly to the Fn14 chip; however,
PLGA-PEG nanoparticles did not show any appreciable Fn14 binding (Fig. 4.5A). In
addition, binding of PLGA-PEG-IgG nanoparticles to Fn14 was analyzed. Similar to the
PLGA-PEG particles, PLGA-PEG-IgG nanoparticles did not bind to Fn14 (data not
shown).
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Figure 4. 5 Structure-specific targeting of nanoparticles
(A) Specific binding of nanoparticles to Fn14 extracellular domain-coated Biacore chip
using SPR assays. (B) Kinetic binding analysis of ITEM4-conjugated nanoparticles
showing binding curves at various concentrations. These curves were fit to a first order
process to determine RUeq values at each concentration. (C) Binding isotherm of ITEM4conjugated nanoparticles showing RUeq values determined from kinetic binding analysis
in B. The data were fit to a single class of binding sites by non-linear regression analysis
using GraphPad software (AU: Arbitrary Units).
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To determine the equilibrium binding affinity of PLGA-PEG-ITEM4

nanoparticles to

the Fn14 extracellular domain, we measured the binding of various nanoparticle
concentrations (Fig. 4.5B). We then obtained equilibrium binding (RUeq) values and
plotted against nanoparticle concentration as binding isotherm (Fig. 4.5C). The equilibrium
binding affinity (KD) was then calculated by fitting the binding isotherm data in to a ‘one
site specific binding’ model equation. The measured KD for PLGA-PEG-ITEM4
nanoparticles was 0.75 nM, which was ~2-fold lower than that of ITEM4 alone, 1.62 nM
(Table 4.3).

Nanoparticle cellular association and uptake by Fn14-positive KR158 cells
First, we confirmed that KR158 cells expressed Fn14 by flow cytometry using PE-labeled
ITEM4 (Fig. 4.6A). Cellular association of nanoparticles was then measured by flow
cytometry. A significantly higher cellular association of PLGA-PEG-ITEM4 nanoparticles
by KR158 cells was observed compared to PLGA-PEG nanoparticles without Fn14
targeting ligand (Fig. 4.6B). The cellular association efficiency of PLGA-PEG-ITEM4
nanoparticles was ~2-fold higher compared to PLGA-PEG nanoparticles. To confirm
whether the enhanced PLGA-PEG-ITEM4 uptake was the result of specific interaction
between ITEM4 and Fn14, we performed a competitive inhibition assay with free ITEM4.
Incubation of cells with free ITEM4, before adding nanoparticles, significantly inhibited
the cellular association of PLGA-PEG-ITEM4 (Fig. 4.6C). To confirm nanoparticle
internalization within cells, live cell confocal microscopy imaging was performed. We
found higher uptake of PLGA-PEG-ITEM4 nanoparticles by KR158 cells compared to
PLGA-PEG nanoparticles (Fig. 4.6D).

124

Figure 4. 6 Analysis of Fn14 expression and nanoparticle uptake in KR158 cells
(A) Flow cytometry analysis of mouse KR158 cells for Fn14 surface expression with
mouse IgG isotype control (blue) and ITEM4 antibody (red). (B) Flow cytometry analysis
of PLGA-PEG and PLGA-PEG-ITEM4 nanoparticle uptake in KR158 cells. (C) Inhibition
of nanoparticle uptake with pre-incubation of free ITEM4. In B and C, values shown are
mean +/− SD (n=3). Data analyzed for significance using Student’s t-test. *P < 0.05, **P
< 0.01. (D) Confocal microscopy images of KR158 cells showing association of PLGAPEG or PLGA-PEG-ITEM4 nanoparticles. Scale bars = 25 µm. Cell marker with asterisk
was analyzed in E. (E) Representative 3-D projection of series of images from z-stack scan
of cell in PLGA-PEG-ITEM4 image, confirming that the nanoparticles (red) are inside the
cell. The nucleus is stained with Hoechst 33342 (blue).
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In addition, we captured 3-D projection of series of images from z-stack scan of cells, to
confirm that the nanoparticles were not restricted to the surface but were inside the cells
(Fig. 4.6E).

