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METHODS AND DEVICES FOR DRUG DELIVERY TO OCULAR TISSUE USING
MICRONEEDLE

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT
This invention was made with U.S. government support under Contract No. § RO
EBOO260-03 and Contract No, R24EY017045-01, which were awarded by the National

institute of Health, The U.S. government has certain rights in the invention.

BACKGROUND OF THE INVENTION

This invention is generally in the field of ophthalmic therapies. and more particularly
to the yse of a microneedie for infusion of a fluid drug formulation inte ocular tissues for
largeted. local drug delivery.

The delivery of drug to the eye is extramely difficult, particularly delivery of
macromolecules and delivery 1o the back of the eve. Many inflammatory and proliferative
diseases in the posterior region of the eve require long term pharmacological treatment.
Examples of such diseases include macular degeneration, diabetic retinopathy, and uveitis. 1
is difficult to deliver effective doses of drug to the back of the eve using conventional
delivery methods such as topical application, which has poor efficacy, and systemic
administration, which often causes significant side efTects. (Geroski & Edelhauser, /nvest.
Ophihaimal. Fis. Sei. 41.961-64 (2000)). For example, while eve drops are useful in treating
conditions aflecting the exterior surface of the eve or tissues at the front of the eve, the eve
drops cannot significanily penetrate 10 the back of the eve, as mav be required for the
treatment of vanious retina! diseases.

Direct injection into the eve, using conventional needles and svringes is ofien
elTective, but requires professional training and raises concems about safety (Maurice, J.
Ocul. Pharmacol, Ther. 17:393-407 (20013}, 1t also would be desirable to be able to
Tmmmize the number and/or frequency of eve injeclion treatments needed to deliver
therapeutically efTective amounts of drug 1o the ocular tissue sites that need it.

The suprachoroidal space of the eve has been studied, and its cannulation described as
a possible route for drug deliverv. See. .z, Olsen, et al . American J. Opthamology 142(5);
777-87 (Nov. 2006).; PCT Patent Application Publication No. WO 2007/100745 to Iscience

Interventional Corporation.



I1 therefore wouid be desirable 1o provide betler, safer, more effective techniques for
the direct delivery of therapeutic agents o eyve tissues, It also would be desirable 1o provide
devices uselu! in such technigues which can be relatively inexpensive 1o produce and use. It
{urther would be desirable 10 provide methods for pinpoint delivery of drug io sclem,

choroidal, uveal, macular, ciliary, vitrecus and retinal tissues,

SUMMARY OF THE DISCLOSURE

Methods and devices are provided for administering a drug to an eve of a patient. The
methods may be used, for example, in the treatrnent of uveids, glaucoma, diabetic macular
edema, age-relaied macular degenf:rm;on, or cvtomegalovirus retinitis.  In one aspect, the
method inciudes inserting 2 hollow microneedie into the sclera of the eve at an insertion site,
the microneedle having 2 tip end with an opening; and infusing over a period of time a fluid
drug formulation, which comprises a drug, through the inseried microneedle and into the
suprachoroidal space of the eve, wherein during the period the infused drug formulation

flows within the suprachoroidal space away from the insertion site,

In one aspect, there is provided the use of a fluid drug formulation in the manufacture of a

medicament for the

treatment of an ocular disordar, wherain the medicament is adapted o be delivered via a
holiow micrensedie inserted into the sclera, the micronsedie having a fip end with an
opening, the medicament is adapted for being infused over a period of time through the
inserted micronsedie and into the suprachoroidal space of the eye, whersin during the period
the infused madicament is adapted to flow within the suprachoroidal space away from the
insertion site. '

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, 1C, and 1D are cross-sectional iltusirations of the tissue structures of a
human eve, The eve as a whole (1A), a close-up of the comea (1B), and a close-up of the
sclera and associated tissues in an eve without fluid in the suprachoroidal space (3C) or with
{luid in the suprachoroidal space (1D).

FIG. 2 is a cross-sectional view of & microneedle device comprising a hollow
microneedle disposed in an elongated body according 10 one embodiment.

FIG. 3 is a cross-sectional view of the elongated body of the microneedle devices
shown in FI1G. 2. _

FIG. 4 is an iliustration of 2 microneedie device according to one embodiment.

FiG. 5 15 an illusiration of a microneedie device according 1o one smbodiment.

FiIGS. 6A and 68 illustrate an embodiment of a process for using a hollow
microneedle to deliver drug into the suprachoroidal space of an eve, where the process
includes inserting the hollow micronee&le: into the sclera and infusion of a fluid drug
formuiation into the suprachoroidal space.

FIG. 7A shows a comparison of a hollow microneedie according to one embodiment
as compared 1o the tip of a conventional 30 gauge hypodermic needle. FIG, 7B shows a

schematic illustration of a cusiom acrvlic mold shaped to fit a whole eye.
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FIGS. 8A and 8B are brighifield microscopic images of saggital cross sections of a
pig eve before and after infusion of sulforhadamine, respectively.

