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Abstract

According to the US Center for Disease Control, cancer deaths are the second most common cause
of mortality in both adults and children. Definitive treatment of solid tumors involves surgical
resection with or without systemic chemotherapy and radiation. The advent of local drug delivery
presents a unique treatment modality that can offer substantial benefits in cancer management.
Local drug delivery offers targeted drug delivery to cancer tissues while minimizing side

effects of the medications. Three main phases in solid tumor management exist for the treating
physician: initial diagnosis with tissue biopsy, surgical resection with or without chemotherapy,
and management of metastatic disease. Image guided studies, using modalities such as MRI,
computerized tomography, and ultrasound to sample tumors have been described. The initial
diagnosis phase offers a treatment window for local drug delivery with the aid of image guidance.
After the diagnosis of malignancy is made, surgical resection can become an important part

of tumor management. Currently, FDA approved local drug delivery systems are being used in
concert with resection for intracranial glioma. Many other applications of implantation of local
drug delivery at the time of surgery in other tumors, including breast and neuroblastoma, are being
investigated. Finally, for patients who present with or progress to single sites of metastatic disease,
such as brain or liver metastasis, studies have shown potential applications for local drug delivery
as well. This review will discuss the current state of local drug delivery in the treatment of solid
tumors and possible future directions.
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INTRODUCTION:

In the year 2015, it is estimated that 1,658,370 people will be diagnosed with cancer,
and 589,430 deaths in the US alone (American cancer society). Types of solid tumors are
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numerous and affect both the pediatric as well as adult populations. In adults, prostate
cancer is the most commonly diagnosed tumor in men, with a rate of 1.4 million
worldwide, and has the second highest cancer death rate behind lung cancer.[1] Breast
cancer accounts for 1.8 million-cancer diagnosis annually in women.[1] In the pediatric
population, neuroblastoma, Wilm’s tumor, and osteosarcoma represent some of the more
common solid tumors, and account for up to 30% of all pediatric cancer related deaths.

Current management of solid tumors largely depends on tumor stage, and can range from
surgical resection alone, to combination surgery with chemotherapy or radiation treatment,
or radiation and chemotherapy alone. [2—4] The use of systemic chemotherapy, however,
is not without side effects. Side effects can range from mild nausea to cardiotoxicity,
nephrotoxicity and the risk of secondary malignancy. [5] Due to these complications,
many groups have investigated outcomes with lower dosages, with the findings that some
decrease in dosage can result in equivalent outcomes. [6] An additional problem that is
specific to solid tumors is the ability of chemotherapy to completely penetrate the tumor.
[7] Multiple studies have demonstrated that penetration of solid tumors is reduced based
upon abnormal tumor vasculature, elevated interstitial fluid pressure within the tumor, and
a dense extracellular matrix surrounding the tumor. [7-9] It is because of this inability

to penetrate the tumors that the need for higher dosing chemotherapy has arisen. One of
the investigational mechanisms to combat this problem is the use of nanoparticles and
liposomes. Waite et. al. described transportation of nanoparticles into solid tumors be
means of diffusion or binding to receptors on cell surfaces (Figure 1)[7]. These function
by using the principle of enhanced permeability and retention effect (EPR effect)[10]. This
principle is based upon the fact that the vasculature of solid tumors is deregulated and
results in abnormal vascular permeation as well as small pores within the vasculature. This
combination of these effects results in longer duration of interstitial fluid retention within
these tissues[10]. Because of this, nanoparticles and liposomes can concentrate within these
tissues to provide local tumor therapy.