Nanoparticle distribution and co-localization with tumor cells in vivo
First we confirmed that the KR158-Luc glioma model resulted in invasive tumors and also
expressed Fn14 in vivo. Luciferase-positive KR158 tumors were evident in the brain 7 days
after tumor implantation (Fig. 4.7A). The mice were then euthanized and brain tumor
tissues were harvested. Tumor tissues were sectioned and stained with H&E and anti-Fn14
mAb. The histology shows an invasive tumor with high Fn14 expression (Fig. 4.7B).
To determine if Fn14-targeted nanoparticles distribute uniformly in the brain and colocalize with tumor cells in vivo, we injected rhodamine-labeled nanoparticles into
intracranial KR158-Luc tumors. The mice were euthanized at 4 h after nanoparticle
injection; brains were harvested, processed, and analyzed by epifluorescence microscopy
and flow cytometry. Fluorescence microscopy images showed that PLGA-PEG-ITEM4
nanoparticles (red) were distributed in and around the tumor region (outlined by white
dotted line) as well as deeper inside the brain tissue (Fig. 4.8). These results demonstrate
that the PLGA-PEG-ITEM4 nanoparticles can penetrate within brain tissue and selectively
target invading glioma tumors. To determine if Fn14-targeted nanoparticles co-localize
with tumor cells in vivo, we performed flow cytometry. A significantly higher colocalization of PLGA-PEG-ITEM4 nanoparticles with luciferase-positive KR158 cells was
observed compared to PLGA-PEG nanoparticles without Fn14 targeting ligand (Fig. 4.7C).
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Figure 4. 7 Analysis of nanoparticle co-localization with KR158 cells in vivo
(A) Bioluminescence image of mouse bearing KR158 intracranial tumor indicated by
dotted white circle. (B) H&E (left) and Fn14 (right) staining of KR158 tumor. Fn14
staining is shown in the expanded view of boxed region from H&E stain. (C) Flow
cytometry analysis of PLGA-PEG and PLGA-PEG-ITEM4 nanoparticle co-localization in
vivo with luciferase-positive KR158 cells in intracranial tumors. Values shown are mean
+/− SD (n=3). Data analyzed for significance using Student’s t-test. *P < 0.05.
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Figure 4. 8 In vivo distribution of PLGA-PEG-ITEM4 nanoparticles 4 h following
intracranial injection at the same site as the KR158 cell tumor implantation
(A) DAPI stained brain section showing KR158 tumor (dotted white area) and approximate
needle track (solid white lines). (B) Representative distribution of PLGA-PEG-ITEM4. (C)
Merged image showing co-localization between PLGA-PEG-ITEM4 and KR158 tumor
cells.
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The tumor cell co-localization efficiency of PLGA-PEG-ITEM4 nanoparticles was ~3.5fold higher compared to PLGA-PEG nanoparticles (red). (C) Merged image showing colocalization between PLGA-PEG-ITEM4 and KR158 tumor cells.

Nanoparticle retention in intracranial KR158 tumors
To measure nanoparticle retention and clearance in intracranial KR158 tumors, ICG, ICGloaded PLGA-PEG nanoparticles, or ICG-loaded PLGA-PEG-ITEM4 nanoparticles were
injected into KR158 tumors and ICG fluorescence was measured over time using a
Xenogen imaging system. We found decreasing fluorescence intensities from tumors of
the animals in all the groups (Fig. 4.9A). The percentage fluorescence intensities relative
to 100% at time 0 were quantified and plotted against time. We observed that free ICG was
cleared the fastest (100% clearance in 4 days) followed by non-targeted PLGA-PEG
nanoparticles (100% clearance in 6 days) and PLGA-PEG-ITEM4 nanoparticles (100%
clearance in 8 days) (Fig. 4.9B). Retention in the brain depends on the particle surface
properties (not ICG release kinetics) that interact with the surrounding brain components.
