Journal of Controlled Release 159 (2012) 14-26

journal homepage: www.elsevier.com/locate/jconrel

Contents lists available at SciVerse ScienceDirect

Journal of Controlled Release

Review

Local drug delivery strategies for cancer treatment: Gels, nanoparticles, polymeric

films, rods, and wafers

Jesse B. Wolinsky ¢, Yolonda L. Colson °, Mark W. Grinstaff **

2 Departments of Biomedical Engineering and Chemistry, Boston University, Boston, Massachusetts, United States
b Division of Thoracic Surgery, Department of Surgery, Brigham and Women's Hospital, Boston, Massachusetts, United States

ARTICLE INFO

Article history:

Received 17 August 2011
Accepted 23 November 2011
Available online 1 December 2011

Keywords:

Local drug delivery
Polymer depots

Localized cancer treatment
Tumor recurrence

Tumor penetration

ABSTRACT

Polymer-based drug delivery depots have been investigated over the last several decades as a means to im-
prove upon the lack of tumor targeting and severe systemic morbidities associated with intravenous chemo-
therapy treatments. These localized therapies exist in a variety of form factors designed to facilitate the
delivery of drug directly to the site of disease in a controlled manner, sparing off-target tissue toxicities.
Many of these depots are biodegradable and designed to maintain therapeutic concentrations of drug at
the tumor site for a prolonged period of time. Thus a single implantation procedure is required, sometimes
coincident with tumor excision surgery, and thereby biodegrading following complete release of the loaded
active agent. Even though localized polymer depot delivery systems have been investigated, a surprisingly
small subset of these technologies has demonstrated potentially curative preclinical results for cancer appli-
cations, and fewer have progressed toward commercialization. The aims of this article are to review the most

Gliadel well-studied and efficacious local polymer delivery systems from the last two decades, to examine the ratio-
nale for utilizing drug-eluting polymer implants in cancer patients, and to identify the patient cohorts that
could most benefit from localized therapy. Finally, a discussion of the physiological barriers to localized ther-
apy (i.e. drug penetration, transport), technical hurdles, and future outlook of the field is presented.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

concentrations of chemotherapy to the site of malignant disease in
cancer patients [1-10]. The development of these technologies is

Polymer-based drug delivery systems have been investigated over guided by the desire to improve overall survival and quality of life
the last few decades as a means of achieving high therapeutic by increasing the bioavailability of drug to the site of disease, contain-
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ing delivery to the cancerous tissues, increasing drug solubility, and
minimizing systemic side effects. Existing systems can be divided
into two groups based on their mode of administration and mecha-
nism of action. The first relies on systemic delivery and consists of
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nano-materials such as polymer nanoparticles, liposomes, and den-
drimers. These delivery vehicles find their target by localization to
solid tumors by passive diffusion via leaky tumor vasculature, active
targeting by conjugation to a chemical moiety with an affinity for an
over-expressed/unique tumor cell marker (i.e. folic acid receptor,
monoclonal antibody, etc.), or by triggering the release of payload
from an environment-responsive nano-carrier using a local stimulus
(i.e. pH, temperature, etc.). These nano-materials are predominantly
intended for intravenous administration, and, while they promise
the ability to target tumor tissues with accumulation of therapeutic
concentrations of drug, localization is challenging due to removal
and sequestration of these nanomaterials by the reticuloendothelial
system. Additionally, there is a recognized need for development
and validation of nano-toxicity characterization methods for obtain-
ing reliable predictive safety information [11].

The second group of polymer delivery vehicles (and focus of this
review) includes controlled release drug delivery depot systems for
implantation intra-tumorally or adjacent to the cancerous tissue
(Fig. 1). These technologies have been embodied in a variety of
form-factors such as drug-eluting films, gels, wafers, rods, and parti-
cles and feature predictable and prolonged drug release kinetics.
The majority of these devices are biodegradable so as to circumvent
a second surgery for device removal and to avoid a chronic foreign-
body immune response. The polymers used in these systems can be
broadly divided into natural and synthetic materials. Natural poly-
mers that have been investigated for drug delivery applications in-
clude polysaccharides such as alginate [12-14], hyaluronic acid [15],
dextran [16] and chitosan [17-19] and polypeptides including colla-
gen [20], albumin [21,22], elastin [23], and gelatin [24,25]. These ma-
terials are tolerated well in vivo, are available in abundance in nature,
and can form hydrogels via self-assembly or by cross-linking. Further-
more, the property of spontaneous hydrogel formation of some natu-
ral polymers has been exploited to develop smart delivery vehicles
that can be injected locally as a liquid, and upon exposure to changes
in environment such as temperature, pH, or ionic composition, solid-
ify into a hydrogel drug depot. Drawbacks of these materials include:
1) a necessity for high purity for biocompatibility, 2) poor solubility,
particularly in organic solvents, restricting processing options and
complicating the inclusion of water-insoluble chemotherapy agents,
and 3) limited opportunity for chemically tuning polymer composi-
tions to affect key properties such as drug release kinetics and degra-
dation rate.

Conversely, the degree of customization achievable with synthetic
polymers allows the application-specific design of local implants with
respect to degradation, drug release, and mechanical properties. A
wide range of delivery materials have been fabricated using polyes-
ters based on lactide, glycolide, caprolactone, and dioxanone, polyan-
hydrides based on sebacic and adipic acid, as well as polyamides,
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Fig. 1. Examples of localized chemotherapy delivery form factors at various treatment
sites and their respective modes of administration.

polycarbonates, polyorthoesters, and phosphate-based polymers,
which have been reviewed in detail elsewhere [7,9,10,26-28]. These
polymers are often hydrophobic in nature, and are ideally suited for
long-term delivery and internal stabilization of sensitive water-
insoluble drugs. A significant drawback to synthetic materials is that
many form acidic degradation products that can accumulate and
cause inflammation at the implant site. However, this effect can be
mitigated via adjustments in chemical composition and degradation
profile. The aims of this article are to review the most well-studied
and efficacious local polymer delivery systems from the last two de-
cades, to examine the rationale for utilizing drug-eluting polymer im-
plants in cancer patients, and to identify the patient cohorts that
could most benefit from localized therapy.

2. The clinical need for localized cancer therapy

The lifetime probability of developing an invasive cancer is 44% for
men and 38% for women resulting in an estimated 1,529,560 cancer
diagnoses and 569,490 deaths in the US in 2010 [29]. Treatment is
dictated by the cancer type, stage at diagnosis, and the patient's toler-
ance to the prescribed therapy. Tumors are normally classified by the
TNM staging system (tumor, node, distant metastasis) which de-
scribes the extent to which the cancer has spread. Staging can be
broadly divided into early, intermediate, or late stage cancers. Early
stage tumors are localized to an anatomical site without evidence of
spreading, intermediate cancers may include larger tumor masses
and/or evidence of lymph node involvement, and late stage cancers
have metastasized from their primary tissue site to other regions of
the body. As evident in Table 1, for most, the majority of patients’ can-
cers are diagnosed at local or regional stages, with 5-year survival
rates varying dramatically depending on tumor type and stage. For
example, locoregional prostate cancers are almost always curable,
while locoregional lung cancers are significantly more difficult to
treat effectively. Even those cancers that boast high 5-year survival
statistics could benefit from improved control of localized disease
by limiting the extent of surgical resection, circumventing radiation
therapy, and avoiding various treatment toxicities, thereby maximizing
preservation of functioning tissue. While the incidence of cancer mortality
has steadily decreased over the last several decades due to improvements
in early detection and advancements in technology, there are still major
shortcomings in treatment-associated morbidity, recurrence rates, and
other outcome measures with current standard of care approaches for
most cancers. There are potential intervention points at each stage of
cancer where localized therapy, either for curative or palliative intent,
could supplement or replace existing treatments.