Due to these tumor characteristics and the multiple toxic side effects of systemic
chemotherapy, many investigation drugs and drug delivery modalities are being studied. One
solution is the use of nanotechnology. This allows the delivery of chemotherapy and other
agents that targets tumor specific tissue, minimizing systemic effects of these agents. [11,12]
These can be administered systemically, either by inhalation or intravenously. Additionally,
subcutaneous injections of nanoparticles have demonstrated promise in tumor treatment

as well [1]. Injections of expansile nanoparticles into fat pads to treat breast cancer as

well as subcutaneous injection of hyaluronic linked doxorubicin tumor with drainage and
uptake within the local lymphatic channels demonstrates potential loco-regional metastatic
treatment of breast cancers [2—4]. Two recent reports have shown toxicity to normal lung
parenchyma as well as the ability of some nanoparticles to cross the blood brain barrier

and cause unwanted central nervous system toxicity. [13,14] Therefore, the ability to deliver
drug therapy locally to the tumor still remains as an important therapeutic option for solid
tumors. Additionally, mechanisms of delivery that utilize biodegradable products as vehicles
for drug delivery potentially can help minimize the effects of foreign material in the body.
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This review will focus on the clinical application of local drug delivery systems in three
important phases of tumor management. Investigational as well as approved methods of
local drug delivery at time of initial tissue biopsy, surgical resection, and management of
metastatic disease for solid tumors will be described.

DRUG DELIVERY AT THE TIME OF TUMOR BIOPSY

The initial step after the identification of a potential solid tumor is biopsy of the tumor
allowing for accurate tissue diagnosis, as well as tissue specific treatment. Current biopsy
strategies vary based upon the tumor type, but most employ percutaneous methods of

tissue biopsy. Image guided biopsy has become a popular method of tumor sampling due

to the less invasive nature of the biopsy when compared to surgical biopsy. For example,
either ultrasound or computed tomography (CT) are being instituted to aid in diagnosis of
ovarian cancer [15,16]. These modalities offer several advantages including ability to sample
tumor in patients with poor performance status and could otherwise not tolerate a large
open surgery. Additionally image guided biopsies are able to provide a definitive diagnosis
of cancer type and aid with decisions regarding neoadjuvant treatment prior to definitive
resection [15]. CT guided imaging in pancreatic tumors can yield a diagnosis in 98.1%

of the cases, making it a reliable method of biopsy [17]. Finally, ultrasound and CT have
been found to be not only safe, but also highly accurate, with sensitivities of 96.5%, and
specificity of 100%, in biopsy of pulmonary lesions. [18] With the increasing use of image
guided biopsy techniques, there is a unique treatment opportunity for the patients that could
employ the same non-invasive techniques to delivery neoadjuvant therapy at the time of
diagnosis[19].

Pre-Clinical Research:

Multiple image guidance modalities have been used in delivering drugs directly into the
solid tumor. One such modality is positron emission therapy (PET). PET is an imagining
modality that involves injection of positron emitting radionuclides that localize to tissues of
high metabolic activity such as cancer cells [20]. Often after tumor diagnosis, PET imaging
is used to determine the extent of the disease as well as identify any metastatic areas [20].
The ability to localize to tumor cells specifically using PET imaging has been a popular
area of investigation. Liposomes can be loaded with biomolecules and used in drug delivery.
Due to their hydrophobic lipid bilayer, liposomes offer an ability to load higher drug
concentration without systemic effects, by maintaining loaded material within the liposome
until it fuses with the intended targeted cell membrane [21]. Coupling liposomes with a
radioisotope used in PET scans, was first described by Seo in 2008 [22]. Paoli et al found
that using liposomes delivered via injection into the tail vein coupled with radioisotopes
used in PET scanning to deliver treatment to met-1 cancer cells in mice there was a 101 fold
increase of drug concentration within the tumor compared to giving the drug by itself [23].
This demonstrates that targeted therapies combined with PET scanning is a viable option
for delivering high concentrations of drug to the targeted tissues for the treatment of solid
tumors.
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In addition to linking liposomes with radioisotopes, heat application can also aid in targeting
specific sites for delivery. Heat has long been shown that when applied to liposomes, the
release of drug from this platform is increased [24]. In a recent study by Ranjan et al,

they developed a low temperature sensitive liposome that was loaded with doxorubicin [25].
After applying heat to site specific targets using magnetic resonance, they were able a higher
concentration of doxorubicin from the liposomes to the VVx2 cell line compared to liposomes
without heat application (Figure 2) [25]. Although there is a higher affinity for the treatment
agent to accumulate in the tumor using liposomes, there remains a systemic absorption
component, as demonstrated by the accumulation of liposomes within the liver, kidney, and
spleen in addition to the primary tumor. [23].

