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ABSTRACT

James Byrnelontophoretic delivery of cytotoxic agents for the treatment of solid tumors
(under the direction of Joseph M. DeSimone)

Parenteral and oral routes have been the traditional methods of administering cytotoxic
agents to cancer patients. Unfortunately, the maximum potential effect of these cytotoxic agents
has been limited due to systemic toxicity and poor tumor perfusi@m &ttempt to improve the
efficacy of cytotoxic agents while mitigating their side effects, we have developed modalities for
the localized iontophoretic delivery of cytotoxic agents. These pressurized, rebaseilr
iontophoretic devices were designed®implanted proximal to the tumor with external control
of power and drug flow. Three distinct orthotopic mouse models of cancer and a canine model
were evaluated for device efficacy and toxicity. In the mouse models, device delivery of
cytotoxic agentsesulted in enhanced drug accumulation in the tumor and tumor shrinkage. In
dogs, device delivery resulted in large local drug concentrations and low systemic drug exposure.
These devices have potential paradigm shifting implications for the treatmemtaégtic,

breast, and other solid tumors.
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CHAPTER 1: INTRODUCTION

1.1Overview of lontophoresis

As an electric field is generated across a conducting medium, a force is exerted on
charged particles that exist within that medium. If the particles are able to move, the force
results in an electric current. In mistathe force is exerted on conduction band electrons and
the result is an electronic current. In ionic solutions, such as saline, the force is exerted on
ions and the result is ionic current.

lontophoresis is a hybrid of these two currents established lejectric field. A
power source is used to establish the electric field through an anode (positive electrode) and
cathode (negative electrod&idure 1.). The anode is at the highest potential and each
successive point in this circuit is at a lowergrttal, and the cathode is the lowest potential
point. The resulting electric fields cause electrons to migrate in the direction of the battery
anode in the electronic portions of the circuit and causes ions to flow in the ionic solution
portion of the cicuit - positive ions moving toward the cathode and negative ions toward the
anode. The ionic solution portion of the circuit is comprised of the anode reservoir, hydrated
tissue between the anode and cathode reservoirs, and the cathode reservoir. fithe curre
flowing in the ionic parts of the circuit has two components: cations moving toward the
cathode and anions moving toward the anode. If there are more than one species of cation or
anioneach species will contribute to the overall current depending on its concentration and

mobility. At any surface drawn perpendicular to the direction of current flow, the total



number of ions passing through that surfaceupértime must equal the currebeing
delivered by the battery.

If the solution of ions in the anode or cathode reservoir contains a therapeutic agent,
then it will migrate in the direction of the opposite electrode and hence into the tissue. Thus,
the applied electric field accomplishdrug delivery. Because of the ease with which the
magnitude of the electric field can be changed, there are many advantages to this form of

drug delivery [1].

1.2 History of lontophoresis

The first proposed use of an electric field for drug delivery datek to the midl 8"
century from Johann Gottl ob Krueger [2]. Kru
medi cine, as it was obviously not wuseful for
experimental evidence of the use of electric fields fogdielivery purposes was obtained in
1747 by Giovanni Francesco Pivati [3]. Throughout the late nineteenth century, significant
progress was made in the transdermal iontophoretic delivery of a variety of drugs, including
atropine, quinine, lithium salts, drcocaine. In the 1930s, Elkin Percy Cumberbatch dictated
the limitations of this method, which was principally the shallow depth ions are able to reach
in tissues [4]. Cumberbatch and others proposed the application of ionic medication to organs
other tha the skin, including the urethra, middle ear, and cefiguie 1.2 [4-6]. Although
these iontophoretic devices were generated fortraorsdermal drug delivery, the

predominantocus was on the transdermal application of iontophoresis.



1.3lontophoretic Electrochemistry

There exist many different types of electrodes used in iontophoretic drug delivery.
The two major types are classified according to their electrochemistry as reversible
electrodesgilver/silver chloride Ag/AgCl)) and inert electrodes Igginum) [7-9]. For
Ag/AgCI electrodes, the electrochemistry occurring at the Ag anode requires the presence of
Cl ions in the anodal compartmefigure 1.3. Without the presence of the @ins, Adg
ions are transported with the drug. The requiremetiteoCI ions can reduce the efficiency
of drug delivery since highly mobile Ni&ons can compete very effectively with the drug to
carry current; however, there are many water soluble drugs that are formulated as
hydrochloride salts, which alleviates theed for the addition of NaCl. As the @ns arrive
at the electrodesolution interface, they react with the metallic silver to form silver chloride,
which on account of its low solubility product, is deposited at the electrode surface,
simultaneouslyeleasing an electron. In order to maintain electroneutrality in the anodal
compartment, either a cation must move out of the compartment and into the tissue or an
anion must leave the tissue and move into the anodal chamber. In the cathodal compartment,
the AgCl is reduced by the arrival of electrons from the power supply and yields metallic
silver together with a Clon, which passes into the solution, whitlust be compensated for
by the arrival of a cation from within the tissue into the cathodal chaonli®y the loss of an
anion. One major advantage of Ag/AgCl electrodes is that the electrochemistry occurs at
voltages lower than those necessary for the electrolysis of water. This is desirable since
protons created at the anode of +#faAgCl materialscompete to carry charge and because

of their small size and high mobility, they may significaméguce drug delivery efficiency;



moreoverthe low pH produced in the anodal compartment can lead taratided burns
and it may have an adverse effect on drug stability.

For Pt electrodes, the electrochemistry occurring at the Pt interface induces
electrolysis during the release of electrdaig(re 1.3. This effectively reduces the pH
around the electrode, which cdideverely impadhe stability of the drugdrug delivery
efficiency,andthe integrity of the surrounding tissue depending upon the design of the
electrode [10]. The advantage of Pt electrodes is that the electrode is relatively inert and does

not breakdwn in the same manner as Ag/AgCl electrodes.

1.4lontophoretic Transport Mechanisms

The observed iontophoretic flux of a charged species, X, at sttaigycan be
considered as the sum of two separate transport mechaneewromigration and
electroosmesis, assuming that the passive permeability is negligddedtion ).
Electromigration refers to the ordered movement of ions in the presence of the applied
electric field. The electromigratory flux of an ion, X, is related to the component current flow
ixdue to its transport by Far ada-seétenalareanst ant ,
for transport across tissue andsthe chargeEquation 2. The ionic current flow due to the
movement of X can be related to the applied current, |, by agropality constant,t the
transport number of X (0 < &€ 1), which describes the fraction of the total current
transferred by XKEquation 3.

The transport number of X depends on the physicochemical properties of X and how
these changes with the cesponding properties of the other charge carriers present in the

system. Specifically, wherg Is the applied current density ( = I/A) and &, and ¢ refer to



the charge, mobility and concentration of the drug in the membrane, respe&iyeation

4); the denominator is the sum of the products of these parameters for each ion in the system

contributing to charge transfer across the membrane. This form of the transport equation
explains why the presence of competing ions can reduce the drug fldelarety
efficiency. Furthermore, the extent of competition and attenuation of drug transport will
depend on the products of the respective electrical mobilities and concentrations in the
membrane. hcreasing the concentration of a less mobile drug spearesnprove delivery
efficiency in the presence of a small highly mobile competing ion.

The electroosmotic componentiased uponan-equilibrium thermodynamics. Pikal

has analyzed the phenomenon in considerable depth and elegantly described how the

application of pressure and a potential difference across a membrane can be used to generate

current and volume flows, respectively {14]. The two flow phenomena can besessed

as found irEquation 5

The flows are related to their causal or conjugate forces, by the respective Onsager

coefficients, l;; L11 gives the volume flow in response to the application of a pressure
gradient and %, is the proportionality constan¢lating the potential difference to the current.
The cross coefficients;ldescribe interaction terms. Thus, Hefines how application of a

potential difference across a membrane will create a volume flow. In an iontophoretic

experiment when an eleidffield is applied across thestis u e , (PP relectr@smote
flow is equivalent to volume flow divided by current flofquation §.

Electroosmosis can be explained as the voldave induced by the current flavAt a

molecular level, electroosmastan be viewed as resulting from the fact that the tissue has an

isoelectric point (pl) ~¥4.5 [15], above which the carboxylate groups present in the



membrane become ionized. Application of an electric field across a charged membrane
favors the movemertf counterions that try to neutralize the membrane chargegares
rise to its cation permselectivity. Electroosmosis can be defined either as a flow process that
is volume flow pewunit area per unit timer as a solvent velocity, endit is equivalet to a
permeability coefficient wit corresponding unit§ he existence of this solvent flow in the
anodeto-cathode direction means that (i) neutral molecules can be delivered by anodal
iontophoresis and (ii) cations will benefit from a second drivimgefan addition to
electromigration. The total flux of X, a cationic drug, is showRdguation 7

From these equations, it would appear that iontophoretic flux should increase with
drugconcentratiorand with applied current; the patch area can alsmlaeged to further
increase the amount of drug delivered. The relative importance of electromigration and
electroosmosis to the total flux of a molecule depends on its physicoch@nuperties.
Electrical mobility will decrease with molecular weight ahe electroosmotic contribution

is increasingly important for larger moleculésdure 1.4 [16].

1.5Modern lontophoretic Technologies

Many researchers have utilized iontophoretic drug delivery systems to increase
locoregionaldrug concentrations while abating toxic systemic side effects associated with
current intravenous, orand passive administrations. Numerous device studies have been
conductedor thelocal and systemic delivef drugsby iontophoresighrough skin, on-
muscle invasive bladder tumors, ocular tissue, restenotic vessels, and myocardial tissue. A
number of the delivery systems have gained regulatory approval frddnitesl States Food

and Drug Administratiomnd the European Medicines Agency [17].