F1G. 94, 9B, 9C, and 9D are fluoroscopic images of a crvosection of a pig eve with
no infusion into the suprachoroidal space (2A), a crvosection of a rabbil eve afler infusion of
500 nm fluorescent particles in the axial plan and collaged 1o form a panoramic view (9B), a
crvosection of a pig eve after infusion of 500 nm fluorescent particles in the saggital direclion
and coliaged 1o show the spaces both anterior and posterior 1o the microneedle insertion site
{(9C), and a crvoscetion of a human eve after infusion of 300 nm Muorescent particles in the
saggital direction and collaged to show spaces both anterior and posterior to the microneedle
insertion site (D). The insets of FIG, 98, 9C, and 9D show magnified views of the
microneedle insertion site.

FIGS. 10A and 10B are microcompuled tomography images showing the
circumferential spread of | um contrast particles infused into the suprachoroidal space of a
pig eve in a cross-sectional image (10A) and a three-dimensional reconstruction of the cross-
sechional images (10B).

FIGS. 1A, 1B, 11C, and 11D are graphs showing the effect of infusion pressure
and microneedle length on the success rate of suprachoroidal delivery of 20 nm particles
{11A), 100 nm particles {11B), 500 nm particles (11C), and 1000 am particles {11D) inlo pig
eves.

F1GS. 12A and 12B are Nluoroscopic images of a crvosection of a pig eve afler
infusion of 20 nm parucles (12A) and 1000 nm particles (12B) in the saggiial direction and
collaged tc show spaces both anterior and posterior to the microneedle insertion site. The
insets of FIGS. 12A and 12B show magnified views of the microneedle insertion sile.

FIGS. 13A and 13B are graphs showing the effect of the intraocular pressure and
microneedle length on the suecess rate of suprachoroidal delivery of 1000 nm particles for a
simulated intraocuiar pressure of 18 mmHg (13A) and 36 mmHg (13B).

F1G, B4 1s a one-dimensional line of sight scan of rabbit eves taken afier injection of
sodium {luorescein to the supracheroidal space, with the x-axis representing the position in
the eve from back (0) to front (160) and the v-axis representing the Mluorescent iniensity at
that posiion.

F1G. 1515 a graph showing the rate of clearance of sodium fluorescein from the
suprachoroidal space over time,

FIG. 16 is a graph showing the rate of clearance of 20 nm particles from the

suprachoroidal space over {ime.
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FiG. 17 is a graph showing the rate of clearance ol 500 nm particles from the
suprachoroidal space over time.
FIG, 1815 a block diagram of a method lor adrminisiering a drug 10 the eve according

to one embodiment.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

An effective drug delivery sysiem for delivery of a drug to the eve should optimallv
embody [our general characteristics: first, it should be minimally invasive and safe; second,
the drug should be administered in such a way that it is well targeied to the desired tissues
and limits exposure 10 other regions of the eve; third, it should be capable of controlied or
sustained defivery of the drug; and fourth, it should be as simple {0 use as possible,
Embodiments of the present description address these needs by providing microneedlie
devices and meihods of use (o enhance the delivery of a drug (o the eve.

In one advantageous and exemplary embodiment of the methods described herein,
defivery ol a drug 1s achieved by injecting (inserting) a microneedle inio the sclera and
injecting (infusing) a drug [ ormulation through the inserted jﬁicroneedle and into the
suprachoroidal space of the eve. The microneedie is able 1o precisely deliver the drug into
the suprachoroidal space for subsequent local delivery to hearby tissues in need of treatment.
The drug mav be released into the ocular tissues from the infused volume (or, e.g., from the
microparticles therein) for an exiended period, e.g., several hours or davs or weeks or
months, afler the microneedle has been inserted and withdrawn. . This beneficially can
provide increased bioavailabihiy of the drug relative, for example, (o delivery by topical
application of the drug formulation 10 ocular tissue surfaces. With the present microneedle,
the method advantageously includes precise control of the depth of insertion info the ocular
tissue, so that the microneed!e tip can be placed into the suprachoroidal space or in the sclera
bul near enough to the suprachoroidal space for the infused drug formulation to flow into the
suprachorcidal space, Advantageousty,- this may be accomplished withoul contacting
underlving Gssues, such as choroid and retina tissues.

Microneedles enable this deliverv lo be done in a minimally invasive manner superior
to conventional needle approaches. For instance, the present microneedles advantageously
may be inserted perpendicularly into the sclera, reaching the suprachoroidal space in a short
penetration distance. This is in conirast 10 jong conventional needles or cannula which must
approach the suprachoroidal space at a sleep angle. taking a longer penetration path through

the sclera and other ocular tissue, increasing the sive of the needie track and consequenthy
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increasing the risk of infection and/or vascular rupture. With such long needles, the ability to
precisely control insertion depth is diminished relative to the microneedle approach described
herein,

Advantageously, the delivery of the drug into the suprachoroidal space allows for the
delivery of Mwid drug formulation over a Iérger tissue area and 10 more difficult 1o larget
tissues in a single administration as compared 10 previousty known needle devices. Not
wishing 1o be bound by any theory, it is believed that upon entering the suprachoroidal space
the fluid drug formulation flows circumferentially from the insertion sile toward the
retinochoroidal tissue, macula, and optic nerve in the posterior segment of the eve as well as
anteriorly toward the uvea and ciliary bedyv, In addition, a portion of the infused fluid drug
formulation may remain in the sclera near the microneedie insertion site, serving as additional
depot of the drug formulation that subsequently can difTuse into the suprachoroidal space and
then into other adjacent lissues. .