In addition, half-life of the free ICG, ICG-loaded PLGA-PEG, and ICG-loaded PLGAPEG-ITEM4 nanoparticles was calculated to determine the time required for 50%
clearance. The Fn14-targeted PLGA-PEG-ITEM4 nanoparticles had the longest half-life
of ~23 h and were retained significantly longer in the tumors of mice as compared to the
non-targeted PLGA-PEG nanoparticles (half-life of ~10.5 h) and free ICG (half-life of ~2.5
h) (Fig. 4.9C).
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Figure 4. 9 Analysis of nanoparticle retention in mice bearing KR158 tumors
(A) Images of ICG-loaded nanoparticle fluorescence in tumor-bearing brains over time.
(B) Line graph of averaged fluorescence for each group at every time point. (C) Averaged
nanoparticle fluorescence half-life in tumor-bearing brains. Values shown are mean +/−
SD (n=3). Data analyzed for significance using one-way ANOVA. *P < 0.05, *** P <
0.001.

130

4.4 Discussion and Conclusion
In this study, we formulated particulate nanocarriers using PLGA and PLGA-PEG
polymers to generate sub-100 nm nanoparticles with DART characteristics. SPR analysis
revealed minimal binding to extracellular brain components and strong binding to the Fn14
receptor – an upregulated, conserved component in invasive GBM. The association of
Fn14-directed DART nanoparticles with Fn14-positive tumor cells was significantly
greater than non-adhesive but non-targeted particles. Ex vivo MPT in fresh rodent brain
tissues and in vivo testing in orthotopic murine glioma revealed preserved nanoparticle
diffusivity and increased uptake in brain tumor cells. The DART characteristics also
resulted in longer retention of the nanoparticles within the intracranial tumors compared to
non-targeted versions and the free fluorescent dye. Collectively, these results and
nanoparticle design considerations offer promising new methods to optimize therapeutic
nanocarriers for improving drug delivery and treatment for invasive brain tumors.
Biodegradable polymeric nanoscale drug formulations offer the potential to
augment and control the biological behavior of multiple therapeutic agent types and classes
including chemotherapies, oligonucleotides, proteins, and others [104, 219-221]. Such
formulations enable minimizing off-target effects or toxicities, rapid clearance or
degradation, and poor distribution within the pathological site or tissues [214]. Augmenting
brain penetration is one strategy that has shown some promise in pre-clinical testing by
improving the efficacy and safety of drugs with otherwise low therapeutic ratios, such as
paclitaxel, cisplatin, and others [91-93, 216, 222]. Another strategy has been to target
nanotherapeutics in order to focus the desired treatment effects directly to disease sites.
This too has shown early evidence toward improved delivery and therapeutic efficacy
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directed to multiple targets including epidermal growth factor receptor mutant EGFRvIII
[101], transferrin receptor [98], interleukin-13 (IL-13) receptor [215, 223], and tumorassociated ECM components such as Tenascin C [224]. Despite these beneficial properties,
separated penetration and targeting strategies may still be limited by rapid degradation,
clearance or partitioning, and other phenomena that can lead to off-target effects. In order
to fully harness the potential benefits of nanotherapeutic formulations, effectively
balancing non-specific adhesivity within the body with specific binding to disease targets
is a crucial consideration.
Previous studies exploring delivery improvements and limitations to the brain, and
brain tumors in particular, have revealed that therapeutic agents not designed to avoid body
clearance and degradation mechanisms, resistance to dispersion within tissue(s), or
partitioning in non-disease sites, lead to undesirable biological behavior and potential
toxicities [39, 214]. While targeting therapeutics to specific disease components may
decrease some of these limitations, in order to fully capitalize on the potential benefits of
targeting, low levels of non-specific adhesivity and off-target binding must be maintained
in setting off an effective level of target specific binding. This balance is often quite
challenging to attain as many targeting moieties (antibodies and related fragments,
peptides, carbohydrates, and others) may also result in non-specific binding to cellular,
extracellular and intravascular components. This study represents an important step
towards identifying the nanotherapeutic design and characterization considerations to
effectively achieve this balance. Our version of these considerations features decreased
non-specific adhesivity to brain interstitial components and Fn14 receptor targeting, which
we abbreviate to ‘DART’ characteristics.