The use of percutaneous administration of various treatment agents directly into the targeted
site is being investigated in both animal and human studies. An animal study done by Zhang
et al, has shown that the use of MRI can aid in delivery of 5-FU to the common bile

duct of swine, without evidence of extravasation from the delivery site [26]. This method

of delivery greatly decreases the systemic absorption of chemotherapy and increases local
tumor concentration. Given that MRI is a common imaging modality for biopsy, this could
potentially be employed at the same time to both diagnose and begin early treatment in the
future. Studies have demonstrated the feasibility of percutaneous injection of TNF alpha
hydrogel into S180 sarcoma cell line in mice. Not only did they find that intra tumoral
injections were more effective with lower doses than systemic administration, but side
effects were also minimized [27]. For deeper, non palpable tumors, image guidance could be
used to aid in administration of this treatment at the time of biopsy.

Initial tumor biopsy yields helpful information for tumor management such as tumor

type, biomarkers, cellular and molecular signatures, susceptibilities and more importantly
resistances to various drugs [28]. One of the more challenging clinical conundrums is a
multidrug resistant tumor. This limits the success of chemotherapy and overall survival of
the patients. Extensive research is being done in the field of multidrug resistant tumors to
identify possible treatment options to overcome this. Conde et al studied a MDR breast
cancer in a mouse. They created hydrogel that was embedded with dark-gold nanoparticles
that were directly implanted into the tumor. The function of these nanoparticles was to
silence the multidrug resistance protein 1 [29]. They found that after administration, a
90% tumor reduction was achieved using 5- FU, chemotherapy to which the tumor had
been previously shown resistance. This is a very exciting advancement that could be
considered during the initial treatment stage. The ability to improve tumor susceptibility
to chemotherapy in a previously unresectable and difficult to treat tumor allows for broader
treatment options and possibility for cure.

Clinical Investigation:

Image guidance for tumor treatment is currently being utilized in clinical practice. One of
the most common types of solid tumor to use these modalities is hepatocellular carcinoma
(HCC). Due to the advanced disease typically present at the time of diagnosis, only

10-15% of patients are surgical candidates [30]. Chemotherapy is often the first line of
treatment in these cancers. Additionally, delivery of chemotherapy via localized methods for
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HCC has been investigated. The majority of these interventions are done via intra-arterial
administration (TACE). TACE utilizes normal liver anatomy to deliver drugs to the tumor;
the majority of hepatic tumors are fed via the hepatic artery while the liver receives the
majority of its blood supply from the portal vein. TACE has been shown to have superior
outcomes compared to conservative treatment alone [31,32]. However, a major draw back of
this treatment is acute liver failure following administration and only effective against lower
grade tumors [33].

Use of a local drug delivery system via image guidance has blossomed from TACE
treatment. Drug-eluting beads that are delivered via percutaneous access to the hepatic
artery can deliver chemotherapy immediately upon injection, similar to TACE. However, an
advantage to these beads compared to the single dosing of TACE, is the continued sustained
drug release that allows prolonged drug delivery to cancerous cells [34]. This sustained
exposure to chemotherapeutic agent is important in maintaining tumor suppression and
cellular necrosis. This treatment offers a new approach for oncologist in the management of
intermediate stage HCC. This could potentially be done in concert with initial tumor biopsy
in a relatively non-invasive manner.