1.51 Transdermal

Transdermal drugelivery has been the most wetudied application within the field
of iontophoresis, and there have been a plethora of transdermal iontophoretic devices for the
local and systemic delivery of drugs. Prime examples inclegizes that have been
developed for delivering lidocaine to promote local anesthesia (LidoSite®) sEguie
1.5 administering ent anyl to treat systemic pain (lon
in diabetics (Gl ucoWat chereddhangireds of examplegof [ 1 7] .
transdermal iontophoretic drug delivery studies in the literature and many associated patents

filed for theseontophoretic devices [18].

1.5.2 Transscleral

Ocular iontophoresis addresses the issues of low bioavayaifilitrugs after topical
administration and the complexities of intraocular injectid®§. Due to the ease and safe
delivery of drugs by ocular iontophoresidinical use of this treatment has become more
extensive, resulting in technologies that im@avug delivery to the eye.

Numerous studies have been conducted that $tfawenthat the penetration and
retention of drugs in the eye through iontophoresis is greater thaof 8tahdard topical and
subconjunctival administrations [19]. Grossn&dral. conducted an analysis tife delivery
of gentamicin to the anterior cornea, aqueous humor and vitreous in rabbits, comparing a
subconjunctival injection to transscleral and transcorneal iontophoresis [20]. After 2 hours,

the gentamicin delivered liganscorneal iontophoresis peaked in the cornea at &gl

and reached an average level of only 2&Anl by subconjunctival administration. Thgax



of transcorneal iontophoretic penetration in the agueous humor wasgsehi which was 4
times higler than the peak drug penetratfoom subconjunctival injection. Th€max Of
transscleral iontophoretic gemtamicin levels in the vitreous was 20 times higher than drug
levels produced by subconjunctival drug administration. Ocular iontophoretic studées ha
evaluated the delivery @intibiotics, antiviral drugs, antifungal drugs, sterpaixd
oligonucleotidesThis emerging ophthalmic treatment provides an innocuous wasfite@r
drugs eliminating the poor drug delivery to posterior portions of thesege with topical
administrationsnd the complexities and pain associated with subconjunctival injections.
The novel field of nanopatrticle delivery is offering another method of ophthalmic
drugdeliverywhen used in conjunction with ocular iontophoreSisidies by Eljarrat
Binstocket al examined théransportof positively and negatively charged particle delivery
by electrophoresis compared to nanopartigiveryby passive diffusion [21]. Hydrogel
reservoirdilled particle suspensiosn wepaced diectly on the eye; three groups received
positively charged particles through cathodal electrophoresis, one group acquired negatively
charged particlethrough anodal electrophoresasd two groups received either positively or
negatively charged partide¢hrough passive diffusiofthrough studies inabbits,large
particlesconcentrations were observedthe eye due to electrophoretiansport, though
positively charged particles exhibited higher penetration into ocular tissues than did
negatively charged particleloreover, mnoparticles coule ofparticularbenefitthrough
controlled drug release into tissues, possibly providimgnswer for the delivery of non
ionized drugs or drugs with high molecular weights and poor ocular tissue pen¢®Htion
Ocular iontophoretic devices are now being manufactured by companies including

Eyegatdl, Visulexd and OcuPhdt. The devices typally consist of eye cups and drug



loaded hydrogels to deliver drugs by iontophoresis. Eye cups are composed of a port that
delivers the drug, and a metal electrode that controls the current supply and aspirates bubbles
to keep the eye cup in pladé@dure1.5B). There is a reservoir located in the cup that
continuously imbues the drug solution into the eye, allowing for a controlled and localized
delivery[19]. Hydrogel applicators have been fabricated by Visulard OcuPhd to

optimize ocular drug delivery. The OcuP&adnydrogel consists of a drug saturated gel that

is placed into a reservoir and a metal electrode, which allows for a mild current to transport
drugs through the eye. Visu@xhas expanded upon this ocular mpitoretic hydrogel

model by creating a selective membrane that increases the mobility of drug molecules across
ophthalmic tissues by limiting netirug current carrying ion transport [19]. Eyedjhteas

created transscleral iontophoretic delivery systentshigneeenabledhe application of drugs

to the anterior and posterior chambers of thg 23 New manufactured ocular

iontophoretic devices are enhancing the delivery of drugs, allowing for a safer and more

effective method of treatment for ophthalmisehses.

1.5.3 Intravesical

Intravesical delivery of mitomych@ (MMC) to normuscle invasive bladder cancer
has been the source of a myriad of studies aimed to enhance the efficacy of local drug
deliveryto tumors.Electromotive drug delivery (EMB), alsoknown as iontophoresis,
offers a way to increase localized drug delivery to tumors, eliminate systemic side effects and
lengthen remission rates and disefise intervals [23].

Electromotive drug administration has led to increased efficacy of MMC dglive

compared to the standard therapy of passive diffusion (PD) tdteeter malignancie®i



Stasiet al. examined the penetration of MMC in the urothelierwvivg comparing the

efficacy of PD and EMDA delivery [225]. The electromotive administratioesulted in

increased locaIMC delivery and penetration comparedRD; a fourfold to severfold

increase irtherates of EMDA delivery of MMC was observgtt]. In a patient studpy

Rieldl et al, transurethral resection was followed by intravesiesivdry of MMC by

EMDA [26]. After 14.1 months, 9 of the 16 patients were free of recurrent bladder cancer,

and systemic side effects that are associated with standard MMC drug administration did not
occur. Clinical studies comparing PD and EMDA of MMC few, but thestudiesthat have

been conducted have resultebiet t er ef fi cacy for patientos
PD.

Data has suggested that the transport of MMC by EMDA is an alternative to or at
least equivalent in effectiveness to the stan@acillus CalmetteGuerin (BCG) treatment of
care, which stimulates an immune response in the bladder to destroy malignant cells [27]. Di
Stasiet al.conducted a randomized study to evaluate the efficacy of EMDA/MMC,,BCG
and PD [28]. One hundred and diglatients received a 6 week treatment; three groups
received either one instillation of 40 milligrams (mg) MMC by PD, a single 30 minute
EDMA delivery of 40 mg of MMC under a current of 20 mA,2BCG instillations of 81
mg. The efficacy of EDMA/MMC an8CG treatments was greater than BDXthere was
little difference between EMDA and BCG, which suggests that EDMA could possibly be
used as an alternative to BCG in treating bladder cancer [29]. The plasma concentrations of
MMC by EMDA reached a Gaxthatwas 5.5 times greater than PD of MMC, concluding that
the efficacy of transmembranous drug transport is enhanced by localized electromotive

delivery.

10
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WhenBCG andEDMA/MMC are used in conjunctiothere is arenhancemdnn
effectcompared t@nly BCG or EMDA/MMC treatment$27]. In a study by Di Stasi et al.,
patients wer¢reated withBCG and EMDA/MMC sequentially, testing the hypothesis that
the convergence of two therapies could act synergistically, improving the overall therapeutic
efficacy.The studieprovedthat patients who received BCG and EMDA/MMC sequentially
had alongerdiseasdree interval than patients who only eagsed BCG. All 78 of stagé&l
patients who received both therapies did not see a recurrence of disease after 3 months
compared to the recurrence of bladder cancer in 3 of the 75 patients who received only BCG.
After 88 months, 106 of the patients were disdeses 41.9% received only BCG and 57.9%
received sequential deliveries of BCG and EDMA/MMC. During a follow upglé28hs due
to bladder cancer occurred: 17 in the BCG group and 6 in the BCG and EDMA/MMC group.
Side effects were localized in the bladder and the toxicity of both treatments was very
similar. The results dhe Di Stasi studiesdeto the conclusion thaequential delivery of

BCG and EDMA/MMC carnncreasesurvival and diseaskee intervals [27].

1.5.4 Transmyocardial

The adverse systemic side effects associated with current drug administration to treat
arrhythmias have prompted the development of hioveophoretic devices to deliver drugs
locally to cardiadissues [30] Transmyocardialontophoretic drug delivery offers a way to
increase drugenetrationeffectively targeting thaffectedtissues.

Studies have evaluated the efficacy of iontophoretic drug delivehgtommyocardium
compared to that of standaoftcare approaches. In a study by AvitaleBal.,, procainamide

was delivered via iontophoresis to canine models through an implantablelldédibpatch
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electrode (9 mA), passive diffusion (PD), and intravenous (IV) administration for a ten
minute delivery period [30Procainamideconcentrations in the epicardial layer were 840
ny/g, 93ng/g and 151g/g 3 hoursafteriontophaetic, PD andV administrations
respectivelylV doses used were 15 mg/kg followed by 0.6 mg/kg/min for 3 hours, which
was similar to human dosintpntophoretic drug delivery resulted in lower levels of
procainamide in the blood (23 ng/g) compared to intravenouséds (11° 7 ng/g), though
passive diffusion resulted in the lowest systemic drug levelsl(dg/g). In all canine
models that received iontophoretic procainamide delivery, ventricular tachycardia (VT) was
rapidly suppressed and sustained for 60 minates,in 7 of 10 dogs, VT was suppressed for
3 hours. he effective refractory pericahd the diastolic threshold did regnificantly
increase due to iontophoretic procainamide delivery. In another canine study by Labhasetwar
et al, a heterogenous cati@xchange membrane was usethe iontophoretitransportof
dl-sotalol hydrochloride froman epicardial reservoir sutured omib@ myocardium [31]. The
study determined that the release rate of the drug from the device was linearly correlated with
the curent applied, and peak coronary sotalol levels positively correlated witpgtied
current.