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Of note, Fn14 is a promising molecular target for GBM [8, 31, 33] and perhaps a
more appealing target than other cell surface receptors mentioned above. Fn14 is minimally
expressed in the uninjured human brain but highly expressed in high grade gliomas
including GBM. Fn14 gene expression levels correlate directly with increasing glioma
grade and worse patient survival [23, 31]. Importantly, elevated Fn14 transcript and protein
levels have been identified in the margin of GBM tissues where invading tumor cells and
reactive processes are present. Lower Fn14 levels are present in tumor core regions, where
surgery is often successful [31]. Importantly, Fn14 undergoes constitutive receptor
internalization, which could facilitate therapeutic agent entry into target cells [205]. These
findings warrant further exploration of Fn14 for invasive GBM-targeted therapeutics as
well as inhibition of brain cancer invasion mechanisms.
This study identified three possible mechanisms by which beneficial augmentation
of Fn14 DART therapeutics may occur; specifically enhanced brain tissue dispersion,
increased tumor cell uptake, and improved tumor retention. The latter less expected finding
related to the in vivo duration of nanoparticles at the target site suggests that a given
therapeutic dose may have an even greater therapeutic effect than we had presumed. We
anticipate that future applications of DART characteristics to other therapeutic
formulations will lead to significant improvements in therapeutic ratio and the application
of therapeutic agents or drug classes that were not considered safe or feasible for brain
cancer and other diseases with challenging delivery considerations.
An important limitation of this study is the lack of a larger animal model where
invasion distance and brain and tumor volumes more closely mimic humans. While the
KR158 malignant glioma model used here is highly invasive [225], numerous clinical trials
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testing delivery strategies to improve distribution of therapeutics in the brain [223, 226]
have highlighted the difficulty with translating results from smaller pre-clinical models to
humans. In the future, we plan to test this therapeutic formulation strategy in larger
mammals (pigs and tumor-bearing dogs) in order to better understand critical limitations
to human translation. Another potential limitation of this study is the lack of a tested
therapeutic or drug to ascertain actual improvements in efficacy and safety. We opted not
to include a specific therapeutic component in this study as we felt it was important to first
investigate the design of biodegradable DART nanocarriers and potential value of this
therapeutic platform. As such, we sought to understand the polymeric formulation and
characterization considerations prior to inserting the complexities of therapeutic testing.
Our findings motivate the study and testing of drug-loaded, Fn14 DART nanotherapeutics
and suggest that the effective balance of specific and non-specific binding of
nanotherapeutics within the brain tumor milieu may significantly improve treatment
efficacy while minimizing off-target toxicities.
In summary, we have developed biodegradable nanoformulations with balanced
decreased non-specific adhesivity and receptor targeting. These DART nanocarriers
showed improved brain tissue dispersion, tumor cell uptake, and tumor retention in in vitro,
ex vivo, and in vivo testing. These results and nanoparticle design considerations offer
promising new methods to optimize therapeutic nanocarriers for improving drug delivery
and treatment for invasive brain tumors and warrant further investigation with drug-loaded
versions.
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Chapter 5: Summary and Implications of the Research
5.1 Main Findings
In Chapter 2, we investigated the effect of size and surface PEG density on NP
penetration within tumor tissue, both ex vivo and in vivo. Using polymeric polystyrene (PS)
particles over the size range of 20-100 nm, we first tested how these parameters impact NP
diffusion in a tumor ECM preparation (Matrigel) by multiple particle tracking (MPT) and
MDA-MB-231 breast cancer xenograft tissue by MPT and intravital microscopy. We also
investigated the effect of PEG surface density on the diffusion of ~60 nm PS NPs in the
same models. Nonspecific binding interactions of the NPs to Matrigel were determined by
a surface plasmon resonance (SPR) assay in an attempt to correlate in vitro interactions
with ex vivo and in vivo diffusion behavior. Finally, biodegradable poly(lactic-co-glycolic
acid) (PLGA) NPs with various surface PEG densities, as well as two clinical-grade NPs,
Doxil and Abraxane, were evaluated by SPR to assess non-specific binding to Matrigel as
a surrogate for solid tumor penetration. These studies demonstrated that NPs as large as 60
nm, but less than 100 nm in diameter, diffuse rapidly within tumor ECM and tumor
xenograft tissues ex vivo if they are densely coated with PEG. The penetration of these NPs
within the same tumor models was found to be highly dependent on surface PEG density.