Surgical resection of the primary tumor and/or adjacent lymph nodes
is the preferred treatment for most early stage (localized) or intermediate
stage solid tumors with locoregional lymphatic involvement. The partial
resection or debulking of late stage or diffuse multifocal tumors can, in
some cases, have a palliative effect and improve the quality of life for
some patients [30,31]. Depending on the tumor location, the benefit of re-
moving cancerous tissue must be balanced against the resulting morbid-
ity to the patient. Unfortunately, undetected occult microscopic disease
can remain despite a complete surgical resection, and thus concurrent
treatment with radiation and/or chemotherapy is often utilized with
more aggressive cancer types, in an attempt to prevent recurrent tumor
growth. For example, reported locoregional recurrence rates following
‘curative’ surgery have remained unacceptably high for some cancer
types including lung (27%) [32] and colon (11%) [33]. For this reason,
neoadjuvant chemotherapy and/or external beam radiation therapy are
sometimes used to shrink particularly large tumors and/or ‘control’ re-
gional disease prior to surgical excision, effectively ‘down-staging’ the
disease before surgery in some patients. Radiation treatment, although
generally associated with lower 5-year survival than surgery, can be cura-
tive for early stage cancers and is utilized as an alternative to resection in
late stage patients including prostate, breast, and lung cancers or those



16 J.B. Wolinsky et al. / Journal of Controlled Release 159 (2012) 14-26

Table 1

Cancer statistics (2010) for cancer types under investigation for localized chemotherapy interventions [2]. The requirements of localized drug delivery vary depending upon cancer
type and stage at diagnosis. Surgically operable early stage tumors are often associated with a high risk of recurrence (i.e. lung, colon), while late stage inoperable tumors may ben-
efit from localized palliative chemotherapy. A fraction of patients cannot be properly staged at diagnosis, thus percentages do not always add to 100%.

Total Cases Stage at Diagnosis 5-Year Survival

Diagnoses Deaths Localized Regional Distant Localized Regional Distant
Lung and Bronchus 222,520 157,300 15% 22% 55% 53% 24% 4%
Female Breast 209,060 40,230 60% 33% 5% 98% 84% 23%
Prostate 217,730 32,050 80% 12% 4% 100% 100% 31%
Colon 102,900 51,370 39% 37% 19% 91% 70% 11%
Rectum 39,670
Urinary Bladder 70,530 14,680 36% 8% 4% 74% 36% 6%
Uterine Corpus 43,470 7,950 69% 19% 8% 96% 67% 17%
Uterine Cervix 12,200 4,210 50% 35% 11% 92% 58% 17%

unable to tolerate surgery. Unfortunately, the acute and long-term toxic-
ities and limited efficacy associated with these adjuvant therapies have
prevented their routine use as prophylactic interventions in all patients.

Chemotherapy is reserved primarily for intermediate and late stage
cancers and can be administered before or after surgical resection, or
with or without radiation, in lieu of surgery when the tumor is unresect-
able. Many chemotherapeutic drugs suffer from prohibitively low aque-
ous solubility which prevents intravenous administration unless they
are chemically modified as a soluble pro-drug (e.g. Irinotecan) or formu-
lated in a surfactant-containing solution such as Cremophor/ethanol as in
the case of paclitaxel. However both strategies can lead to low bioavail-
ability, sensitization reactions, and other secondary side effects [34,35].
Given that intravenous systemic chemotherapy is not specifically targeted
to the tumor, it is very difficult to achieve therapeutic levels of drug within
or adjacent to the tumor. Furthermore, significant concentrations of drug
frequently accumulate in healthy tissue, leading to severe side effects and
dose-limiting toxicity. For example, almost half the dose of an intravenous
injection of paclitaxel is eliminated during the first 24 hours, with less
than 0.5% of the total dose locally available to treat tumor within the
lung [36]. The use of radiation and chemotherapy also significantly adds
to the cost of cancer care due to the high material costs and the need
for appropriate specialists including radiation and medical oncologists
and a robust support staff for delivery of therapy, appropriate monitoring,
and treatment of side effects. These treatments are time consuming for
both patients and personnel, requiring frequent visits over months of
therapy.

Brachytherapy, the implantation of point-source radiation seeds
intra-tumorally, adjacent to tumor, or at the surgical resection mar-
gins, has proven to be one efficacious localized therapy option for
treatment of inoperable tumors and for prevention of local tumor
recurrence. It is routinely administered for slow-growing prostate
tumors as an alternative to surgery and has shown utility in several
other cancers including lung, cervical, and breast malignancies
[37-39]. For example, brachytherapy seeds applied at the site of sur-
gical resection have been shown to reduce the incidence of local
recurrence in lung cancer patients after wedge resection from 19%
to 2% [40]. Furthermore, it was demonstrated that adding brachyther-
apy to a lobectomy performed for 2-3 cm lung cancer tumors signif-
icantly decreased recurrence rates and increased survival in patients
from 44.7 months to 70 months (p=0.003), demonstrating that pre-
vention of local recurrence via localized therapy can significantly
improve survival in such patient populations [41]. Given that incre-
mental increases in survival by a few months are considered excep-
tional for novel chemotherapy drugs, the increase in survival by
over two years with local brachytherapy is remarkable [42]. Though
localized brachytherapy has demonstrated significant benefits to
disease-free progression and survival in patients with localized tu-
mors following resection, global adoption has been resisted due to
its cumbersome method of administration, by-stander tissue effects,
issues of radiation handling and toxicity, and limited availability
[40,43-45].

Treatment failure in early and intermediate stage cancers, includ-
ing high locoregional recurrence rates, is indicative of the shortcom-
ings seen with the current standard of care for some malignancies.
The potential benefits of localized chemotherapy at the tumor site
are numerous and are intended to both enhance the efficacy of
treatment and reduce patient morbidity. Drug-loaded implants are
administered directly at the site of disease, offering the following ad-
vantages over traditional systemic delivery: 1) stabilization of
embedded drug molecules and preservation of anticancer activity,
2) controlled and prolonged drug release to ensure adequate diffu-
sion and uptake into cancer cells over many cycles of tumor cell divi-
sion, 3) loading and release of water-insoluble chemotherapeutics,
4) direct delivery to the site of disease, resulting in less waste of
drug, 5) one-time administration of the drug, and 6) diminished
side effects due to the avoidance of systemic circulation of chemo-
therapeutic drugs. Furthermore, prolonged exposure of tumor cells
to chemotherapy over multiple cell cycles has been shown to be
more cytotoxic than bolus delivery for most drugs that target path-
ways involved in cell replication. Only 10 to 15% of tumor cells are
expected to be in the mitotic phase of cell division at any time, thus
limiting the sensitivity of these cells to anti-neoplastic chemotherapy
agents over short term exposures [46-48]. Use of a long-term drug
eluting implant promises to be beneficial when a) the incidence of
local recurrence does not warrant universal treatment of all patients
with a highly morbid systemic therapy, b) local disease is inoperable
or untreatable through traditional means in late stage disease, or
¢) local tumor control offers the opportunity to perform a less inva-
sive surgical procedure or provides palliative relief. As such various
types of synthetic and natural-based polymers have been evaluated
as controlled release depots for cancer therapy including poly(ethyl-
ene-co-vinyl acetate) [49], poly(caprolactone) [50], poly(methyl
methacrylate) [51], segmented polyurethane [52], poly(lactide-co-
glycolide) [53], chitosan [54,55], fibrin [56], gelatin [57], and collagen
[20] (Figs. 2 and 3). This review will survey polymer implant technol-
ogies investigated for local delivery of anticancer agents ranging from
promising novel devices with notable preclinical successes to estab-
lished, commercialized therapies that have undergone human clinical
trials.

A }:';o

{oJ—(_}oew o%¢ww°m%L {L”‘}FL Kﬁ«w DS ﬂ}

Poly(1,3-bis-(p-carboxyphenoxy) propane- Poly(lactide-co-glycolide)
co-sebacic acid) (PLGA)
(PCPP-SA)

ISR FVE JUE Qe

PLGA-PEG-PLGA

Poly(glycerol monostearate-
CO- caprolaclone

Poly(phosphoester) Chitosan

Fig. 2. Synthetic and natural polymers that have been used for localized therapy to ma-
lignant tissue.
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Polymer Form Factor | Administration |Development Stage
Poly(1,3-bis-(p- Rigid wafer Intra-cavity resection | Commercialized as Gliadel Wafer. Used clinically to treat and
carboxyphenoxy) propane-co- prevent glioblastoma brain cancer.
sebacic acid)
Chitosan T Intra-t ] [ as part of the BST-Gel delivery system
hydrogel Oncology preclinical data demonstrates efficacy against solid
tumor.
Poly(glycerol stearate-co- Flexible Adjacent to tissue Preclinical work towards establishing safety and efficacy
caprolactone) hydrophobic film | resection against lung cancer recurrence.
PLGA-PEG-PLGA T Intra-t ] C as Oncogel.Currently in Phase IIb efficacy
hydrogel trials for treatment of oesophageal cancer.
) i Intra-peritoneal C as Paclimer Delivery System. Phase | dose-
escalation trial for treatment of advanced ovarian cancer.
Poly(lactide-co-glycolide) Millirods Intra-tumoral Preclinical data efficacy in radi blated
liver tumors.