Though local iontophoretic drug transport directly to the myocardium improves
delivery efficacy due to the low resistance of cardiac tissues, ith&tik potentialfor
optimizing devices and transport. Parameters, including drug concentration, drug type,
duration of drug transport, and electrode size and configuration, stib teebd evaluated to
determine optimal delivery [30Dverall, tansmyocardialontophoretic drug deliverywas
proven to bea more effective drug delivery technique than passive diffusion and IV

administration
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1.5.5 Intraductal

Intraductaldrug administration using iontophoresis offerso@elmethod to locally
deliverchemotherapies tductal carcinomaf32-33]. Komuroet al developed an
iontophoretic devic¢hatdeliveredthe antiestrogen drug, miproxifen phosphate (179J,
and the active metabolite of TAG9, dephosphorylated metabolite miproxifen {DRT-59)
throudh the nipple, directly into the mammary ductsinvitro rat skin studies, iontophoretic
drug delivery, using 0.5 mA/chior two hours, was compared to passive diffusion. Using
high performance liquid chromatography, TA® concentrations were determined
affirming that iontophoretic delivery increased drug permeatitmthe duct€ompared to
passive diffusion, where TAB9 penetration was hardly detectable. In a caminvévo study
by Komuroet al,, iontophoretic delivery wasompared to oral administtion[32]. TAT-59
tissue concentrations were compared after 5 days of repeated iontophoretic delivery and 14
days after oral delivery, when the drug reached a steady state. The studies indicated that
TAT-59 was delivered directly to the mammary tissuts gontophoretic delivery and TAT
59 drug levels were undetectable in the plasma. The area under the curve valueAGT-DP
59 was 3 times larger during iontophoresis than oral administration, indicating an increase in
DP-TAT-59 delivery due to iontophare administration.

lontophoretic devices to treat ductal carcinoma offeringasive routes of drug
delivery that can be seHfdministered by patients. One drawback is that drug concentration
within the tissues tends to vary between patients due tudlogical and physiological
differences [32]. Thougthedrug concentration still needs to be optimized, iontophoresis has

the potential of increasing the efficacy of drug delivery to mammary ducts and tissues.
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1.5.6 Intraluminal

The inefficiency ofcurrent percutaneous therapies for treating restenosis has led to
the fabrication of an iontophoretic badin to transport antestenotiarugs to vessel walls
after angioplastf34]. A balloon catheteconsising of an Ag/AgCl cathodal electrode
wrappedaround a catheter shaft and an anodal electrode placed on theslkdeveloped by
CorTrak Medical, Inc,The cathetewassurrounded by a porous balloon with impermeable
ends that is placed in contact with the vessel walls, allowing for increassddd drug
delivery [3537].

Studies have been conducted with the intention of optimizingest&notic agent
delivery to narrowed blood vessels, testing the pharmacokinetics and localization of coronary
delivery[38]. Fernandertiz et al.conducted am vivostudy using an iontophoretic
catheter to deliverI-hirudin throughout the layers of the arterial wall [34]. In the porcine
study, rhirudin was transported to 20 arteries, 2 by means of passive diffusion and 18 by a 4
mA/cn? current density for Bninutes. Drug levels due to the iontophoretic balloon catheter
were 80 times higher tharhirudin levels by passive diffusion. The drug levels in vassel
declined rapidly, decreasirigpm a Gnax0f 0.78ng g tissué mm™* by iontophoretic delivery
to 0.14ny g tissugé mm™* after 1 hour and 0.02y g tissué mm* after 3 hoursThevessels
that received the drug through iontophoretic balloon catheter administration suffered only
minimal damage by the devid& hours aftetreatmentin anothein vivo study conducted
by Mitchelet al, intravascular iontophoretic balloon catheters delivered heparin into the
coronary arterial walls of 33 rats and 21 pigs [33]. lontophoretic deliveheirat studies
delivered 13 times thievels of heparin than that of passive diffusibna study by Robinson

et al, oligonucleotide weredelivered to coronary arteries in pigs after angioplasty; there
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was adetectablemount ofthe delivered oligonucleotid#istributed throughout the arial
tissue that persisted for 7 days [38]a study by Markwart Et al, iontophoretically
delivereddextrar-bound hirudin displayed tesssuehalf-life of 7 hours compared to tishort
tissue haHife of r-hirudin (1-2 hourg [34,39. Liposomes and microspheres are also under
investigation for increasing the duration of drug levels, offering a possibility of delivering
larger dosages of drugs at controlled rates [®nfophoretic balloon catheters provide a
norrinvasive way to diretly target angioplasty sites, delivering increased conagons of

antirestenoic drugs, oligonucleotidésrudin, and heparimnto blood vessels

1.6 Conclusion

The overview of iontophoretic drug delivery presented here illustrates that a
considerablermount of efforthas gone into exploring the feasibility of iontophoresis as a
treatment platform for a number of therapeutic areas and many different drug molecules with
diverse physicochemical properti€verall, bntophoresis confers control over theglr
input kinetics and the ability to customize drug input rates that can be optimized for a given

patient.
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Figure 1.1.Model iontophoretic system involving a power source connected to two
electrodes generating an electric current in a cationic drug solution.
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Figure 1.2.Different types of electrodes for iontophoretic drug delivery. (A) Diffusion
electrode according to Adamkiewicz, (B) electrode for urethral iontophoresis, (C) electrode
according to Franklyn for treating hay fever by zinc ionization, (D) vulcanite futectt@de

for ionization of the mucous membrane of the middle ear, (E) zinc rod electrode used for
ionization of the mucous membrane of canal or cervix utesi[4
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Inert electrodes: e.g., carbon or platinum electrodes
2 H,O = 4H" + O, + 4 €' (at anode)

2H,0+2¢e =» H,+2HO' (at cathode)

Reversible electode: e.g., Ag/AgCI electrodes

Ag = Ag®+e' =» AgCl + €' (at anode)

AgCl + ¢' = Ag + CI' (at cathode)

Figure 1.3.Electrochemistry of commonly used electrodesdatophoretic drug delivery.
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Equation 1.1. Total iontophoretic flux.
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Equation 1.2. Electromigratory flux of an ion, X, is related to the component current flow iy
due to its transport. by Faradayds constant F
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Equation 1.3. Electomigratory flux according to applied current, |, and a proportionality
constant, ty.

EM __ I ZXuxex
s = () B,
ZX
> ziuc;
n=0

Equation 1.4. Electomigratory flux of ion X in the presence of other charge carriers.

Volume flow = L;;APressure + L2(—APotential)

Current flow = Ly APressure + Ly (—APotential)

Equation 1.5. Current and volume flows resulting from the application of pressure and
potential differences across a membrane.

Volume flow L .
— = = electroosmotic flow
Current flow L

Equation 1.6. Electroosmotic flow is the result of volume flow induced by the current flow.
. : : 1 ZxUxCx
I _ JEM EO __ “XUXEX

Z ZiU;C;q

n=>0

Equation 1.7. Total iontophoretic flux of a cationic drug.
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Figure 1.4.Relative ion fluxas a function of molecular size [16].
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Figure 1.5.lontophoretic devices for local drug delivery. (A) Lidosite for the transdermal
delivery of lidocaine [10]. (B) Eyegatédelivery system for ocular iontophoresis to the
anterior and posterior of the eye [22]. (C) EMDA device used to locally deliver MMC to
bladder cancer [23]. (D) Transmyocardial iontophoretic device for delivery ef anti
arrhythmic drugs [30]. (E) Intradtal delivery of an antestrogen drug for ductal carcinomas
in situ [32]. (F) Coronary artery iontophoretic balloon catheter for delivery ofestnotic
drugs [37].
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CHAPTER 2: LOCAL IONTOPHORETIC ADMINISTRATION OF GEMCITABINE
FOR THE TREATMENT OF PANCREATIC CANCER

2.10verview

With an incidence rate approximately equivalent to the death rate, pancreatic cancer
is the fourth leading cause of cancer death in the United States. The poor prognosis is in part
attributed to the ineffective delivery of chemotherapeutics. Poor tisstiesipa plays a
substantial role in preventing adequate drug accumulation in primary pancreatic tumors. In
an attempt to address the ineffectiveness of systemically administered gemcitabine, we have
developed modalities for the localized delivery of cytatochemotherapies to pancreatic
tumors. These devices utilize an applied electric field to drive chemotherapeutics into the
tumor. Device treatments were performed in pattErtived xenograft mouse models of
pancreatic cancer and nontumor bearing cane model We demonstrate that local
iontophoretic delivery of gemcitabine results in enhanced drug accumulation, penetration,

and efficacy compared to IV administration.

2.2 Introduction

In 2014, it is estimated that 46,420 new cases of pancreatic eefider diagnosed
and 39,590 individuals will die from pancreatic cancer in the United States-yidsr And
5-year relative survival rates for all stages are 24% and 5%, respectively [1,2]. Surgical

resection offers the only cure, but only 20% of pasidrave resectable disease at the time of
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diagnosis. Approximately 40% of patients have metastatic disease and another 40% have
locally advanced unresectable tumors [3].