Intravital microscopy of NP spread in living tissue confirmed a significant difference in
tumor tissue penetration between the 60 and 100 nm PEG-PS NPs, as well as between
PEG-coated and uncoated NPs. Non-specific binding of NPs to tumor ECM components
by SPR revealed a positive correlation with the particle diffusion results consistent across
multiple particle types, including PS and biodegradable NPs. SPR assays revealed that
Abraxane binds significantly to tumor ECM which has the potential to limit particle
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dispersion with tumor tissue. These findings provided new insights into the NP size and
surface PEG density thresholds related to tumor tissue penetration and adhesivity to
extracellular tumor components. Our results helped guide the design of NP formulations
for our subsequent studies focused on TNBC and GBM.
In Chapter 3, we synthesized a PLGA-PEG NP formulation that is PTX-loaded
and Fn14-targeted via conjugation of the mAb ITEM4. We evaluated NP tumor tissue
targeting and penetration capabilities as well as in vitro cytotoxicity against the TNBC
cell line MDA-MB-231 (231-Luc) and the TNBC “brain seeking” cell line 231-Br-Luc.
In addition, this novel NP formulation was evaluated for tumor growth inhibitory activity
in vivo versus non-targeted NPs, IgG-conjugated NPs, and Abraxane. SPR analyses
revealed minimal binding to tumor ECM proteins and strong binding to Fn14. The
association of Fn14-targeted NPs with Fn14-positive TNBC cells was significantly
greater than non-targeted NPs. Also, ex vivo MPT in fresh tumor tissues and in vivo testing
in orthotopic breast tumors revealed preserved NP diffusivity and increased accumulation
in tumor tissue, respectively. More importantly, our Fn14-targeted PTX-loaded NP
formulation exhibited better anti-cancer activity compared to Abraxane in vivo. These
findings offer new methods to develop therapeutic NPs for improving drug delivery and
treatment for primary and metastatic TNBC. Furthermore, these results can be applied to
other drugs and therapeutics and thereby translate into novel, more effective treatment
strategies across a broad range of other metastatic cancers.
In Chapter 4, we applied NP design considerations to formulate biodegradable
decreased non-specific adhesivity, receptor targeted (DART) NPs directed to invasive
glioma cells via Fn14. We characterized and tested these new formulations in vitro, ex
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vivo, and in vivo using SPR, MPT, flow cytometry, confocal microscopy, and nearinfrared fluorescence imaging. DART NPs showed minimal binding to extracellular brain
components and strong binding to the Fn14 receptor. MPT in brain tissue slices and in
vivo testing in orthotopic murine malignant glioma revealed preserved NP diffusivity and
increased uptake in brain tumor cells. These combined characteristics also resulted in
longer retention of the DART NPs within the orthotopic tumors compared to non-targeted
versions. These findings offer promising new methods to optimize therapeutic
nanocarriers for improving drug delivery and treatment for invasive brain tumors and
warrant further investigation with drug-loaded NP formulations.

5.2 Strengths and Limitations
One specific outcome of the project is the discovery that surface modification of
NPs with non-adhesive polymers allows delivery of rapidly moving particles through tumor
tissue at higher concentrations than otherwise possible with uncoated or poorly coated
particles, potentially increasing the distribution of delivered therapeutics. Also targeting
treatments to cancer cells using non-adhesive NPs limits non-specific interactions with
normal cells and thereby allows specific interactions at target structures (i.e., Fn14). One
strength of our studies is the use of high throughput biophysical assays (SPR and MPT) to
systemically quantify target equilibrium binding affinity (KD), particle non-specific
binding, and particle diffusion in tumor tissue for particle formulations that span a wide
range of size, PEG coating density, and targeting molecule density. Additionally, in
Chapter 3, we directly compared the therapeutic efficacy of an FDA-approved NP
formulation (i.e., Abraxane) to our latest non-targeted and Fn14-targeted drug-loaded,
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tissue-penetrating polymeric NP formulations in well-established models of primary
TNBC and TNBC brain metastases.