Fig. 3. Polymer-based drug delivery systems for the localized treatment and/or preven-
tion of cancer.

3. Gliadel Wafer

The Gliadel Wafer (MGI Pharma/Easai Pharmaceuticals) is perhaps
the most-well studied and successful drug delivery implant for the
treatment of recurrent brain cancer. Developed in the early 1980's
by Langer and Brem, this technology has been reviewed from its
chemistry and mechanistic aspects of drug release to its performance
across multiple clinical trials [58-60]. The highlights of this technolo-
gy will be outlined briefly to allow comparison to other technologies
in this review.

The Gliadel Wafer is a dime-sized, biodegradable polyanhydride
wafer containing the chemotherapeutic carmustine and is used for
the treatment of high grade malignant glioma, an aggressive brain
cancer. Up to eight wafers are deposited along the resection cavity
following surgical excision of the primary brain tumor (Fig. 4). It
should be noted that in many cases these types of glioma tumors can-
not be completely removed, thus the surgeon will “debulk” as much
tumor as possible while concurrently using adjuvant treatments like
chemotherapy or radiation. In addition to the conventional benefits
offered by local drug delivery, delivery of drug from the Gliadel Wa-
fers directly to brain tissue bypasses the problem of delivering sys-
temic chemotherapy across the blood-brain barrier. The polymer
matrix is comprised of a copolymer of 1,3-bis-(p-carboxyphenoxy)
propane and sebacic acid (PCPP-SA; 80:20 molar ratio) that is dis-
solved in an organic solvent with carmustine, spray-dried into micro-
particles ranging from 1 to 20 pm, and compression molded into
wafers (14 mm diameter, 1 mm thick). The rigid wafers degrade in
a two-step process wherein water penetration hydrolyzes the anyhy-
dride bonds during the first 10 hours followed by erosion of the co-
polymer into the surrounding aqueous environment. In a preclinical
study, the wafers were shown to release carmustine in rat brains

Fig. 4. BCNU-loaded Gliadel Wafers implanted intra-cranially into a brain tumor resec-
tion cavity [10].

over a period of approximately five days followed by complete degra-
dation of the polymer matrix at 6-8 weeks after implantation [61].
Carboxyphenoxypropane is eliminated by the kidney while sebacic
acid is metabolized by the liver. It was discovered during a clinical
trial that wafer remnants were present in human patients for up to
232 days following implantation. According to the clinical studies de-
scribed in the prescribing information for Gliadel Wafers, treatment
with the wafers resulted in significant increases in survival time for
both primary and recurrent disease. Patients with newly-diagnosed,
high grade malignant glioma (n=240) demonstrated an increased
survival from 11.6 months (placebo) to 13.8 months with Gliadel wa-
fers together with surgical resection and, in most cases, radiation. Ad-
ditionally, median survival increased for patients treated after surgery
for recurrent disease (n=222) from 5.5 months (placebo) to
7.4 months [62], though a systematic review concluded no significant
added benefit between the treatment groups [63].

4. Paclimer microspheres

Paclimer microspheres are a microparticle technology intended for
intraperitoneal administration and ultimately prevention of recurrent
ovarian cancer. Developed in part by Guilford Pharmaceuticals, the
use of Paclimer has demonstrated modest success in vivo leading to a
Phase 1 clinical trial. Paclimer microparticles consist of a sustained-
release formulation of paclitaxel-loaded (10% wt/wt) polyphosphoester
particles. Harper et al. reported the first formulation and in vivo assess-
ment of Paclimer microspheres against non-small cell lung cancer by
intratumoral injection [64]. The microspheres (average diameter:
53 pm, range: 20 to 200 pm) were shown to release paclitaxel at a rate
of approximately 1-2%/day continuously over 90 days (Fig. 5). In vivo
efficacy was evaluated against two non-small cell lung cancer cell
lines (A549 and H1229), which were injected subcutaneously in mice
and grown to yield small tumor nodules (200-300 mm?), followed by
intratumoral (i.t.) or intraperitoneal (i.p.) treatment injection. The high-
est and most effective dose (24 mg/kg) was assessed against conven-
tional i.t. and i.p. formulations. When given i.t., the paclimer delivery
system decreased the tumor volume doubling time nearly six-fold
against A549 tumor (60 + 9.4 days) compared to i.p. (11.54 2.3 days)
and i.t. controls (10.24-4.7 days); furthermore, it decreased the dou-
bling rate approximately three-fold against H1229 tumor (35+
8 days) compared to i.p. (12 4+ 1.9 days) and i.t. (11.2 £ 1.9 days).

In a later study, the Paclimer microparticles were investigated as a
potential localized treatment for malignant glioma in the brain, in a
manner analogous to the Gliadel wafer [65]. The microparticles were
mixed with PEG-1000 and compressed into discs (1 mm depth, 3 mm
diameter) to facilitate administration to the brain; PEG-1000 is solid
at room temperature but liquid at 37 °C, thus the disc is designed to
melt after implantation and quickly release the microparticles locally.
The biocompatibility of the delivery system was assessed via implanta-
tion in the cerebral hemispheres of adult rats and compared against the
Gliadel polymer (PCPP-SA). The severity of the invoked immune re-
sponse elicited by the Paclimer material was equal or less than PCPP-
SA over 1, 2, 4, and 12 weeks after implantation. Notably, the addition
of paclitaxel to the particles did not result in additional toxicity. In con-
trast, paclitaxel-loaded PCPP-SA was shown to produce significant ad-
verse effects in rats and led to death in 25% of animals. This disparity
in toxicity was attributed to the release kinetics of paclitaxel from the
two implants. PCPP-SA releases a burst of drug of up to 50% within
24 h of implantation, whereas the polymer used in Paclimer micro-
spheres does not exhibit large burst release kinetics, but rather approx-
imates zero order release kinetics. Therapeutic levels of paclitaxel were
measured within 5-7 mm of the implant 30 days after treatment. Pacli-
mer increased the median survival time of rats with established 9 L gli-
oma tumors from 16 to 35 days. In comparison, systemically delivered
paclitaxel produced no survival advantage.
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Fig. 5. Paclimer microsphere paclitaxel delivery system. A) SEM of microspheres
(median diameter =53 pm), and B) cumulative in vitro release of paclitaxel. (adapted
from Harper et al. [64]).

Pradilla et al. demonstrated acceptable safety and toxicity of Pacli-
mer (2 and 20 mg/kg) for single dose local intracerebral administra-
tion in a canine model [66]. No systemic toxicity was observed for
either dose over the 120 day experiment. There were no neurological
complications resulting from the lower dose (0/5 animals), and just
one complication from the higher dose (1/5) attributed to accidental
intraventricular administration. One animal in each group developed
suture dehiscence, likely caused by the subcutaneous presence of pac-
litaxel, and three animals developed wound infections; all these ani-
mals were successfully treated with antibiotic therapy. Histological
examination showed a chronic inflammatory reaction and superficial
gliosis localized to the parenchyma surrounding the implant location.

Given the radiosensitizing properties of paclitaxel, the efficacy of
Paclimer treatment via intratumoral injection of microparticles in
conjunction with radiation treatment was investigated by Lapidus
et al. in a mouse xenograft model of prostate cancer [67]. Combination
therapy with Paclimer microspheres and one acute dose of radiation
(10 Gy) led to an improved response (tg=13.4+ 1.0 days, 7/10 sur-
vived) compared to those treated with a placebo (tq=5.74+0.4 days,
2/10 survived), Paclimer alone (ty=6.7 + 0.7 days, 3/10 survived), or
radiation with placebo (tqy = 6.8 + 0.4 days, 3/10 survived).