Systemic control of pancreatic cancer has been the primary emphasis in research
efforts, yet local control rates of this disease remain poor. Local symptoms of pancreatic
tumors can cause substantial morbidity and decreased quality of life, suggesting a dire need
for an adjunct to surgery and palliative care of this devastating cancenyaly delivered
gemcitabine and other chemotherapies have been suggested to be ineffective in the local
control of pancreatic cancer because of impaired drug delivery [4]. Poor tissue perfusion
plays a substantial role in preventing adequate drug axpts primary pancreatic tumors
[4-9]. For this reason, we have proposed to employ an iontophoretic approach to drive
increased amounts of chemotherapeutics deep into the primary tumor [10]. In the area of
oncology, iontophoretic techniques have beenessfally translated to the treatment of
bladder cancers in the delivery of mitomycin C-{l%].

Herein, we describe the first iontophoretic device for the local delivery of a cytotoxic
chemotherapy to pancreatic tumors. This use of an applied elecertipbfor local delivery
of chemotherapies offers the capability of overcoming the considerable flow and pressure
gradients seen in pancreatic tumors. Overall, this device potentially offers an entirely new
modality for the treatment of pancreatic canoeder the emerging field of interventional
oncology. Moreover, the further development of these devices could translate directly into

new treatments for other types of primary tumors and metastatic diseases.
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2.3 Results
2.3.1 Device Design and Proasf-Concept Testing

Our devices were designed to adapt conventional iontophoretic drug delivery
techniques. Figure 2.2& showcases the device, the assembly, and the setup for animal
treatments. The devices primarily consisted of (i) an electrode in doetact with the drug
solution, (ii) a polyurethane reservoir surrounding the electrode, and (iii) an inlet and outlet
for continuous drug flow through the reservoir. This continuous drug flow maintained a
constant drug concentration around the electrodepaessure within the device. Under an
applied electric potential, the drug was transported in the direction normal to the electrode
and into the tissue.

A number of device parameters were evaluated to determine the optimal drug
transport conditions frorthe device, including drug influx rates (Figure 2.1D), electrode
material (Figure 2.1E), currents applied (Figure 2.1F), and drug concentration (Figure 2.1G).
We found that drug influx at 50 uL/min or greater resulted in the largest amount of
gemcitabine dlivered into tissue surrogates (2 wt% agarose gels) at 2 mA while maintaining
a low voltage (P = 0.006) (Figure 2.1D). Two mA was the maximum current allowed without
impacting the integrity of the device. A number of conducting materials with diverse
eledrochemical properties for the device anode were evaluated, including platinum, silver,
and poly(3,4ethylenedioxythiophene) (PEDOT). We found that silver was the most efficient
material for drug transport into tissue surrogates (P = 0.03) (Figure 2.a&gvdr, the
electrochemical reaction at the silver anode interface prohibited itddomguse due to the
buildup of silver chloride. Platinum was chosen for kvegn implanted device studies,

while silver was used for shetérm norimplanted device stiies. The application of 2 mA
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of current resulted in 1.4#ld greater drug transport compared to 1 mA of current (P =

0.056) (Figure 2.1F). Lastly, the transport of three concentrations of gemcitabine, 40, 20, and
10 mg/mL, into tissue surrogates using @A constant current applied for 10 minutes

resulted in significantly large differences in drug transport (P = 0.0001 for 40 vs 20 mg/L
gemcitabine and P = 0.0004 for 20 vs 10 mg/mL gemcitabine) (Figure 2.1G). In addition to
optimizing device functionaly, testing these parameters on tissue surrogates gave us a

preliminary idea of the drug transport capability.

2.3.2 Drug Transport in Human Tissue
Ex vivo drug transport studies were conducted using pancreatic qeticett
derived xenograftdDXs). Totest the transport of gemcitabine in the ex vivo PDX tumors,
the devices were sutured onto the tumors and the counter electrode placed on the
contralateral side of the tumor. Two or 0 mA of current was applied for 10 minutes, and the
tumors were subsequénsnap frozen, processed, and analyzed byhig performance
liquid chromatography (HPLC). The application of current resulted in-foiiincrease in
drug transport when current was applied compared to the passive diffusion control (current =

0 mA) (Fgure 2.2).

2.3.3 Pharmacokinetic Studies in DX Pancreatic Cancer Model

lontophoretic delivery of gemcitabine was further characterized with respect to
pharmacokinetics (PK) in an orthotopic PDX model of pancreatic cancer. Recent reports in
lung, panceatic, breast and colon canceas well as glioblastomasuggest that patient

tumors directly implanted in immursmpromised mice exhibit response rates to cytotoxic
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or targeted therapies more similar to patient responselsgjL3 hese tumors retaineh
heterogeneity and histological characteristics of the original patient tumors. In the PDX
model, devices were surgically implanted when the tumor reached a median~288 of

mm®, as determined by higtesolution 3D ultrasound that correlated very weéth volume
displacement. Mice were allowed to recover for a week after device implantation. A single
treatment was administered and tumors were harvested at designated time points. Figure 2.3
shows a typical PK study for the device delivery of gemcimbompared tév delivery (80
mg/kg). Gemcitabine plasma exposure as measured by the area under the curve (AUC) for IV
delivery was 65.2 hr*ug/mL, with no detectable gemcitabine in the plasma of the device arm.
Furthermore, gemcitabine tumor AUC for iontapetic delivery and IV delivery were 384.1

and 30.8 hr*ug/g, respectively. The average distances that gemcitabine was detected in the
tumors in the direction away from the devices were 4.7 mm at O hours and 3 mm at 3 and 6
hours; for IV gemcitabin¢reatel mice, gemcitabine was detected throughout the entirety of
the tumor but at significantly lower drug concentrations. Additionally, single time point PK

of the device delivery of high (40 mg/mL) or low (10 mg/mL) gemcitabine concentrations
(n=3, each) wasvaluated directly after treatment revealing 1fbl@ and 2.4fold higher

amounts of gemcitabine in the tumor and significantly lower plasma exposure compared to
IV delivery. The average distances that gemcitabine was detected in the tumors in the
direction away from the devices were 5.0 mm for the high gemcitabine concentration and 3.7
mm for low gemcitabine concentration. We observed that the drug accumulation in the tumor
and distance of drug transport was dependent upon the influx gemcitabine caiocentra

which correlated with the in vitro drug transport results.
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2.3.4 Device Efficacy

To evaluate the antitumor activity of gemcitabine delivered by the iontophoretic
devices, we performed efficacy studies in an orthotopic PDX pancreatic cancer model.
Devices were surgically implanted onto orthotopic PD¥eus when their size reached 626
mm®, as determined by higtesolution 3D ultrasound. Mice were treated twice a week for up
to 7 weeks with device gemcitabine (20 mg/mL), device saline (0.9% NaGigm¢itabine
(80 mg/kg), or IV saline. Implanted devices impaired ultrasound imaging, and thus, tumor
volumes were measured by volume displacement only after completion of the scheduled
treatment. Device gemcitabine resulted in significant tumor regressioaf 7 mice,
outperforming IV gemcitabine and the control arms of IV and device saline over-tay52
period of the study (Figure 2.4). Mice treated with device gemcitabine had a mgésidog
change in tumor volume 6.8 compared to a mean fei@ld change in tumor volume of 1.1
for IV gemcitabine (P < 0.0001), 3.0 for IV saline (P < 0.0001), and 2.6 for device saline
groups (P < 0.0001). Mice treated with device saline had tumor volumes that were not
statistically different from mice treated witif baline. Device gemcitabine was better
tolerated based on greater body weight gain compared to IV gemcitabine with minimal
changes in alanine transaminase, aspartate transaminase, blood urea nitrogen (BUN), and
lipase. Overall, device gemcitabine resultetlmor regression in 7/7 mice compared to no
regression (0/7) in the IV gemcitabine group while maintaining low systemic exposure of
gemcitabine. Histological samples from the tumors-resttment revealed a decrease in
stain for a marker of cell préération, Ki67, from device gemcitabireeated mice

compared with tumors from mice that received IV gemcitabine, IV saline, or device saline.
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2.3.5 PKin Dogs

To further evaluate the implantable iontophoretic device, a representative large
animal modefor humans was used. However, since there was no readily available large
animal model for pancreatic cancer, a+tomor bearing canine model was chosen. A
laparotomy was performed to expose the pancreas, and devices (Figure 2.5A) were sutured
directly onb the pancreas. A constant current of 10 mA was applied for 60 minutes using
either 40 or 10 mg/mL gemcitabine (n = 5 per group). For the IV treatment arm (n = 4, per
group), clinical protocol was followed for gemcitabine administration, which was aminfus
of a 1 g/nf dose for 30 minutes, and the animal was euthanized 60 minutes after the start of
the infusion. The plasma was sampled at 15 minute increments before, during, and after
therapy (Figure 2.5B). After therapy, the tissues were subsequentlyaenilashfrozen,
and analyzed by UNHPLC. There was no drug detected in the plasma of the animals at any
time when a low gemcitabine concentration (10 mg/mL) was used in the device treatment. In
the plasma of dogs treated with the high gemcitabine ctnatiem (40 mg/mL) delivered by
the device, 2 of 5 dogs had detectable levels of gemcitabine, but the levels of gemcitabine
detected were at least-28ld less than the IV treatment (p < 0.0001). Gemcitabine was
detected in the plasma of all dogs that nest IV gemcitabine. There was a 7ahd 2.0
fold increase in the concentration of gemcitabine in the normal canine pancreas after device
delivery using high (p = 0.0002) and low (p = 0.42) gemcitabine concentrations, respectively,
compared to IV administtion (Figure 2.5C). The distance of gemcitabine transport after
device treatment using high and low gemcitabine concentrations were statistically different

(p =0.03) at 9.6 mm and 6.3 mm away from the electrode, respectively (Figure 2.6D).
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2.4 Discussin

Novel therapeutic strategies, such as local drug delivery devices, are critical for the
improvement of pancreatic cancer treatments. Local delivery of chemotherapeutic agents
allows for an increase in the concentration of the drug in the area ofsgreate, while
limiting systemic side effects of IV and orally administered chemotherapeutic agents.
However, relatively few methods have been developed for the local delivery of
chemotherapeutic agents for pancreatic cancer. Tanaka and colleagues beategden
method for the temporary unification of the pancreatic blood supply for advanced pancreatic
cancer, which enhances regional drug delivery into the pancreas and liver [17]. Furthermore,
interventional endoscopic ultrasound enables the use of ragli@ncy ablation and injection
of anticancer agents, suchasONYX1 5 and TNFeradeE [18].