Intra-tumoral drug delivery has been a topic of investigation over several years. Firusiam et
al used P-32 chromic phosphate injections into varying solid tumors, including breast, colon,
hepatocellular, and squamous cell carcinomas and found a tumor response rate of 71%,

with complete remission seen in 41% of patients [35]. Additionally, intra-tumoral injection
of non-small cell lung cancer with cisplatin was examined recently. Using ultrasound
guidance, the authors performed serial intra-tumoral injections in patients with either stage
I11b or IV lung cancer [36]. This in combination with systemic chemotherapy yielded

a 50% decrease in tumor volume. However, a major draw back of this is the need for
recurrent administration of intra-tumoral injections, and anesthesia is required for each
procedure. Finally, an intratumoral application that is FDA approved is used in brain tumors.
These can be implanted either with or without tumor resection, and aid in the delivery of
cytotoxic dosing of therapy to tumors otherwise shielded by the blood brain barrier [37]

As investigation moves forward, simultaneous biopsy with intra-tumoral implantation of a
sustained release treatment agent, either a chemotherapeutic or an immunomodulation, could
become an effective option for patients with solid tumors.

DRUG DELIVERY AT THE TIME OF SOLID TUMOR RESECTION

Definitive management, and the only hope for true cure, for solid tumors involves complete
surgical resection [38]. However, even though a tumor appeared to be resectable on
preoperative imaging, at the time of operation, involvement or close proximity to major
blood vessels or vital structures could prevent complete resection. The surgeons would have
to choose between an incomplete resection or abort the procedure entirely. Radical surgical
debulking of tumors, especially in ovarian tumors, has been shown to improve outcomes
compared to no surgical resection at all, even if residual disease remains [39,40]. Without
achieving a complete resection, or with positive margins, patients are required to undergo
systemic adjuvant chemotherapy. Local drug delivery therapy is a unique advantage to
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surgeons at the time of the resection. This allows them to not only resect as much tumor as
possible, but also begin therapy of residual disease immediately [41].

Pre-Clinical Studies:

With the success of Gliadel in treatment of glioma, as well as the concept of local drug
delivery, several investigational studies have been conducted to determine the application of
local drug delivery therapies for various solid tumors in concert with surgical resection. In
one study, combination of subtotal resection of neuroblastoma tumors with implantation of
a silk film loaded with sustained release doxorubicin was performed [41]. Animals treated
with the film compared with control had significantly longer survival without overt systemic
toxicity. Additionally, it was shown that these films could also be loaded with targeted drug
therapy, crizotinib. These locally applied drug load films were shown to have improved
outcomes in tumor suppression when compared with systemic administration of the same
drug [42]. Applications of a sustained release silk film have also been tested in breast
cancer tumors in mice, showing again decreased tumor growth [43]. While this study did
not combine the application of silk film with resection this most certainly would be a viable
treatment strategy.

Investigation into combining surgical resection with intra operative drug administration

in the resection bed has also been performed in head and neck tumors. In a rat model,

Wang et al completed a partial resection of squamous cell carcinoma, followed by
immediate treatment of liposomes load with beta-emission rhenium-186 [44]. They found
that compared to control, there was halted tumor growth in this treatment group. This study
demonstrated that in otherwise unresectable tumors, a combination of surgical resection plus
local drug delivery is a viable treatment option that resulted in slowed tumor growth when
compared to resection alone.

Clinical Application:

Currently local drug delivery has been greatly utilized for patients with primary brain
malignancies. Advantages to local drug delivery therapy in central nervous system tumors

is largely due to the inability for many medications to cross the blood brain barrier [37].
Intra-tumoral injection of treatment agents has been described [45,46]. However, one of

the biggest challenges in solid tumors is penetration of the entire treatment area. In a

study described by Sampson et al, Convection-enhanced delivery (CED) was used in an
attempt to increase the volume of distribution of human-murine chimeric mAb Ch81C6
[47]. They found that when CEDs were administered to the resection bed of patients with
recurrent malignant glioblastoma multiforme the volume of distribution was greater than just
intra-tumoral injection [47].