Although the biodegradable NP formulations described in Chapters 2-4 show very
promising characteristics, we do acknowledge that there are some limitations to our work
that justify the need for future studies. One of the limitations is the use of a complete
monoclonal antibody (mAb) molecule as the Fn14 targeting moiety. When compared to
conventional chemotherapeutic agents, mAbs are high molecular weight proteins with slow
distribution kinetics and a limited tissue-penetrating ability [227]. However, their
significant advantage is that they recognize a specific molecular target, thereby minimizing
secondary effects on cells that do not express the target. Another limitation of a large
antibody is their potential short half-life [228]. In an attempt to partially resolve this
problem, antibody fragments can be used rather than an intact antibody. Specifically, the
use of Fabs (mAb fragment antigen binding) should be mentioned, which include the
variable regions of both the heavy chains (Hv) and the light chains (Lv), as well as the first
constant domain of both chains (CH and CL) [228]. These fragments do not include the Fc
region, so there is reduced off-target binding to Fc receptor-expressing host cells. For future
studies, we have the option of engineering NPs that use ITEM4 Fab, humanized ITEM4based scFv fragment [49], or small molecule Fn14 targeting ligands [229] as the targeting
moiety. Some of this work is underway (see below)
Another limitation of this project, in particular for Chapter 3, is that we did not
conduct pharmacokinetic (PK) analyses of our biodegradable NP formulations. A detailed
local PK analysis is required to determine drug concentrations, tumor and body
distribution, and clearance over time in breast tumor tissue. There were some attempts to
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determine the PK of rhodamine-labeled PLGA-PEG and PLGA-PEG-ITEM4 NPs;
however, these were unsuccessful due to the similarity of rhodamine with the natural
fluorescence signal of human blood plasma. Accordingly, PK studies should be attempted
again using PTX-loaded NPs. We can collect blood and tissues at various time points after
NP administration and then determine PTX concentrations using HPLC.

5.3 Future directions
Taken together, these studies have identified Fn14 as a promising potential cell surface
target for TNBC and GBM therapeutics. The list of possible strategies that could be
considered for the development of effective Fn14-targeted therapeutic agents for patients
is somewhat limited because Fn14 is not a protein kinase and Fn14-specific mAbs
frequently exhibit agonist activity, which could potentially promote pro-tumorigenic or
pro-metastatic activity. Here, we have described a therapeutic strategy in preclinical
development that is designed to target cancer cell surface-specific Fn14 overexpression
in order to deliver chemotherapeutic drug-loaded NPs to malignant cells while sparing
healthy tissues. Additional studies are necessary to elucidate whether these therapeutic
strategies can be advanced beyond the preclinical stage and ultimately make a significant
impact on cancer patient survival. Hence, as part of our future studies we intend to address
some of the limitations stated above.
First, we have collected blood samples and major organs (kidney, liver, spleen,
lung, and heart) at the time of euthanasia of each mouse in our systemic efficacy study in
mice bearing tumors proximal to the mammary fat pad. Blood serum was obtained and
serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline
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phosphatase (ALP), and gamma-glutamyl transferase (γ-GT) levels will be assessed at
VRL Laboratories (Gaithersburg, MD). Tissues were fixed will be stained with
haemotoxylin and eosin and examined by a pathologist for signs of tissue or cellular
damage.
One future approach that is currently under development is the formulation of
biodegradable NP with ITEM4 Fab as the Fn14 targeting moiety. Other members of the
lab have successfully carried out the ITEM4 mAb digestion to make separate Fab and Fc
fragments and subsequently purified the Fab. Furthermore, we have successfully thiolated
ITEM4 Fab that can be used to conjugate Fab-SH onto the surface of PLGA-PEG
particles containing maleimide functional groups by maleimide-thiol chemistry as
described above. We have also confirmed via SPR that after thiolation, Fab-SH can bind
to Fn14 (KD = 15 nM), although to a lesser degree than non-thiolated ITEM4 Fab and
mAb Fab (Fig. 5.1). We have begun the process of conjugating Fab-SH to the surface of
PLGA-PEG NPs and some next steps include confirming (i) specific binding to the Fn14
chip, (ii) non-specific binding to tumor ECM, brain ECM, and mouse serum chips, and
(iii) Fn14-positive cell uptake. Once Fab-conjugated NP conjugations have been tested
in vitro, we need to confirm (i) long-term systemic circulation, (ii) tumor co-localization,
and (iii) therapeutic efficacy in vivo.