The results from oun vivodevice studies suggest the opportunity for improved and
effective local delivery of gemcitabine and other cytotoxic therapies farahgment of
pancreatic cancer. Gemcitabine has a shorilifialin the systemic circulation of humans,
which is similar to the canine model where gemcitabine has difeadf 1.38 hous[19].

The rapid metabolism of gemcitabine in the plasma can bbeawe by local drug delivery.

Our data indicate that significant amounts of gemcitabine can be transported in the local
region surrounding the devices when a constant current is applied. Systemic exposure after
device delivery is extremely low, and in maofyour studies, not quantifiable. Furthermore,

the device configurations that were evaluated prove the use of a clinically relevant electrode
system forthe iontophoreticelivery of gemcitabine.

Currently, the only cure for pancreatic cancer is resectidhe primary tumor

lesions. Approximately 80% of patients are considered ineligible for surgical resection
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because the tumor has either invaded critical vessels or metastasized to more distant organs
[20]. Our device has the potential to be a neoadjutreerapy that may help convert the 40%

of patients with tumors that are unresectable but not metastatic to surgical candidates. The
deviceds ability to increase intratumor al
drug administration, while madaining low systemic exposure, can increase rates of tumor
regression and margimegative surgical resection. For patients with metastatic disease and
debilitating local symptoms such as pancreaticobiliary and gastric outlet obstruction, this
device can pvide a palliative modality to improve symptom control. Moreover, this therapy
could be used as an adjunct treatment to systemically administered therapy, in order to treat
primary and metastatic tumors lesions. One tremendous advantage would be ¢&leuera
device for the delivery of agents that are limited by systemic toxicity. For example,
FOLFIRINOX is a promising cytotoxic combination but with limited utility in many patients
due to its high level of systemic toxicity [21]. Therefore, device datieé FOLFIRINOX

would have the potential to substantially improve the resectability and local control rate in
patients with locally advanced and unresectable pancreatic cancer.

Our devices could potentially offer entirely new modalities for the treatafent
pancreatic cancer under the emerging field of interventional oncology. We further anticipate
this being a platform technology that will translate directly into the treatment of other cancers
including the chest recurrence of breast cancer and heacekdesophageal, and colorectal

cancers.
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2.5 Materials and Methods
2.5.1 Design and Fabrication of Device

Iterative device design was performed using thee@mputeraided desigrsoftware,
SolidWorks. The devices were fabricated according to a resdyased design. For the
murine device, a polyurethane reservoir was fabricated with a stainless steel wire ring
embedded to allow for suturing of the device to the tumor. A platsismwas soldered to a
stainless steel cable wire and embedded in the reservoir. The electrode wire was threaded
through the multiuminal tubing. A semipermeable cellulose membrane was adhered to the
casing to enclose the reservoir. For the canine dexigelyethylene reservoir was
fabricated, and one side of a 1 cm silver circular electrode was soldered to an insulated
copper conducting wire. Presslding was used to attach a sgpermeable cellulose
membrane, which was situated parallel to the siectrode to allow for drug transport into
the tissue from the reservoir. A dual luminal tube was inserted into the reservoir for drug
flow into and out of the reservoir. A nylon mesh was adhered by Dymax UV cure adhesive to
the back of the pressurized aeo For the cathode on the back of the murine model, a 1 cm
silver chloride disc was used. For the cathode on the back of the canine model, a 5x7 inch

electrocautery plate was used.

2.5.2 PDX Model of Pancreatic Cancer

Under IRB approval and accordingl®CUC guidelines, dedentified tumors of
pancreatic cancer patients were grafted and passaged into immunocompromised mice as
previously described [22]. Devices were surgically implanted on to the subcutaneous flank

tumor once tumors reached an average sf 260 mmvolume. Gemcitabine was
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formulated at 40, 20, arftD mg/mL concentrations by diluting gemcitabine hydrochloride
(APP Pharmaceuticals, LLC) powder in normal saline. A constant direct current (DC) power
supply was used to provide 2 mA curremtlte device. The positive lead was connected to

the device wire, and the negative lead was connected to the counter electrode placed on the
mouse's skin. A syringe pump was used to circulate the gemcitabine solution through the
device at a flow rate of 1j0L/min over a period of 10 minutes. When the device was

powered, drug was driven from the device reservoir, through the membrane and into the
tumor tissue following the path of the electrical current. Upon completion of the treatment,
the device was emgtil of drug solution. For PK studies, terminal bleeds were performed.

The tissue and device were extracted and snap frozen with liquid nitrogen and st®ded at

°C. Tetrahydrouridine (THU) solution (Calbiochem) was added to the blood, and the blood
was ceftrifuged at 11,000 rpm for 10 minutes. The plasma was collected and ste86d at

°C. For the IV treatment arm of the study, mice were given a single dose of gemcitabine at 80
mg/kg, and the tissue was removed ten minutesiphsion. For efficacy studss the mice

were treated up to 6 weeks using device with 40 mg/mL gemcitabine concentration, device

with normal saline (0.9% NacCl), or IV gemcitabine (80 mg/kg).

2.5.3 Testing in Canine Model
The canine model was housed at Synecor LLC and treated aartydsynecor
IACUC protocol. The dogs weighed betweenZkilograms and were betweefR years
old. The dogs were anesthetized, and the abdomen was shaven and cleaned prior to surgery.
A laparotomy was performed, and the right lobe of the canine paneesaexposed. The

devices were implanted on the pancreas, ensuring good contact with the tissue. The device
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was attached to a power supply, with the positive output attached to the wire connected to the
silver electrode and the negative output attachéedhioe cat hode. A 50x70 el
was used as the cathode and was covered with gel and placed onto the back of the animal. A
1-gram vial of Gemzar® (Eli Lilly) was solubilized in 25 mL of saline, and the 25 mL was
diluted to 100 mL (pH between 4@&5). Using an IV infusion pump, the solution was

pumped through the device at a flow rate of 1.5 mL/min over a period of 60 minutes. Upon
drug flow through the device, a constant current of 10 mA was applied for 60 minutes. 10mL
of blood was sampled abIninutes increments prior to and during therapy and collected into
heparinized tubes with 40 pL of a 10 mg/mL tetrahydrouridine (THU) solution. Upon
completion of the 60 minutes, the device was emptied of drug solution. The dogs were
euthanized with potagum chloride solution, and the tissue and device were extracted and

snap frozen with liquid nitrogen and stored&Q °C. The blood was centrifuged at 2,000

rpm for 10 minutes, and the plasma was collected and stor@d €.

2.5.4 Processing of Tissiand Plasma
The frozen tissue was sectioned by a Leica cryostat microtos@@ &C. The tissue
was sectioned at 50 pm increments up to one centimeter away from the electrode. Frozen
tissue sections were combined to reduce the sample number. To theesigedima internal
standard, 206dC, was added at a concentration
THU, 0.4 M perchloric acid solution was added at a liquid to mass ratio of 3:1 (v/w). The
samples were vortexed and sonicated in an ice bath for 1@ewirThe samples were
centrifuged at 4,000 rpm for 10 minutes, the pellet was washed with 0.4 M perchloric acid

and centrifuged agn at 4,000 rpm for 10 minutesnd the supernatants were combined.
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Potassium hydroxide was added to bring the pH to 3tamthsoluble salt, potassium

perchlorate, was removed by centrifugation. The supernatant was analydgdHiyLC. To

the plasma samples, 26dC was added for a con
was added to the sample at 10 %v/v of the sarijple.samples were vortexed, incubate on

ice for 15 minutes, and centrifuged at 16,000 rpm at 4 °C for 10 minutes. Potassium

hydroxide was added to bring the pH to 3 and the insoluble salt, potassium perchlorate, was

discarded. A portion of the solution wasalyzed by UVHPLC.

2.5.5 UMHigh Performance Liquid Chromatography Assay

An Agilent 1200 UVHPLC was used to quantify the amount of drug in the sectioned
tissue. An isocractic method using a mobile phase of 90% aqueous buffer (5GOdmih
phosphate and 3.0 mM sodium octyl sulfate) and 10% acetonitrile brought to pH 2.9 with o
phosphoric acid, which was developed from Kirstein and colleagues [23]. The stationary
phase was a Waters Spherisorb ODS2 4.6x250 mm column. The internalstand 2 6d C, a
gemcitabine were detected at 267 nm, and the run time for tHdRI\C assay was 15
minutes. The peaks areas were integrated, and the concentration of gemcitabine was
determined by reference to validated calibration curves. The calibratioesouere created
by plotting known concentrations of gemcitabine to the ratio of the absorbance of
gemcitabine to the absorbance of the internal standard. For assay validation, two calibrations
curves were created each day for three days with six ségeslity control standals for

each calibration curve.
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2.5.6 Statistical Analysis
Wilcoxon Rank Sum tests were used to obtain sample size numbers for the canine
experiments. As the data were normally distributedsts were used fetatistical analgis

of data.