More recently, a phase I trial by the Gynecological Study Group in-
vestigated intraperitoneal administration of Paclimer microspheres in
12 patients with recurrent ovarian cancer [68]. Dose-limiting toxicity
was not observed in patients receiving up to 1200 mg/m? paclitaxel
from i.p.-administered Paclimer, compared to the dose-limiting toxic-
ity of 60-125 mg/m? observed in several other clinical trials using i.p.
paclitaxel. One patient did undergo surgical re-exploration, where a
significant inflammatory response was noted, including extensive

adhesions, fat necrosis, fibrous connective tissue, and foreign body
giant cell reaction. In addition, residual polymer filaments were
found at the time of re-exploration seven months after concluding
treatment, indicating that the Paclimer polymer degrades slowly.
This study was halted due to the manufacturer's decision to suspend
further clinical development of the Paclimer microspheres, but the
reasons for this decision have not been made public.

5. Expansile nanoparticles

Expansile nanoparticles have been designed to release their drug
payload upon exposure to an environmental trigger, thus focusing
the delivery of drug at the treatment site and minimizing systemic
exposure. Their utility has been demonstrated successfully in two
tumor models: lung cancer [69], and mesothelioma [70,71].

Griset et al. reported the use of a novel nanoparticle polymer com-
position (100 nm diameter) for the prevention of lung tumor growth
[69]. Upon exposure to a pH of 5 or lower, such as would be encoun-
tered in the endosome following internalization of the particle into
the cell, acid-labile hydrophobic protecting groups on the polymer
are cleaved, causing the nanoparticle to swell dramatically and re-
lease its payload within 24 hours (Fig. 6). The particles were evaluat-
ed in vivo using a murine tumor establishment model where Lewis
lung carcinoma cells were co-injected subcutaneously with either
paclitaxel-loaded expansile nanoparticles (pax-eNP; 2 or 20 pg pax),
paclitaxel-loaded non-expansile nanoparticles of a similar polymer
composition (pax-neNP; 2 pg pax), empty expansile nanoparticles
(eNP), or paclitaxel alone (pax; 20 pg). Tumor developed rapidly for
each control group, with tumor establishment present in the vast ma-
jority of unloaded eNP (12 of 15 mice), pax (6/6), and pax-neNP (7/7)
treated mice within fourteen days following injection. Conversely,
low-dose expansile particles (2 pg) prevented tumor establishment
in all but one animal (1/14) at a dose 100-fold less than the reported
therapeutic dose of paclitaxel, and high-dose pax-eNP (20 pg)
completely prevented tumor establishment throughout the two
week study (0/8). In a subsequent study, the paclitaxel-loaded expan-
sile particles were evaluated in a murine recurrence model in which
an LLC primary tumor was established subcutaneously (300 mm?)
followed by complete surgical resection [73]. After surgery, the mice
were treated with intravenous paclitaxel (pax-IV; 300 pg), or a subcu-
taneous injection of pax-eNP (300 pg), empty eNP, or saline control. A
modest but statistically significant delay in median local recurrence
time was observed for pax-eNP compared to controls (10 vs. 6 days)
with an incremental survival increase in overall survival (16 vs.
11-12 days). It was noted that these results highlight both the benefit
of localized delivery and the limitations of the short-term (<24 h)
delivery of anti-neoplastic drugs to adequately eliminate dividing
cancer cells.

Expanding upon this work, paclitaxel-loaded expansile nanoparti-
cles were evaluated in a murine model of peritoneal carcinomatosis, a
disease characterized by the occurrence of diffuse tumor in the ab-
dominal region [71]. Cancers of this type are caused by malignancies
such as mesothelioma, appendiceal carcinoma, and ovarian metasta-
ses resulting in 5-year survival rates of less than 40% and recurrence
rates as high as 80% following surgical debulking, even with the use
of intraperitoneal taxane chemotherapy [74-76]. Specifically, meso-
thelioma (MSTO-211) cells were co-injected intraperitoneally with
empty eNP, pax-neNP, pax-eNP, saline, or paclitaxel (pax-ip). All pac-
litaxel dosages were 20 ug/per treatment. The animals were sacrificed
35 days following injection and analyzed for tumor burden, and
assigned disease severity scores (DSS; scores range from mild (1-5)
to severe (15-20)). The empty eNPs, PBS, and pax-ip control groups
were ineffective at preventing tumor growth, with DSS scores of 12,
14, and 15.5 and total tumor burden of 1.52+0.2¢g, 2.324+041g,
and 2.14 £ 0.04 g respectively. While both the expansile and non-
expansile particles significantly reduced the severity of disease (DDS
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Fig. 6. (top) Expansile nanoparticles swell upon exposure to a mildly acidic pH, releasing their payload intracellularly. (bottom) The nanoparticles localize to tumors following in-
traperitoneal injection (Ambient image on left and corresponding UV image on right were taken following injection) (adapted from Colson et al. [71]).

of 3 and 5, respectively), tumor burden was almost un-detectable in
animals treated with pax-eNP (0.0540.02 g). The pax-neNP-treated
group demonstrated a nearly 10 fold greater tumor burden (0.4 +
0.2 g) than with Pax-eNP. The improvement in efficacy of pax-eNP
compared to pax-ip has been hypothesized to result from the locali-
zation of expansile nanoparticles to the tumors. Localization was con-
firmed using expansile nanoparticles conjugated to rhodamine dye.
Tumor was established in mice seven days prior to intraperitoneal in-
jection of the fluorescent nanoparticles. Co-localization was con-
firmed by fluorescence and UV microscopy (Fig. 6). Additional
studies demonstrated a survival advantage for a single treatment of
pax-eNP over pax-neNP or pax-ip with median survival times of 54,
39, and 26 days, respectively.

Lastly, it has also been shown that expansile nanoparticles are able
to travel through the lymphatic system in a large animal over long
distances (40 cm) to reach a sentinel lymph node following subcuta-
neous injection|[72]. This may have implications for preventing lymph
node metastasis, and efficacy studies need to be performed following
this proof-of-principle demonstration. Additionally, since the parti-
cles retain their payload until triggered by cell encapsulation, eNP de-
livery may facilitate drug penetration in solid tissues by allowing time
for diffusion before releasing the drug downstream of the delivery
site.

6. Chitosan hydrogels
Chitosan is a linear cationic polysaccharide derived from the shells

of crustaceans (e.g. crabs and shrimp) that has found various uses in
biomedical applications due to its reported biodegradation and

biocompatibility [77]. Chitosan is produced by the deactylation of chi-
tin, and has been used clinically in applications such as suture and
wound healing materials [78]. The material has been investigated as
a drug delivery system in the form of microparticles, nanoparticles,
hydrogels, and films for cancer treatment. Two recent chitosan-
based gels have been developed to deliver chemotherapy or
radiation.

Early studies have shown that the gelation temperature of aque-
ous chitosan solutions is dependent, in part, on the degree of acetyla-
tion present in the polymer. Glycerol-phosphate salt can be added to
the chitosan solution to help modulate electrostatic, hydrophobic,
and hydrogen bonding interactions, culminating in the displacement
of water upon heating followed by the gelation of chitosan molecules
[79]. Biosyntech Inc. has optimized this technology (BST-Gel) and
several such formulations have been assessed in mouse tumor
models delivered via intratumoral injections (Fig. 7). In a study by
Ruel-Gariepy et al.,, a thermogelling solution composed of chitosan,

Fig. 7. Thermosensitive chitosan solution (BST-Gel™) is liquid at room temperature
(T-) and transitions to a hydrogel at body temperature (37 °C). The gel is mixed with
drug to deliver chemotherapy intratumorally. (adapted from Ruel-Gariepy et al. [80]).