Another currently FDA approved local drug delivery therapy for the treatment of malignant
glioma is Gliadel wafer [37,48]. The wafers contain carmustine, which is released over a

period of 2 to 3 weeks, and up to eight wafers can be implanted at the time of resection [49].
In randomized placebo controlled double blinded trial, use of Gliadel wafers showed a 29%
reduction in risk of death when compared to placebo [49]. The use of the wafer offers direct
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drug application. While side effects do occur, most commonly cerebral edema, the systemic
effects of chemotherapy are minimized.

APPLICATION OF LOCAL DRUG DELIVERY IN METASTATIC DISEASE

Metastatic disease in solid tumors presents a significant challenge for the treating
physicians. Metastatic disease can be found at the initial diagnosis or identified as a
recurrence, and the mortality of patients with metastatic disease is the highest of any clinical
stages. In patients with rhabdomyosarcoma, the five-year survival rate of patients with
progressive or recurrent disease is only 17% [3]. Investigations of mechanisms to prolong
survival have been an area of active research. It has been shown that in patients with liver
metastasis from primary colon cancer, the five-year survival can be as high as 72% in some
studies [50]. In this study by Nikfarjam, a combination of surgical resection, radiofrequency
ablation, neoadjuvant or adjuvant chemotherapy was used.

Complete resection of the metastatic disease is a significant predictor in survival following
metastasectomy [51]. Osteosarcoma, a common solid tumor, most frequently metastasizes
to the lungs [38]. Numerous studies have shown that aggressive metastasectomy of these
lesions can lead to overall prolonged survival [52-54]. Neoadjuvant treatments are viable
options to try to decrease the tumor burden prior to treatment. Some of these include
radiofrequency ablation of liver metastasis, irreversible electroporation, as well as systemic
chemotherapy [50,55]. Additionally, management of liver tumors is limited by the amount
of liver that can be resected without causing liver failure. Techniques, including portal vein
ligation and partitioning of the liver to encourage hepatic regeneration of the unaffected
liver, have shown promising outcomes for otherwise large, unresectable liver metastasis [56]
Using local drug delivery, either chemotherapeutics or biologic agents, as a method to treat
solid tumors with metastatic foci is another potential technique for tumor management.

Pre-Clinical Studies:

Spread of cancer cells can be via either hematogenous or lymphatic route [38,57]. In those
cancers that have lymphatic spread, such as lung, breast, or melanoma, often the first site

of disease beyond the primary tumor is a lymph node. Sato et al investigated the use of
nano/microbubbles loaded with cis-diamminedichloroplatinum delivered intra-lymphatically
to treat lymph node metastasis in breast cancer [58]. They used these microbubbles in
combination with ultrasound to enhance delivery of the drug to treat breast cancer cells both
in vitro and in mice. They found that this combination achieved higher therapeutic effect,
without injuring adjacent normal tissues.

Once disease spreads beyond the lymph nodes, tumors can be established in many different
organs. Metastatic disease involving the brain is a particularly challenging area to treat

with traditional systemic chemotherapy. The blood-brain barrier prevents transfusion of
many different chemicals, making it difficult to achieve a concentration high enough to

kill cancer cells [59]. Because of this, local drug delivery therapy to the brain is being
investigated to bypass the challenges of the blood-brain barrier. Ten to 20% of patients with
metastatic breast cancer will have foci within the brain [60]. Ewend et al tested the outcomes
of local drug delivery with controlled release polymers loaded with carboplatin directly
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implanted into intracranial metastatic breast tumors in mice [48]. They found that using their
biodegradable polymer loaded with carboplatin, survival was significantly improved in this
group when compared with control. They found that this model worked well for patients that
had one to two lesions within the brain and found there was minimal added morbidity to the
treatment groups [48]. Another vehicle for local drug delivery for metastatic brain tumors
are microcapsules. Upadhyay et al investigated loading temozolomide and doxorubicin onto
microcapsules to treat metastatic breast cancer in mice [61]. They found that overall survival
was prolonged when compared to systemic administration and that temozolomide capsules
induced higher rates of apoptosis.