2.6 Additional Support

We would like to thank Xianxi Wang, Charlene Santos, Silvia Gabriela Herrera
Loeza, Mark Urtz, UNC animal studies core, PDX program, and tissue procurement facility
for their contributions to this work. This work wagpported by funding from the University

Cancer Research Fund, Synecor LLC, Liquidia Inc., and an NIH Pioneer Award.

39



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

2.7REFERENCES

American Cancer Society. Cancer Facts & Figures 2013. Atlanta: American Cancer
Society; 2013.

A. Jemal, R. Siegel, E. Ward, Y. Hao, J. Xu, T. Murray, M.J. Thun. Cancer Statistics,
2008. CA Cancer J Clin 58, 6 (2008).

D. Li, K. Xie, R. Wolff, J.L. Abbruzzese. Pancreatic Cancer. The Lancet 363; 1049
1057 (2004).

K.P. Olive, M.A. JacobetZ;.J. Davidson, A. Gopinathan, D. Mcintyre, D. Honess,
B. Madhu, M.A. Goldgraben, M.E. Caldwell, D. Allard, K.K. Frese, G. Denicola, C.
Feig, C. Combs, S.P. Winter, H. Ireladdcchini, S. Reichelt, W.J. Howat, A.
Chang, M. Dhara, L. Wang, F. Ruckert, Rii@mann, C. Pilarsky, K. Izeradjene,
S.R. Hingorani, P. Huang, S.E. Davies, W. Plunkett, M. Egorin, R.H. Hruban, N.
Whitebread, K. McGovern, J. Adams, C. lacobt2mnahue, J. Griffiths, D.A.
Tuveson. Inhibition of Hedgehog Signaling Enhances Delivefghamotherapy in a
Mouse Model of Pancreatic Cancer. Science 324,-14&1 (2009).

A.l. Minchinton, I.F. Tannock, Drug Penetration in Solid Tumors. Nat Rev Cancer 6,
583592 (2006).

P. Olson, D. Hanahan. Cancer. Breaching the Cancer Fortremsc&8i24, 1460
1401 (2009).

I.LF. Tannock, C.M. Lee, J.K. Tunggal, D.S. Cowan, M.J. Egorin. Limited penetration
of anticancer drugs through tumor tissue: a potential cause of resistance of solid
tumors to chemotherapy. Clin Cancer Res 8, 878 (2002).

M. Erkan, S. Hausmann, C.W. Michalski, A.A. Fingerle, M. Dobritz, J. Kleeff, H.
Friess. The Role of Stroma in Pancreatic Cancer: Diagnostic and Therapeutic
Implications. Nature Reviews Gastroenterology & Hepatology 9:64542012).

M. Yu, I.LF. Tamock. Targeting Tumor Architecture to Favor Drug Penetration: A
New Weapon to Combat Chemoresistance in Pancreatic Cancer? Cancer Cell 21.:
327-329 (2012).

S.M. Di Stasi, A. Giannantoni, R. Massoud, S. Dolci, P. Navarra, G. Vespasiani, R.L.
StephenElectromotive versus Passive Diffusion of Mitomycin C into Human

Bladder Wall: ConcentratioDbepth Profile Studies. Cancer Res 59, 44928

(1999).

S.M. Di Stasi, A. Giannantoni, A. Giurioli, M. Valenti, G. Zampa, L. Storti, F.
Attisani, A. De Carak, G. Capelli, G. Vespasiani, R.L. Stephen. Sequential BCG and

40



electromotive mitomycin versus BCG alone for higgk superficial bladder cancer: a
randomised controlled trial. Lancet Oncology 7-543(2006).

[12] S.M. Di Stasi, C. Riedl. Updates in favesical Electromotive Drug Administration
of Mitomycin-C for NonMuscle Invasive Bladder Cancer. World J Urol 27,-389
(2009).

[13] I. Fichtner, J. Rolff, R. Soong, J. Hoffmann, S. Hammer, A. Sommer, M. Becker, J.
Merk. Establishment of patiewerived nonsmall cell lung cancer xenografts as
models for the identification of predictive biomarkers. Clin Cancer Res. 14; 6456
6468 (2008).

[14] A.C. Kimmelman, A.F. Hezel, A.J. Aguirre, H. Zheng, J.H. Paik, H. Ying, G.C. Chu,
J.X. Zhang, E. Sahin, G. YeA, Ponugoti, R. Nabioullin, S. Deroo, S. Yang, X.
Wang, J.P. McGrath, M. Protopopova, E. lvanova, J. Zhang, B. Feng, M.S. Tsao, M.
Redston, A. Protopopov, Y. Xiao, P.A. Futreal, W.C. Hahn, D.S. Klimstra, L. Chin,
R.A. DePinho. Genomic alterations link Rfamily of GTPases to the highly
invasive phenotype of pancreas cancer. Proc Natl Acad Sci U S A 105;19372
(2008).

[15] B. RubioVigueira, A. Jimeno, G. Cusatis, X. Zhang, C. lacobi2amahue, C.
Karikari, C. Shi, K. Danenberg, P.V. DanenbergKidramochi, K. Tanaka, S. Singh,
H. SalimtMoosavi, N. Bouraoud, M.L. Amador, S. Altiok, P. Kulesza, C. Yeo, W.
Messersmith, J. Eshleman, R.H. Hruban, A. Maitra, M. Hidalgo. An in vivo platform
for translational drug development in pancreatic cancer. GInc€ Res 12, 4652
4661 (2006).

[16] J.J. Tentler, A.C. Tan, C.D. Weekes, A. Jimeno, S. Leong, T.M. Pitts, J.J. Arcaroli,
W.A. Messersmith, S.G. Eckhardt. Patielerived tumor xenografts as models for
oncology drug development. Nature Reviews Clinicat@ogy 9, 338350 (2012).

[17] T. Tanaka, M. Sho, H. Nishiofuku, H. Sakaguchi, Y. Inaba, Y. Nakajima, K.
Kichikawa. Unresectable pancreatic cancer: Arterial embolization to achieve a single
blood supply for intraarterial infusion offfuorouracil and fukdose IV gemcitabine.
American Journal of Roentgenology 198, 144852 (2012).

[18] R. Ashida, K.J. Chang. Interventional EUS for the treatment of pancreatic cancer. J
Hepatobiliary Pancreat Surg 16, 5927 (2009).

[19] L.A. Shipley, T.J. Brown, J.BCornpropst, M. Hamilton, W.D. Daniels, H.W. Culp.
Metabolism and disposition of gemcitabine, and oncolytic deoxycytidine analog in
mice, rats, and dogs. Drug Metab Dispos 20-8389 (1992).

[20] S. Gillen, T. Schuster, C. Meyer Zum Biischenfelde, H. grigKleeff.

Preoperative/neoadjuvant therapy in pancreatic cancer: a systematic review and meta
analysis of response and resection percentages. PLoS Med 20, 7 (2010).

41



[21]

[22]

[23]

T. Conroy, F. Desseigne, M. Ychou, O. Bouché, R. Guimbaud, Y. Bécouarn, A.
Adenis, J.L. Raoul, S. GourgelBourgade, C. de la Fouchardiére, J. Bennouna, J.B.
Bachet, F. KhemissAkouz, D. Péré/ergé, C. Delbaldo, E. Assenat, B. Chauffert, P.
Michel, C. MontoteGrillot, M. Ducreux; Groupe Tumeurs Digestives of Unicancer;
PRODIGE Intergoup. FOLFIRINOX versus Gemcitabine for Metastatic Pancreatic
Cancer. N Engl J Med. 364, 1825 (2011).

J.E. Streeter, S.G. Herretaeza, N.F. Neel, J.J. Yeh, P.A. Dayton. A Comparative
Evaluation of Ultrasound Molecular Imaging, Perfusion Imagamgl Volume
Measurements in Evaluating Response to Therapy in R&tanted Xenografts.
Technol Cancer Res Treat. 12, 341 (2013).

M.N. Kirstein, I. Hassan, D.E. Guire, D.R. Weller, J.W. Dagit, J.E. Fisher, R.P.
Remmel. High performance liquid dmatographic method for the determination of
gemci t ab i -dituoredeodyurigdide,inpdsma and tissue culture media. J.
Chromatogr. B Analyt. Technol. Biomed. Life Sci. 835, 113& (2006).