20 J.B. Wolinsky et al. / Journal of Controlled Release 159 (2012) 14-26

p-glycerophosphate salt and paclitaxel (0.64 or 6.4% w/v) was evaluat-
ed in vitro and in vivo for eventual use along tumor resection margins to
prevent local tumor recurrence [80). In vitro release of paclitaxel from
the gels was continuous for 30 days, with a somewhat unexpected
two-fold slower release (2.0 vs 4.2% over days 2 to 10) and smaller ini-
tial burst (7.0 vs 16.6%) for the higher loading compared to the lower
dose. Next, the drug-loaded gels were assessed in vivo using mice
with subcutaneous EMT-6 mammary carcinoma tumors (30 mm?)
where it was demonstrated that paclitaxel-chitosan intratumoral injec-
tions were as effective at inhibiting tumor growth as the intravenous
paclitaxel positive control (10 mg/kg/day x 4 days). Furthermore,
38-40% growth inhibition was observed with both treatment groups
when compared to saline-treated mice over 17 days. A second model
was investigated where the mice were treated four days after inocula-
tion to simulate remaining malignant cells after surgical resection. Ap-
proximately 70% growth inhibition was observed for both high- and
low-dose paclitaxel treatment groups compared to the negative control
after 17 days. Those mice treated with intravenous paclitaxel displayed
weight loss over the first week of treatment in contrast to those treated
locally with the loaded gels. However, tumors treated with the chitosan
formulation did exhibit inflammatory cell infiltration and hyperemia
compared to the intravenous control.

A similar study evaluated the same gel technology used as a delivery
vehicle for camptothecin [81]. Drugs from the camptothecin family are
known to cause significant adverse reactions in patients following sys-
temic administration, partly due to their rapid conversion from the ac-
tive lactone form to the inactive and toxic carboxylate form in human
serum (e.g. mean t;,=9.5min for Irinotecan [82]). Local delivery
of camptothecins promises concentrated levels of drug at the site of
disease with reduced systemic circulation. Camptothecin (4.5% w/w)
was added to a thermo-gelling formulation of chitosan and -
glycerophosphate. Release of camptothecin was nearly linear (2-3%/
day) with a cumulative release of greater than 80% over 30 days with-
out a significant initial burst. When assessed in mice bearing RIF-1 tu-
mors (100 mm?3), significant tumor growth delay (determined at
500 mm?) was observed for animals treated with an intratumoral injec-
tion of the camptothecin gel (25.0 + 2.7 days) compared to the control
i.p.injection (7.7 4+ 1.3 days), blank gel (6.8 4- 1.1 days) or untreated an-
imals (6.5 + 0.9 days). No observable signs of toxicity were seen for the
loaded gels, as assessed by weight loss or topical irritation.

In addition to local delivery of chemotherapy, chitosan-based delivery
of radioactive substances has been actively investigated as an alternative
method of controlling localized or recurrent tumor growth. One such
strategy utilized slow and fast-degrading chitosan hydrogels incorporated
with the radioactive substance *!I-norcholesterol (**'I-NC) [83]. Follow-
ing subcutaneous or intraperitoneal implantation in rats, the slow-
degrading gels remained relatively stable over 28 days whereas the fast-
degrading gels degraded almost completely over 14 days. Histology
revealed a fibrous capsule approximately 80-100 pum thick around both
fast and slow-degrading implants at 14 and 28 days without other evi-
dence of acute or chronic inflammation. The slow-degrading gel
implanted in the left pectoral tissue showed that ''I-NC retained approx-
imately 20% of its initial activity over 30 days, and, 4% activity was
detected in the axillar lymph nodes at days 4 and 13. In a separate
study, it was shown that the foreign body response to the unloaded gels
was milder than that invoked by Vicril absorbable sutures [84]. Gel degra-
dation products were not found in distant organs following implantation.
Tissue damage and the severe fibrotic response elicited by the >'I-NC-
loaded gels were evident only within several microns of tissue adjacent
to the implant.

Azab et al. investigated the inhibitory effect of '*'I-NC-loaded
chitosan gels against models of primary and locoregional recurrent
tumor growth [44]. Gluteraldehydye-crosslinked chitosan gels were
loaded with ¥'I-Norcholesterol to produce a dose similar to that
used in a standard intravenous injection for breast cancer treatment.
For the primary therapy model, mice were inoculated subcutaneously
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Fig. 8. Oncogel PLGA-PEG-PLGA paclitaxel delivery system. A) cumulative in vitro release
of paclitaxel from Oncogel, compared to release from Pluronic, an ethylene glycol/propyl-
ene glycol triblock copolymer, and B) injected pancreatic tail w/ arrows identifying Onco-
gel depot. (adapted from (A) Zentner et. al [85].; (B) Matthes et al. [86]).

with 4 T1 mouse mammary tumor cells on the back, and, following
two weeks of tumor establishment, the gels were implanted at the
tumor site. Initial tumor progression over the first 14 days was 5-
fold slower for the treatment group (0.02 g/day) and survival was in-
creased by one week compared to the untreated and control groups
(0.11 g/day). However, all three groups reached similar tumor sizes
at 28 days. Metastatic spread to the lungs was evident in the control
groups after 14 days, whereas no such spread was detected in the
treatment group. Next, an adjuvant therapy model was designed to
simulate recurrent tumor growth through tumor inoculation at the
time of gel implantation. For this model, untreated and blank gel
groups showed survival of 77 to 84 days following tumor inoculation.
In contrast, 69% of the animals in the chitosan gel treated group were
tumor-free over the 160 day experiment. Again, metastatic spread
was only evident in the control groups. The loaded gels were deter-
mined to have a biological elimination half-life of 14 days.

7. Oncogel

Paclitaxel formulations of a poly(lactide-co-glycolide) and poly-
ethylene glycol) tri-block copolymer(PLGA-PEG-PLGA), also known
as ReGel and manufactured under the trade name OncoGel, have
been assessed in vivo to evaluate efficacy in local tumor management
[85]. The ReGel system is a thermosensitive, water-soluble implant
comprised of an aqueous solution of biocompatible polymers. Simi-
lar to the BST-gel chitosan technologies described earlier, ReGel
solutions are designed to undergo a reversible thermal gelation
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upon injection in vivo. OncoGel demonstrates controlled release of
paclitaxel over 50 days with complete degradation observed over
6-8 weeks in vitro (Fig. 8). Solubility enhancement of paclitaxel
was greater than 400-fold (> 10 mg/mL). Following intratumoral in-
jection of OncoGel into mice bearing human breast carcinoma xeno-
grafts, less than 0.1% of radioactively-labeled taxol was measured in
the other organs or blood combined over the study. Animals treated
with Oncogel responded at a 10-fold lower dosing with similar effi-
cacy compared to those treated with the maximum-tolerated sys-
temic dose, and they exhibited no drug-related adverse effects.

Localized chemotherapy may also provide palliative therapy
through local tumor control in aggressive unresectable malignancies
such as pancreatic carcinoma [86]. OncoGel injections were guided
by endoscopic ultrasound for localized administration to the pancreas
in a porcine model. The objective of this study was to determine if a
minimally-invasive injection of the gel could produce sustained ther-
apeutic drug concentrations to the pancreas. Injected OncoGel deliv-
ery depots (14.74+0.5 mm in diameter) were able to deliver
therapeutic concentrations of paclitaxel 30-50 mm from the depot
in the pancreas. Observed localized tissue reactions included mild
chronic inflammation, fat necrosis and atrophy; animals showed lo-
calized fibrotic tissues 14 days after the initial injection. Additionally,
the animals tolerated the injection procedure without developing
pancreatitis or intra-abdominal infection.

Symptomatic spinal metastases, which affect 5% of the 1.2 million
diagnosed cancer patients a year, could also benefit from local pallia-
tive therapy. Seen most often in lung and breast cancer patients,
treatment of symptomatic lesions traditionally involves radiation
and/or surgery to maintain ambulatory status. Reports of effective
chemotherapy treatment are rare due to the nature of the disease.
OncoGel injections were evaluated in a breast adenocarcinoma meta-
static spine tumor rat model as a means to reduce symptoms.
Complete hind limb paresis was significantly delayed following intra-
tumoral injection of OncoGel within the L-6 vertebral body, with pa-
ralysis occurring at approximately 16 days for blank gels, 19 days for
low dose gels (3% paclitaxel), and 24 days for high dose gels (6% pac-
litaxel). Median survival increased an average of 4 days for both
OncoGel doses (18 days) compared to the control (14 days).