We also have access to Fn14-positive TNBC patient-derived xenograft (PDX)
models. PDX cells are passaged in mice, not culture dishes, in order to maintain the
histological and genetic properties of the original patient tumor.
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Figure 5. 1 Fn14-specific targeting of ITEM4 Fab-SH vs ITEM4 mAb-SH
Specific binding of ITEM4, ITEM4-Fab, and ITEM4-Fab-SH to Fn14 extracellular
domain-coated Biacore chip using SPR.
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In general, results obtained in PDX models are better indications of potential translation
to the clinic than results using long-term cultured immortalized cell lines. Indeed, the use
of PDX models in particular are considered to be one of most effective approaches for
testing potential human therapeutics [230].
NPs have many potential benefits for diagnosing and treating metastatic cancer,
including the ability to transport therapeutic cargoes to the major sites of metastasis; for
TNBC, one of these sites is the brain. Although we have a good indication that our PTXloaded, Fn14-targeted NP formulation could potentially have an effect in reducing or
preventing TNBC brain metastases, in our experiments the TNBC cells were implanted
directly into the brain and then therapy was initiated. We want to design further studies
using models that more accurately represent metastasis to the brain. For example, we have
efficacy studies currently underway using a model where the 231-Br-Luc “brain seeking”
cells are delivered via cardiac ventricular injection. These cells are capable of surviving
systemic circulation barriers, extravasating into the brain tissue, and growing into
detectable tumors (Fig. 5.2). Our future experiments involve cardiac ventricle injection of
231-Br-Luc cells followed by treatment of the leading Fn14-targeted and non-targeted NP
formulations, Abraxane, or saline 3 days later to determine if our drug-loaded Fn14targeted NPs can prevent the formation of metastases. We also want to study the efficacy
of NPs to prevent or treat metastatic lesions using “brain seeking” lung tumor cells (PC14Br) and/or “brain seeking” mouse breast cancer cells (4T1-Br), both of which express Fn14
(Fig. 5.3).
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Figure 5. 2 Bioluminescence image of 231-Br-Luc tumors in brain slices after cardiac
ventricle injection.
MDA-MB-231-Br-luc cells were delivered via ventricle injection (1.75 x 105 cells) (n=4),
and 4 weeks later mice were injected with D-luciferin (150 mg/kg) i.p. and euthanized 15
minutes after injection. Brains were harvested, quickly sliced, and imaged using the
Xenogen IVIS system. Figure shows images of two representative mice bearing 231-BrLuc tumors.
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Figure 5. 3 Western blot analysis of Fn14 protein expression in “brain seeking”
metastatic cells
The “brain seeking” human breast cancer (231-Br-Luc), lung cancer (PC14-Br), and mouse
breast cancer (4T1-Br) were harvested and Fn14 and GAPDH levels were evaluated by
Western blot analysis.
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Finally, we want apply our Fn14-targeted, drug-loaded PLGA-PEG NP platform for local
or systemic treatment of GBM. In Chapter 4, we focused on minimizing the non-specific
binding of NPs to the brain ECM, which then permitted selective Fn14-positive tumor cell
targeting. The demonstration there of enhanced particle distribution and tumor targeting
suggests a promising opportunity for the use of our formulation strategy for GBM. Based
on the formulation characteristics developed here in PLGA NPs, we envision drug delivery
platforms that can be readily translated into new therapeutic systems and animal models.
These results support further investigation into the use of the Fn14-targeted NP platform
with CED, systemic administration, and other novel delivery approaches for GBM to
potentially improve the distribution and duration of therapeutic effects.
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