42



>
oy}

- Membrane

- Suture ring

- Electrode

- Conducting wire

- Multiluminal tube

- Shring tube

- Reservoir

- Complete assembly

IOTMMOO >

DC Power
oo
EEEEE o
EEEEN Negative lead
D Positive lead E
250 250
NS =
= = —
2 200 = — 2 200 NS
3 L > 2 : i
] 1504 2 150 -
a8 a
£ 100 £ 100
E o
° 4
& o § 50;
04 0 T T
12 25 50 75 Silver Platinum PEDOT
Flow Rate (uL/min)
F 250 G 250
3 200 N B0 ey
=3
3 3
2 150 e e 2 150
-] a ke
8 1004 g 100. —
5
£ =
§ 50 & 50
o o o
1

2 40mg/mL  20mg/mL 10 mg/mL
Current (mA)

Figure 2.1.lontophoretic devices used fitre delivery of gemcitabing® solid tumors. (A)

Front and side images of an implantable device and (B) the corresponding assembly. Animal
treatment setups in the (C) pancreatic cancer models where the druglisdstgpthe device

using a syringe pump and electrical current via a DC power supply. Positive and negative
leads connect to the device (anode) and counter electrode (cathode). Device parameters
including (D) drug influx rate, (E) electrode material, @Bplied current, and (G) drug

concentration were evaluated for drug delivered in tissue surrogates (2 wt% agarose). * P <
0.05, * P < 0.01, ** P <0.001, and **** P < 0.0001.
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CHAPTER 3: LOCAL IONTOPHORETIC ADMINISTRATION OF CISPLATIN
FOR THE TREATMENT OF BREAST CANCER

3.10verview

Parenteral and oral routes have been the traditional methods of administering
cytotoxic agents to cancer patieftsfortunately, the maximum potential effect of these
cytotoxic agents has been limited due to systemic toxicity and poor tumor perfusion. In an
attempt to improve the efficacy of cytotoxic agents while mitigating their side effects, we
have developed modtés for the localized iontophoretic delivery of cytotoxic agents. These
pressurized, reserveirased iontophoretic devices were designed to be implanted proximal to
the tumor with external control of power and drug flow. Two distinct orthotopic mouse
models of cancer were evaluated for device efficacy and toxicity. In the mouse models,
device delivery of cytotoxic agents resulted in enhanced drug accumulation in the tumor and
tumor shrinkage. These devices have potential paradigm shifting implicatighs for

treatment of breast, pancreatic, and other solid tumors.

3.2 Introduction

Chemotherapy has had an immeasurable impact on the field of oncology with its
inception in the 1940s [1]. Cytotoxic and moleculadygeted agents have become the

mainstay oftancer therapy [2]. However, the maximum potential effect of these therapies
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has not been achieved due to secondary toxicities associated with systemic delivery. Many
systemically administered chemotherapies place patients at high risk for infection, organ
damage, and disability [3]. Furthermore, certain types of solid tumors, such as pancreatic, are
perfusion limited [4]. Dense stromal environments and poor vascularization impede

diffusion, reducing drug exposure to the primary tumer][5This impaired cug delivery

has contributed to the dreadful prognosis and lack of significant clinical advancements in
treatment of certain solid tumors [4/. To improve the efficacy of chemotherapies and

mitigate their side effects, new drug delivery strategies @regsary to concentrate the drug

in the tumor site while sparing effirget tissue toxicities.

Local drug delivery technologies offer a promising alternative to systemic delivery.
They exist in a variety of form factors designed to facilitate the delnfedyug directly to
the site of disease in a controlled manner. Many of these are biodegradable polymeric depots
designed to maintain therapeutic concentrations of drug at the tumor site for a prolonged
period of time. However, only a small subset of ¢hiexhnologies has demonstrated
potentially curative preclinical results for cancer applications, and far fewer have progressed
toward clinical practice. A key challenge of many of these local drug delivery systems,
particularly polymeriedrug eluting techologies like the Gliadel wafer, has been diffusion
limitations [8]. The lack of spatial distribution of drugs and elevated interstitial fluid
pressures in solid tumors have relegated the use of many local drug delivery systems to post
surgical therapy [9]A subset of local drug delivery devices involves the use of electric fields
to drive drugs into the area of greatest need in a technique known as iontophoresis.
lontophoretic devices are capable of overcoming diffusion barriers by electrorepulsive and

electroosmotic forces [202]. Advances in urologic and ophthalmologic devices have
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enabled the effective iontophoretic delivery of mitomycin C and dexamethasone to tissues
while reducing the systemic effects of these drugsi@]3Here, we developed and
investigated a new iontophoretic device platform for the local delivery of cytotoxic therapies
to solid tumors. These pressurized, reserliased iontophoretic devices were designed to be

implanted proximal to the tumor with external user control of powdrcaiug flow.

To evaluate the broad application of these iontophoretic devices as potential anti
cancer therapies, we elected to test the devices in a diverse set of orthotopic breast cancer
models [1720]. We describe an idepth preclinical characterizan of iontophoretic
delivery of cytotoxic agents. We report that these devices deliver high levels of cytotoxic
drugs, reduce systemic exposure of the drugs, and potently impact tumor growth. These

devices offer an entirely new modality for the treatnedrdancer.

3.3 Results

3.3.1 Device Bvelopment

Our devices were designed to adapt conventional iontophoretic drug delivery
techniques. Figure 3.8 showcases the device, the assembly, and the setup for animal
treatments. The devices were composedpmilgdimethylsiloxane reservoir, a silver
electrode, and an inlet and outlet for continuous drug flow through the reservoir. This
continuous drug flow maintained a constant drug concentration around the electrode and
pressure within the device. Under an leggpelectric potential, the drug was transported in

the direction normal to the electrode and into the tissue.
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3.3.2 Dug Transport in Human Tissue

The transport of cisplatin into ~1 mm thick ex vivo human skin was evaluated using a
modified Franz diffusan cell with the device directly above the skin instead of a donor
chamber. One or 0 mA of current was applied for 25 minutes, and the skin and solution were
snap frozen, processed, and analyzed by inductively coupled phagssaspectrometry
(ICP-MS). Theapplication of current resulted in an 1-fodd increase in platinum
transported into the human skin compared to passive diffusion (Figure 3.2). In the receptor
compartment, we found 24.8 + 18.8 ng/mL platinum when current was applied but no
detectable awunt of platinum for the passive diffusion control. Murine skin was evaluated
using the same method revealing similar drug transport into the skin but larger transport

through the skin.

3.3.3 Pharmacokinetics and Bdistribution of Cisplatin

Figure 3.3shows a typical study in which the device delivery of cisplatin was
evaluated in an orthotopic SUM149 xenograft model of breast cancer. The concurrent device
and IV delivery of cisplatin was added as an arm of the study based upon the low systemic
exposureof cisplatin after device treatments. A single treatment was administered after
adhesion of the device to the skin above the tumor. Platinum plasma exposure as measured
by AUC of the concentration vs time curve for device delivery, 1V, and device + ivedel
were 2.0, 9.9, and 10.7 hr*ug/mL, respectively. In addition, tumor AUC for device, IV (5
mg/kg), and device + IV (5 mg/kg) delivery were 30.2, 42.4, and 83.4 hr*ug/g, respectively.

Furthermore, there were significant differences in cisplatin acctiowlia the left inguinal
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mammary, kidney, skin, inguinal lymph node, and right inguinal mammary for the two

different routes of cisplatin administration.

3.3.4 Device Efficacy

This platform technology was further evaluated in orthotopic breast cenocksisi
SUM149 xenograft and T11 syngeneic models (Figure 3.4). In both models, we compared
the efficacy of device cisplatin, IV cisplatin, device + IV cisplatin, device saline, and IV
saline (Figure 3.4/ and DE). Once the SUM149 xenograft tumors resth50 mm, the
mice were treated with device cisplatin, 1V cisplatin (5 mg/kg), device + IV cisplatin (5
mg/kg), device saline, or IV saline every week for a total of four doses. Mice bearing T11
tumors received two doses of the same test arms 1 wedkbagaming 5 days after
inoculation (~20 mr). The number of treatments varied across different tumor models
owing to differences in tolerability of treatments. Device cisplatin and IV cisplatin both
resulted in significant tumor growth inhibition compéie the controls in the SUM149 (p =
0.0002) and T11 models (p < 0.0001) (Figure 3.4A and E). Device + IV cisplatin resulted in
significant tumor growth inhibition, outperforming device cisplatin and IV cisplatin in both
tumor models (p = 0.0002). We alassessed the effects of device treatment on overall
survival in the tumor models. Device cisplatin, IV cisplatin, and device + IV cisplatin
extended the lifespan from a median of 49 days to 60, 68, and past 100 days, respectively, in
the SUM149 model (p €.0001) (Figure 3.4B). Device cisplatin, IV cisplatin, and device +
IV cisplatin extended the lifespan from a median of 10 days to 20, 22, and 32 days,

respectively, in the T11 model (p < 0.0001) (Figure 3.4D). The skin of the mice after four
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weekly devicdreatments showed no scarring or deformation (Figure 3.4C). Device cisplatin
was better tolerated based on histological staining of the kidneys for a sensitive molecular
mar ker of DNA damage and repair, O2H2AX, comp
cispatin (Figure 3.5). In addition, histological samples from tumors post treatment revealed
al most equivalent 090H2AX st ai nitmeaedmiceaml devi ce

greater OH2AX st ai nitmeaedmioe (Figarg3.4¢)e + |V ci spl a

We next determined whether the addition of radiotherapy to the device delivery of
cisplatin, a welknown radiosensitizing agent, could improve the therapeutic effect of the
treatment. Mice bearing orthotopic T11 tumors received a single dose of theoradiat
Gy), device cisplatin, device cisplatin + radiation (10 Gy), IV cisplatin (5 mg/kg), IV
cisplatin + radiation (10 Gy), device + IV cisplatin (5 mg/kg), or device cisplatin + IV
cisplatin (5 mg/kg) + radiation (10 Gy) 5 days after inoculation (~&)niThere were three
major cohorts of response (Figure 3.4G and H). Mice treated with a single dose of radiation,
device cisplatin, or IV cisplatin resulted in similar tumor growth rates and survival; compared
to the no treatment control, a single doseagiation, device cisplatin, or IV cisplatin
resulted in significant tumor growth inhibition (p < 0.0001) and survival (p < 0.0001). Mice
treated with a single dose of device cisplatin + radiation, IV cisplatin + radiation, or device +
IV cisplatin also esulted in similar tumor growth rates and survival; compared to the
radiation, device cisplatin, and IV cisplatin treatments, a single dose of device cisplatin +
radiation, IV cisplatin + radiation, or device + IV cisplatin resulted in significantly greate
tumor growth inhibition (p < 0.0001) and survival (p < 0.0001), indicating that the addition
of radiotherapy to the device and IV treatments improved tumor growth inhibition. Device +

IV cisplatin + radiation outperformed all other treatment groupsnotugrowth inhibition
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and survival; compared to the device cisplatin + radiation, IV cisplatin + radiation, and
device + IV cisplatin treatments, a single dose of device + IV cisplatin + radiation resulted in
nonstatistically significant tumor growth inhition (p = 0.084) but significantly greater

survival (p < 0.0002). Overall, the addition of radiation to device cisplatin, IV cisplatin, and

device + IV cisplatin significantly improved survival (p < 0.0001).