Lastly, a Phase I clinical trial was performed on patients with inoper-
able solid tumors in order to characterize toxicity, pharmacokinetics, and
antitumor activity of OncoGel injected directly into tumors accessible by
percutaneous injection [87]. A total of 16 patients received OncoGel in-
jections with paclitaxel dose levels ranging from 0.06 to 2.0 mg/cm®
(drug/tumor volume) with injection volumes averaging 21% of total
tumor volume. Only one dose-limiting toxicity event occurred for a pa-
tient who reported grade 3 injection site pain, and this event was quickly
resolved with a local injection of an analgesic. Twelve adverse reactions
were observed during the study and attributed to local administration
of OncoGel including injection site pain (5), injection site or tumor site
erythema (4), injection site bruising (1), post-procedural discharge (1),
and muscle spasm (1). Changes in tumor volumes ranged from 56.3% re-
duction to 232.5% increase in size. Systemic paclitaxel concentrations
were minimal with only 3.3% of samples analyzed containing quantifi-
able level of paclitaxel. The highest dose evaluated in this study
(2.0 mg/cm? tumor volume) did not produce a dose-limiting response.

8. Polymer millirods

The use of chemotherapy-loaded polymer millirod implants to
supplement the treatment of tumors with radio-frequency (RF) abla-
tion in an effort to reduce local recurrence rates has also been actively
studied. Tumor recurrence is greatest at the periphery of the ablation
zone and around blood vessels where residual tumor cells remain. It
is hypothesized that drug eluted from an implant placed at the center
of an ablation region will undergo enhanced tissue penetration, in
part due to destroyed tumor vasculature in the ablated region [88].
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Fig. 9. Release of Doxorubicin from drug-loaded PLGA millirods implanted into rabbit
liver tumor tissue. A) fluorescence image from representative tissue section (millirod
located at center of image); B) quantification of drug diffusion from implant. Scale
bar =2 mm. (adapted from Weinberg et al. [91]).

The Gao group developed drug-loaded poly(lactide-co-glycolide)
polymer millirods to prevent recurrence in thermoablated tissues
through image-guided delivery via a 14 gauge biopsy needle [89].
The release kinetics of doxorubicin from these millirods were quanti-
fied after implantation in thermoablated rat livers [90]. Following
in vivo implantation of doxorubicin-loaded millirods (16 w/w %)
into rat livers, half of the doxorubicin was released into non-ablated
and ablated (~4 mm radius) livers over 3.5+ 1.5h and 6.5+2.5h,
respectively. The non-ablated livers achieved therapeutic concentra-
tions of drug 1.1+£0.1 mm from the implant-tissue interface over
24 h and decreased thereafter. In contrast, doxorubicin penetrated
4.14£0.2 mm by 7 h in livers of the ablated animals with the concen-
tration of drug remaining relatively constant in this region for up
to 96 h. A subsequent study assessed the anti-tumor activity of
doxorubicin-loaded millirods in an in vivo liver carcinoma model [91].
Spherical liver carcinoma xenograft tumors (~4 mm radius) were
implanted in healthy rabbits and grown for 12 days, before introducing
one millirod into each tumor through a pre-punctured opening. In vivo
drug release revealed 87% of loaded drug was released by day 4 with a
penetration distance of 2.8 + 0.5 mm and a tissue elimination half-life
of 1.640.2 days (Fig. 9). Tumor size was evaluated by visible cross-
sectional area in excised livers, and it was demonstrated that treated tu-
mors (0.14 4 0.04 cm?) were significantly smaller than untreated con-
trols (1.8 4 0.8 cm?) after 8 days. It was noted that viable tumor cells
were found outside the treated area of the tumor, suggesting that
these millirods would benefit from a combined modality treatment.
This hypothesis was evaluated in another study where it was found
that the fibrous capsule that typically forms around the ablated tissue
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during the normal healing response seemed to act as a transport barrier
to drug penetration from an implant placed within the ablated region to
the surrounding healthy tissue adjacent to the region [92]. Therapeutic
levels of doxorubicin released from PLGA millirods inside liver tumors
(11 mm in diameter) in rabbits were found within 81% of the ablated
tissue (8 mm in diameter) after 4 days, and 40% of the tissue after
8 days. After 8 days, 1 of 4 control livers had viable tumors and 0 of 3
treated livers had viable tumors. Doxorubicin penetrated 3.7 4- 1.3 mm
into the tissue from the implant by day 4 and was detected 2.1+
0.3 mm from the implant boundary by day 8. Unfortunately, tumors re-
curred around the ablation boundary, likely a consequence of only limited
amounts of drug penetrating past the fibrous capsule and traveling out-
side of the ablation zone. Blanco et al. reported a potential solution to
the delivery of therapeutic levels of drug outside ablated tissue by
delivering the potent anti-inflammatory dexamethasone (DEX) com-
plexed to hydroxypropyl p-cyclodextrin (HPR-CD, solubilizer) from milli-
rods to inhibit the formation of a fibrous capsule around ablated tissues
and to prevent angiogenesis. In this manner, drug penetration might be
enhanced due to a lack of capsule formation around the ablation zone
[93]. The DEX-HPR-CD-loaded millirods released 95% of their total drug
content within four days in vitro. Loaded millirods were implanted into
RF ablated rat livers and the inflammation response was monitored
over eight days. Heightened inflammation and formation of a fibrous cap-
sule were observed for unloaded millirods with or without an i.p. injec-
tion of DEX (0.26+0.07 mm and 0.2940.08 mm thick capsules,
respectively), while DEX-loaded millirods inhibited significant fibrous
capsule formation (0.04 4+ 0.01 mm thick) after eight days. Given these
promising results, it was indicated that future studies would evaluate
millirods loaded with both anti-cancer and anti-inflammatory agents.

In a similar approach, Haaga et al. fabricated extruded cylindrical
rods (0.6-1.0 mm in diameter) from a copolymer of 1,3 bis(p-carboxy-
phenoxy propane) and sebacic acid loaded with 5-fluorouracil (5-FU,
15-20% wt/wt) [94]. 5-FU is metabolically converted to its active form
(5-FUrd) by viable cells, thus the highest concentration of active drug
is expected to be found at the periphery of the ablated region, near
the closest region of viable cells to the implant. Following in vivo im-
plantation into ablated rat livers (10 mm ablation diameter), drug con-
centrations equivalent to a typical systemic dose (12 mg/kg) were
observed over a region of radius greater than 8 mm over the first 24 h,
with levels decreasing significantly thereafter. In comparison, 5-FU con-
centrations were always below therapeutic systemic levels in non-
ablated animals. The activated 5-FUrd drug was found at even higher
concentrations at the periphery (16 mm away from the ablation center)
after 24 and 48 h compared to the immediate vicinity of the ablation
center. Rabbits with VX2 liver tumors treated with RF ablation in con-
junction with the drug-eluting implants showed slightly reduced
tumor volume (1.8 +0.28 cm?) after fourteen days compared to those
treated with RF ablation alone (3.5 0.52 cm?).

9. Flexible film composites

One particular challenge to local delivery along soft tissue surgical re-
section margins is administration—achieving adequate surface coverage,
fixation, and drug diffusion within the tissue at highest risk for local recur-
rence. The irregular shape of soft tissues after surgery precludes the use of
rigid polymers in most cases, such that other strategies must be employed
to provide a flexible, drug-eluting material. While methods such as coat-
ing the tissue surface with a polymerizable hydrogel or applying a layer of
microparticles via aerosol or adhesion may yield acceptable coverage,
other aspects, including lack of controlled release or mechanical stability,
often undermine these strategies. As a result, the number of successful
studies investigating local delivery to resection margins for recurrence
control is limited.