Another very common location for metastatic disease is the liver. As mentioned previously,
surgical resection of liver disease is important for long term survival of patients with these
tumors [62]. However, of those presenting with metastatic liver disease, only 15% are
resectable at the time of diagnosis [63]. Due to this fact, local drug delivery is an important
tool to manage liver metastasis to either completely treat, or decrease the tumor burden to
enable surgical resection. Zhao et al investigated the use of doxorubicin-loaded liposomes
in the treatment of both human colon cancer cell lines as well as hepatocellular carcinoma
cell lines [64]. These liposomes localized to tumors established within the liver of mice.
Liposomes in this experiment could be accurately targeted to hepatic metastatic disease
specifically and significantly slowed progression of the metastatic disease[64]. The ability
to suppress tumor growth in the liver could be used in combination with surgical resection
offering potentially complete resection of the tumor and prolong overall survival.

Lastly, metastasis involving bones, more specifically the spinal cord, can be challenging

as well as severely impacting the quality of life of the patient [65]. Current management

of spinal metastasis is generally targeted toward palliation and symptom control. A feared
complication of spinal metastasis is paralysis. Using a nanocarrier loaded with indocyanine
green with near-infrared fluorescence, Funayama et al investigated the effects on hind

limb paralysis in rats [66]. They found that animals that received the combination therapy
had delayed progression to total hind limb paralysis, demonstrating that local treatment of
spinal metastasis was feasible and effective. This offers a treatment option to patients that
otherwise could not tolerate an extensive spinal operation and aid in symptom management
and quality of life improvement.

Clinical Experience:

Much of the current clinical application for local drug delivery focuses on brain metastasis.
Surgical resection with local drug delivery application at the time of surgery, with

and without whole brain radiation, has been studied. Twenty-five patients with solitary
metastasis to the brain, from lung, breast, renal cancer and melanoma, underwent surgical
resection, implantation of carmustine polymer wafers in the resection bed, and external
beam radiation therapy [67]. Two patients experienced side effects attributed to the local
drug delivery therapy. However, the most impressive was a 0% local recurrence rate at 33
months post treatment [67]. In another series of 59 patients, Brem et al studied the outcomes
of surgical resection in conjunction with carmustine wafers for metastatic lesions in the
brain without whole brain radiation [68]. The goal of this study was to determine if local
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drug delivery would decrease the rate of neurocognitive functional decline. They found that
not only was neurocognitive function better preserved with local drug delivery but that the
rates of local recurrence were similar to that of resection with whole brain radiation. These
studies show that local delivery of chemotherapy is both feasible for treating intracranial
metastatic disease and results in less side effects than surgical resection and whole brain
radiation.

CONCLUSION

Solid tumors are among the most commonly diagnosed cancer and have a high rate of
morbidity and mortality. And as such, many investigational therapies have been devised to
improve overall outcome and tumor free survival. Current clinical application of local drug
delivery therapies have been shown to halt tumor growth, manage incomplete resections or
residual microscopic disease, or treat metastatic lesions. Many types of local drug delivery
still requires further investigation before they can become standard of care for management
of solid tumors. Minimizing the side effects of the treatment and being able to more
precisely target the tumor cells are important challenges to overcome in designing local drug
delivery therapies. These modalities have the potential to be a power tool for improving the
overall survival of patients affected with cancer.
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Figure 1:
Mechanism of transport of nanoparticles through solid tumors: free diffusion through cells

or binding by cellular receptors.[7]
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Transducer

Figure 2:
Targeted Delivery of Liposomal Therapy: Image guided hyperthermia was used in the

hindlimb of rabbits to deliver target specific liposomes by submerging in degassed water and
targeting the center of tumor.[25]
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