3.4 Discussion

It is believed that local delery of chemotherapies will have a revolutionary impact
on the treatment of cancer by maximizing the effect at the target site and spatargetff
tissue toxicities [9]. Despite this belief, the translation of the local drug delivery technologies
from basic research into everyday cancer treatments has remained elusive. We decided to
take an iontophoretic approach to address the issue that plagues the success of these
technologie$ limited drug penetration. lontophoresis is capable of overcoming coalider
flow and pressure gradients, particularly those found in solid tumors [13]. In addition, a large

number of small molecule drugs are capable of being delivered by iontophoresis-28%, 21

Here, we show that iontophoretic devices can deliver subatantiounts of drugs to
the site of interest with limited systemic exposure. Our preclinical results suggest that device
delivery of cisplatin may potentiate the current treatment of solid tumors by enhancing the
therapeutic index of the drugs. In addititthe ceadministration of systemic therapy, device
therapy, and radiotherapy proved feasible and significantly improved tumor growth

inhibition and survival in breast cancer models.
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Although our iontophoretic devices enable significant local drug trangpeir
efficacy could be further improved by potentially altering the dosing schedule, optimizing
drug formulations, and configuring the device according to tumor shape and surrounding
anatomy. Because of the high drug concentrations in the tumor ateMevof systemic
exposure after a single treatment, the number of device treatments could be increased. Drug
formulation plays an important role in the iontophoretic delivery of drugs through competing
ions and electroosmotic flow, and the evaluatiofoohulation excipients could improve
total drug delivered and distance of drug transport [24]. Configuring these devices to fit the
shape of the tumor and surrounding anatomy would improve efficacy by creating better
contact between the device and tumssue and, in the case of pancreatic cancer,
strategically delivering the cytotoxic agents to the area that would enable tumor resection.
Furthermore, some key parameters that need to be understood for success in the clinic are the
adequacy of drug penetiat for humans and the scaling of the treatment to address larger

human tumors.

3.5 Materials and Methods

3.5.1 Devce Fabrication

Iterative device design was performed using a 3D comyaided design software
(SolidWorks).An 8.6 mm silver disc was soldered to agafiuge copper wire and embedded
in a polydimethylsiloxane (Sylgard 184) reservoir prior to crosslinking. The copper wire was

thread through one mulluminal tube, and the tube was inserted into the reservoirffakin
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of drug. Another multluminal tube was inserted on the contralateral side of the reservoir for

drug efflux.

3.5.2 Ex Vivo Sudies

De-identified human skin was provided by the cooperative human tissue network.
The frozen skin was thawed and sectobimeéo 2 x 2 cm squares prior to drug transport
studies. The transport of cisplatin in skin was evaluated using a modified Franz diffusion cell
with the device directly above the skin. The receptor chamber was filled with 5mL of normal
saline. One or 0 mAf current was applied for 25 minutes, and the skin and solution were

snap frozen, processed by nitric acid, and analyzed by\MEP

3.5.3 Animd Studies

All procedures were approved by the appropriate Institutional Animal Care and Use
Committee before itiation. All animals used in PK, biodistribution, and efficacy studies
were allowed to acclimate for at least 1 week in the animal facilities before experimentation.
Animals were exposed to a-hdur light/dark cycle and received food and water ad libitum
through the studies. For quantitation of cisplatin plasma concentrations, blood samples were
collected into lithium heparin tubes and plasma was generated and frozen with liquid
nitrogen,; tissue and device were extracted and snap frozen with liquicenitaog stored at
-80 °C. Total platinum was extracted from frozen plasma and organs using a nitric acid

degradation method and analyzed by-Ka8B [25].
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3.5.4 PK Sudies

Five million SUM149 cells resuspended in Matrigel (50:50) were injected into the left
inguinal mammary fat pad of& week old athymic nude mice. Devices were transdermal
adhered onto the skin (3M Vetbond) above the orthotopic tumors when they reached a single
dimension of 5/ mm. The cisplatin solutions used for device delivery were fatedlat pH
5.9 (APP Pharmaceuticals, LLC), and the cisplatin used for IV delivery was administered
directly from the clinical formulation. A constant DC power supply was used to provide
power to the device. The positive lead was connected to the devizeandt the negative
lead was connected to a silver chloride electrode placed on the mouse's skin with electrolyte
gel. A syringe pump was used to circulate the cisplatin solution through the device at a flow
rate of 50 pL/min over a period of 10 minutesh&\ the device was powered, drug was
driven from the device reservoir, through the membrane and into the tumor tissue following
the path of the electrical current. Upon completion of the treatment, the device was emptied
of drug solution. Terminal bleedsane performed. The mice were treated with a single
transdermal iontophoretic doseadplatin or 5 mg/kg bolus dafisplatin via tail vein. Plasma,
tumor, skin, kidney, left and right inguinal mammary glands, and inguinal lymph node were

collected at 0.5], 6, and 24 hours after administration.

3.5.5 Efficacy Sudies

The technical protocol for device treatments was identical to the PK studies. Mice
were treated two or four times weekly using device cisplatin, 1V cisplatin (5 mg/kg), device +

IV (5 mg/kg) cisplatin, device saline (0.9% NaCl), or IV saline. Tumors derived from
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BALB/cTP53" orthotopic mammary gland transplant line (T11) were passage in BALB/c
wild-type mice by subcutaneous injection of five hundred thousand cells resuspended in
matrigel (9:50) into the left inguinal mammary gland. The day before scheduled treatment,
the mice were shorn with clippers, and the residual hair was removed using Nair. For the
radiation studies, at two hours post injection, the tumors were subjected to a Hosgyof

with XRAD 320. Mice were shielded with a specially designed teagrallowing

irradiation of the tumor site and minimal radiation to other organs.

3.5.6 PK and Statistical Aalyses

PK parameters were assessed with Phoenix WinNgweision 6.0). Analysis of
variance methods (ANOVA), using generalized linear models, were used to make
comparisons of continuous values between groups. Pairwise comparisons were made when
an overall difference was detected. For figure 5A, D, and G, aosopa were made
between groups at two time points: 1) when all mice were still alive (day 28, 9, 9) and 2)
when all mice on treatment were still alive (day 42, 16, 15). AUC was used as the summary
measure for figure 6B, and comparisons were made use ANE3\Well. For survival data,
the Kaplan Meier method and Lognk tests were used to make comparisons between
groups. Unadjusted-yalues are reported for pairwise comparisons, when an overall

difference was detected. All analyses were done using SAS@arg, NC).
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Figure 3.1.lontophoretic devices used for the deliverysplatinto solid tumors. (A) front
and side images of a transdermal device, and (B) the corresponding assemblies. Animal
treatment setups in the (C) breast cancer models where the drug is supplied to the device
using a syringe pump and electrical current via a DC power supply. Positine gative

leads connect to the device (anode) and counter electrode (cathode).
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Figure 3.2.Role of current on drug transport in ex vivo human tis€ugplatin transport
through human skin as a function of curredt mA of current was applied for 25 minutes
compared to passive diffusion control (n = 5 per treatment group). **** P < 0.0001.
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Figure 3.3.PK of cisplatin delivered by ioaphoretic devices into SUM149 orthotopic
xenografts of breast cancer. Mice (n =5 per group) were administered a single treatment of
cisplatin through the device. Organs were collected from each animal at various times, and
total platinum concentrations weanalyzed (mean £ SEM). Limit of platinum quantitation
was 5 ng/mL.
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Figure 3.4.Therapeutic effect of cisplatin delivered iontophoreticallynouse tumor

xenograft and syngeneic models of breast cancer. (A) Efficacy and (B) survival of device
cisplatin, IV cisplatin, device + IV cisplatin, device saline and IV saline in the SUM149
tumor xenograft model treated once a week for a total ofdoses (n = 8 9 per treatment
group). (C) Representative images of murine skin before and after four weeks of device
treatment. (D) Efficacy and (E) survival of device cisplatin, IV cisplatin, device + IV
cisplatin, device saline and IV saline in the Byhgeneic model treated once a week for a
total of two doses (n = 9 per treatment gr ou
(4X) harvested from SUM149 tumor xenografts 24 hours after a single treatment and
guanti ficati on ordingtoH2acée Nexti we ievaluategthea c ¢ o
combinatorial effect of radiation and IV cisplatin, device cisplatin, or IV + device cisplatin in
the T11 syngeneic model. (G) Efficacy and (H) survival after a single treatment of no
treatment control, radiationgdice cisplatin, device cisplatin + radiation, 1V cisplatin, IV
cisplatin + radiation, device + IV cisplatin, or device + IV cisplatin + radiation (n = 8 per
treatment group). Data are mean tumor volumes + SEM. N& significant, ** P < 0.01,

*** P < (0.001, and *** P < 0.0001.
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