Recently, the groups of Grinstaff and Colson have described flex-
ible composites comprised of multi-layered, drug-loaded films ad-
hered to collagen-based buttressing materials for surgical fixation

to tumor resection margins at the time of initial surgery [95-97]. A
series of studies demonstrated these composites to be highly effec-
tive at completely preventing local recurrent tumor growth in sever-
al animal models of local tumor recurrence. The first such
investigation evaluated hydroxycamptothecin-loaded poly(glycerol
monostearate-co-g-caprolactone) films in a subcutaneous murine
model mimicking residual malignant disease [96]. Camptothecin-
based drugs are topoisomerase I inhibitors that are difficult to ad-
minister intravenously due to poor aqueous solubility, short in vivo
half-lives (i.e. t;;,=~14h for Irinotecan), and instability from a
hydrolysable lactone ring that when opened, significantly reduces
the anti-cancer activity of the drug [98]. Hydroxycamptothecin
(HCPT) is a camptothecin analogue with high anti-cancer activity
but whose use has been limited clinically because of the high systemic
toxicity imparted to the patient. Incorporation of HCPT into poly(glycerol
monostearate-co-g-caprolactone) films was expected to facilitate pro-
longed drug release kinetics while stabilizing the sensitive lactone ring
of drug residing in the polymer matrix. Poly(glycerol monostearate-co-
g-caprolactone) is a waxy hydrophobic polymer developed specifically
for controlled release applications [99]. An HCPT (2% w/w) in vitro release
study showed controlled cumulative release for at least 50 days without a
significant initial burst, releasing about 2% of the total dose loading per
day for the first two weeks, and gradually decreasing to approximately
0.5% release per day towards the end of release. Significant inhibition of
in vitro Lewis Lung carcinoma (LLC) cell proliferation was achieved over
the 50-day release period of the films. Next, these films were evaluated
in an in vivo model of microscopic lung cancer using the same cell line.
Local tumor establishment was defined as tumor growth within 0.5 cm
of the implanted films. The films were implanted subcutaneously, the
mice allowed to heal, followed by injection of 750,000 LLC cells directly
over the surface of the films. Local tumor growth was prevented within
the local environment of the implanted chemotherapy-eluting strips in
vivo in 86% of implanted mice, whereas those that received unloaded
films, experienced local tumor growth directly at the site of tumor injec-
tion in 78% of implanted mice. An equivalent dose of HCPT administered
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Fig. 10. Paclitaxel-loaded poly(glycerol monostearate-co-g-caprolactone) films pre-
vent local tumor recurrence. A) flexible polymer film coated onto collagen surgical
scaffold (scale bar =5 mm), (B) representative SEM of surgically-stapled film demon-
strates good approximation of polymer around staple (scale bar=100 um), and
(C) prevention of local recurrence with paclitaxel-loaded film compared to intraperito-
neal (i.p.), or local paclitaxel injections. (adapted from Liu et al. [95]).
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intravenously was not effective at preventing local tumor growth. Treated
mice showed no evidence of systemic toxicity.

A second study assessed the ability of paclitaxel-loaded (10% w/w)
composites of the same polymer, implanted at the time of the initial
tumor resection, to prevent local recurrent tumor growth [95]. An LLC pri-
mary tumor was established subcutaneously (300 mm?) in mice followed
by surgical resection. Treated mice received the paclitaxel-loaded implant
placed within the tissue bed of the resected tumor site. The control animal
groups were treated with intraperitoneal or subcutaneous paclitaxel in-
jections, or unloaded composites, and all experienced local recurrence
rates greater than 80%. In striking contrast, none of the mice treated
with paclitaxel-loaded films developed a recurrent tumor directly at the
site of the film and only two mice developed regional tumors when trea-
ted with drug-loaded implants (Fig. 10). Furthermore, administration of
paclitaxel from poly(glycerol monostearate-co-e-caprolactone) films
resulted in a 3000 fold greater tissue concentration of paclitaxel at
10 days compared to systemic paclitaxel administration via intraperito-
neal injection (5750 vs. 1.68 ng/g, median, P<0.05), while the plasma
concentration of Paclitaxel following film implantation remained low (<
10 ng/mL) at both 30 minutes and 10 days, minimizing the risk of system-
ic toxicity. Healing was clinically indistinguishable between mice receiv-
ing paclitaxel-loaded films and mice undergoing sham surgery. There
was no evidence of persistent local inflammation, infection, fibrous cap-
sule, or subcutaneous fluid accumulation upon inspection in any of the
treatment groups.

Building upon these results, this technology was assessed in a murine
sarcoma model [97]. Soft tissue sarcomas involving the abdomen, pelvis,
and retroperitoneum have > 50% locoregional recurrence rates following
curative resection [100,101]. The primary cause of death for these patients
is locoregional extension rather than distal relapse, which leads to an
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Fig. 11. Paclitaxel-loaded poly(glycerol monostearate-co-g-caprolactone) films A) pre-
vent local tumor recurrence and B) increase median survival in a recurrent sarcoma
mouse model. (adapted from Liu et al. [97]).

overall 5-year survival of only 36 to 63% following surgery. Adjuvant che-
motherapy and radiation therapy have shown limited benefit, and com-
bined multi-modality treatments have failed to demonstrate superiority.
Therefore, prevention of tumor recurrence was assessed using
paclitaxel-loaded poly(glycerol monostearate-co-g-caprolactone) films
in an aggressive chondrosarcoma (CS-1) murine post-surgical recurrence
model, analogously to the lung cancer recurrence model described above
(Fig. 11). The observed locoregional recurrence rates following resection
were compared for unloaded composites, intravenous paclitaxel injec-
tion, or resection alone versus drug-loaded film. Recurrence rates were
69% (9/13), 89% (8/9), and 88% (7/8) for the three controls, respectively,
versus only 17% (2/12) for those receiving drug-loaded films following
surgical resection. The median time to recurrence was 16, 22, and
13 days for the three control groups, respectively, while ten of twelve
mice demonstrated no evidence of recurrence over the 100 day exper-
iment for the group treated with paclitaxel-loaded composites. Addi-
tionally, overall survival was increased to 81 days for the paclitaxel-
loaded implant group, compared to 64, 48, and 56 days for the
respective control groups. This approach holds promise to fulfill a
critical clinical need for a drug delivery system that can be molded
and secured to a soft tissue surface, provide prolonged therapeutic
drug locally, allow unimpaired wound healing, and prevent local
tumor recurrence in vivo following surgical resection.

10. Drug penetration considerations

Local administration of polymer-based devices ensures high levels
of anticancer agents at the site of disease, but the efficacy of these
treatments depends upon the accessibility of the delivered therapeu-
tic agent to the tumor and nearby diseased tissue. Adequate diffusion
to reach sites harboring occult tumor cells is paramount to preventing
recurrence. For instance, lung cancer patients suffer from a 2-fold in-
crease in locoregional recurrence following smaller “wedge” resec-
tions (17-24%) performed in the setting of limited cardiopulmonary
function, as compared to a standard lobectomy resection, whereby
~50% of the entire lung affected by tumor is removed. It is conven-
tionally hypothesized that the risk of local recurrence is related to
the presence of residual microscopic disease at or near the surgical re-
section margins, as evidenced by the observed doubling of recurrence
rates following limited resections when the resection margin is less
than 1 cm. A recent study retrospectively identified the presence of
malignant cells at the surgical margin in 39% of patients following a
“curative” limited resection [102], linking the optimal distance of ma-
lignant negative margins to the maximum tumor diameter. It is clear
that augmenting the effective radius of treatment from the resection
margin utilizing local drug delivery technology would increase the
potential number of patients cured after “limited” surgical resection
and potentially eliminate local recurrence altogether.

The clinical efficacy of brachytherapy in early stage cancer patients
combined with the varied levels of success demonstrated by the localized
chemotherapy technologies presented here support the hypothesis that
local therapy can significantly improve clinical outcomes if the zone of
treatment receives a therapeutic dose for a prolonged time period. For
the latter, efficacy is correlated to the radial diffusion profile of the embed-
ded drug, as demonstrated in the above lung cancer example. Several
mathematical models have been developed to characterize drug transport
from a polymer depot in a soft tissue environment [61,103-106].
Saltzman et al. developed a model to describe carmustine transport in
brain tissue from a polymer composition based on the Gliadel Wafer.
Subsequent validation experiments were performed using radio-labeled
drug and quantitative autoradiography [103]. Transport kinetics were
modeled as an interplay between diffusion balanced against metabolic
elimination and permeation into nearby vasculature. Parameters included
partitioning, permeation, diffusion, binding, elimination, and drug release
kinetics. Tissue samples showed a drug penetration of 5 mm at the end of
the first day following implantation, with therapeutic penetration
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reduced to 1 mm for days 3-14. Their model predicted rapid drug elim-
ination beginning on day three and postulated that transient vasogenic
edema, resulting from the acute injury of implantation, may be respon-
sible for enhanced drug penetration via convection of interstitial fluid. It
is important to note the rapid in vitro release kinetics observed for this
delivery system, with 84% cumulative release by 24 hours, thus it is
not surprising that penetration distance is reduced following the first
several days once the drug diffusion gradient is significantly diminished.
Additionally, their model did not take into account interstitial fluid con-
vection, which appeared to play a key role in tissue penetration over the
first couple of days following implantation. Arifin et al. expounded on
previous models by adding a component for convection and comparing
several ubiquitous chemotherapeutics including carmustine, paclitaxel,
5-fluorouruacil, and methotrexate through simulated flow dynamic cal-
culations [106]. Their model accounted for pressure differentials result-
ing from interstitial fluid gain from nearby capillary beds. A correlation
was observed linking simulated tissue penetration to drug transport due
to convection based on the propensity of a particular drug to avoid
rapid elimination. Therapeutic concentrations of paclitaxel were pre-
dicted to penetrate 1.8 mm into dense tumor tissue while Carmustine,
more likely to permeate into nearby vasculature, was simulated to pene-
trate only to a depth of 0.3 mm.

Additionally, it was recently demonstrated that solid tumors have a
greater than 10-fold reduced macromolecule diffusion at depths 500 um
interior to their surface compared to that of at or near the surface [107].
Thiagarajah et al. suggested that interstitial diffusion is the rate-limiting
step in delivering chemotherapy to tumor, and observed an inverse corre-
lation between diffusion rates and the increasing collagen content and
density associated with solid tumors. It has been shown in a range of can-
cers that solid tumors also have high interstitial fluid pressures. This phe-
nomena has been attributed to several mechanisms, including leaky
vasculature, interstitial fibrosis and contraction of the interstitial space
populated by stromal fibroblasts [108]. Elevated interstitial fluid pressure
in solid tumors can reverse the transcapillary flow found in healthy tis-
sues that promotes transport of molecules from inside the capillaries to
the interstitial spaces. Thus, increased interstitial pressure is thought to
have deleterious effects on systemic chemotherapy delivery to tumor tis-
sue. The effect would likely be similar for localized delivery strategies,
where the reversed pressure gradient might expedite drug elimination
through increased capillary permeation. For these reasons, solid tumor
is not expected to be a conducive environment for achieving a wide spa-
tial distribution of locally administered chemotherapy at therapeutic con-
centrations, whereas post-surgical therapy at tumor resection margins
may represent a more suitable application of local therapy. It is clear
that tissue penetration is dependent upon both tissue composition and
drug properties. The effect of interstitial fluid flow as a major transport ve-
hicle for those drugs not rapidly eliminated would likely be enhanced in
tissues containing lymphatic tissue or that are highly vascularized. The
current understanding of tumor physiology and chemotherapy transport
demonstrates that the drug can penetrate significant distances at thera-
peutic concentrations in tissues with normal interstitial fluid pressures
and convective flow forces, whereas treating dense tumor presents a chal-
lenge as evidenced by the limited efficacy of the Gliadel Wafer. Studies by
Weinberg et al. utilizing the polymer millirods described earlier showing
radio-frequency ablation increases drug penetration into tissue suggests
that tumor ablation and controlled tissue injury may facilitate increased
drug transport throughout the diseased tissue. It may be that localized
chemotherapy delivery to solid tumor should be administered in concert
with focused radiation, though there are few examples that investigate
this hypothesis in the literature.

11. Existing challenges and future outlook
The current standard of care for most primary or recurrent can-

cers utilizes single or multi-modal combinations of surgery, che-
motherapy, and/or radiation depending on the tumor location

and patient co-morbidities. The use of chemotherapy for treatment
of localized tumor is mostly used as an adjuvant to surgery to pro-
tect against or delay the progression of disseminated metastatic
disease, or for treatment when other local therapies, such as sur-
gery, are not available. Compared to systemic chemotherapy, local-
ized delivery offers the greatest potential impact as a therapeutic
option against early stage cancers with isolated disease for two
reasons: First, locoregional recurrence remains a serious mode of
failure for many cancers, particularly lung and colon. Local delivery
of chemotherapy could sterilize the resection margins, similarly to
brachytherapy but without the radiation exposure concerns, thus
reducing the incidence of locoregional tumor recurrence. The lack
of local targeting by systemic chemotherapy limits its use as a
means to prevent local recurrence in all patients. Second, a drug-
eluting implant placed at the tumor resection margins would effec-
tively extend the margins to include the depth of therapeutic
agents penetrating into the surrounding tissue. This effect could
allow for a more limited resection of diseased parenchyma, thus maxi-
mizing the amount of functional tissues left behind. For example, limit-
ed wedge resections of lung parenchyma could replace the current
standard of care whereby the entire lobe of the lung is resected, if locally
delivered agents could prevent locoregional recurrence.

It is unclear what role local therapy may have in preventing loco-
regional or distal metastasis. Cancer therapy must eliminate all residual
malignant tumor cells to be curative, as it is hypothesized that a single
remaining cancer cell can grow into a tumor or metastasize into systemic
circulation. Distal metastasis is associated with a drastic decrease in sur-
vival for cancer patients. Metastasis normally occurs when malignant
cells from the primary tumor migrate via vascular or lymphatic channels.
Once this occurs, local therapy is likely to be ineffective at preventing sec-
ondary tumor growth. What is less certain is if local treatment of the pri-
mary tumor environment and regional lymph nodes could prevent
metastasis from occurring. One study by Liu et al. investigated the efficacy
of paclitaxel-loaded microspheres embedded in a gelatin matrix at pre-
venting lymphatic metastasis in an orthotopic rat model of lung cancer
metastasis [109]. The drug-loaded particles resulted in high therapeutic
concentrations in the surrounding local lymph nodes, and were associat-
ed with an 80% decrease in lymphatic metastasis compared to controls.
This promising data suggests a place for localized therapies in intermedi-
ate stage cancer patients.

Additionally, more research needs to be performed characterizing the
healing and inflammatory responses invoked by the local accumulation of
drugs and polymers, particularly in the post-operative setting. The danger
of chemotherapy drugs is two-fold with respect to healing. Anti-cancer
agents are often highly cytotoxic and dose-dependent toxicity to healthy
parenchyma and supporting connective tissue must be avoided to pre-
vent acute injury. Additionally, anti-proliferative drugs may inhibit nor-
mal tissue healing following surgery by retarding the infiltration of
immunity cells such as neutrophils and macrophages. As described in
the previous section, acute injury at the site of implantation can lead to
edema, which may increase drug penetration into the local tissue. How-
ever, the foreign-body response to a polymer often leads to the formation
of a dense collagenous fibrous capsule around the implant, which would
serve as a diffusion barrier to drug release. Thus, understanding the inter-
play between local chemotherapy delivery and the ultimate effect of heal-
ing on interstitial fluid flow and tissue density is important for ensuring
that adequate concentrations of drug reach their target over an effective
time frame.

As early diagnostic technology improves, the number of patients diag-
nosed at earlier stages will increase, as will the importance of prophylactic
therapies. Advancements in gene sequencing, microarray processing, and
mass spectroscopy have accelerated developments in the field of person-
alized medicine, where the identification of genomic phenotypes is being
used to separate patients into unique sub-populations [84]. The ability to
screen for early stage disease could dramatically affect the treatments and
outcomes of various malignancies, changing the emphasis from late stage
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disseminated disease to the prevention of local recurrence after initial cu-
rative surgery. As the development of more intelligent delivery systems
progresses, one can envision a device with programmable delivery to af-
fect all aspects of the disease, from the promotion of normal tissue healing
and control of inflammation to the inhibition of tumor growth and angio-
genesis. The combination of focused treatment with diminished systemic
toxicity represents the next generation of cancer treatments, of which
local delivery implants will likely play an integral role in increasing the
number of long-term cancer-free patients.
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