As used herein. the term “suprachoroidal space,” which is s_x-'non}.-‘mous with
suprachoroid or suprachoreidia, describes the potential space in the region of the eve
disposed between the sclera and choroid. This region primarnly is composed of closely
packed lavers of long pigmented processes derived from each of the two adjacent tissues;
however, a space can develop in this region as a result of fluid or other material buildup in
the suprachoroidat space and the adjacent tissues. Those skiiled in the art will appreciate that
lhe suprachoroidal space frequently is expanded by fluid buildup because of some disease
state in the eve or as a result of some trauma or surgical intervention. In the present
description, however, the fluid buildup is imentionaily created by infusion of a drug
formulation into the suprachoroid to create the suprachoroidal space (which is filled with
drug formulation). Not wishing to be bound by any theors, it is believed that this region
serves as a pathway for uveoscleral outflow (i.e., a natural process of the e}-'é moving fluid
[rom one region of the eve (o the other through) and becomes a real space in instances of

chorotdal detachment from the sclera.

Methods of Using the Microneedle

The microneedle devices described herein may be used to deliver drug formulations to
the eve of a patient. particularly for the reatment, diagnosis, or prevention of ocular diseases.
In a preferred embodiment, the patient is a human patient in need of trealment. The patient

may be an adult or a child. in other embodiments. the patient may be a non-human mammal,
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A wide range of ocular diseases and disorders may be treated by the methods and
devices described herein. Non-limiting examples of ocular diseases include uveitis,
glaucoma, diabetic macular edema or retinopathy, macular degeneration, and geneiic
diseases. The methods described herein are particularly useful for the local delivery of drugs
that need 1o be administered 10 the posterior region of the eve, for example the
retinochorcidal tissug, macula, and optic nerve in the posterior segment of the eve. In one
embodiment, the delivery methods and devices described herein may be used in gene-based
therapy applications, For example, the methods may administer a fluid drug formulation into
the suprachoroidal space 1o deliver select DNA, RNA, or oligonucleotides to targeled ocular
tisgues, _

‘ The microneedles can be used io tarpet delivery (o specific tissues or regions within
the eve or in neighboring tissue. In various embodiments. the methods may be designed for
drug delivery specifically to the sclera, the choroid, the Bruch’s membrane, the retinal
pigment epithelium, the subretinal space, 1hé retina, the macula, the optic disk, the optic
nerve, the ciliary body, the trabecular meshwork, the agueous humor, the vitreous humor, and
other ocular tissue or neighboring tissue in need of ireatment.

As used herein, “ocular tissue™ and “eve” 16 include both the anterior segment 12 of
the eve (i.e., the portion of the eve in front of the lens) and the posterior segment 14 of the
eve (i.e., the portion of the eve behind the lens), as illustrated in FIG. 1A. The anterior
segment 12 is bounded by the comea 16 and the lens 18, while the posterior segment 14 is
bounded by the sclera 28 and the lens 8. The anlerior segment 12 is further subdivided into
the anterior chamber 22, between the iris 24 and the corea 16, and the posterior chamber 26,
between the fens 18 and the iris 24, The exposed portion of the sclera 20 on the anterior
segment 12 of the eve is protected by a clear membrane referred io as the conjunctiva (not
shown). Underlving the sclera 2@ is the choroid 28 and the retina 27, collectively referred to
as relinachoroidal tissue. The loose connective tissue, or potential space, between the choroid
28 and the sclera 20 is referred to as the suprachoroidal space (not shown). FIG. 1B
Hlugtrates the comnea 16, which is composed of the epithelium 30, the Bowman’s layer 32, the
stroma 34, the Descemet’s membrane 36, and the endothelium 38, FIG, 1C and FIG. 1D
Hluslrate the sclera 20 with surrf;unding Tenon's Capsule 40 or conjunctiva 61,
suprachorcidal space 42, choroid 28. and retina 27. both withoul and with a Quid in the

suprachoroidal space, respectively,
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The method of administering a drug to the eve generallv comprises the steps of
inserting a hollow microneedie into the sclera and then infusing a fluid drug formulation
through the hollow microneedle and into the suprachoroidal space of the eve.

Insertion

In one embodiment, the insertion site is between the equator and the limbus of the
eve. In another embodiment, the insertion site is betiveen about 2 mm and about 10 mm
posterior to the limbus of the eve. In embodiments, the inserfion site of the microneedle is at
about the equator of the eve. In another embodiment, the inscriion siie is between the equator
and the limbus of the eve. In another embodiment, the insertion site is from 2 to 10 mm
posterior (o the iimbus of the eve. In another embodiment, the drug formulation is introduced
into the suprachoroidal space al the site of injection (i.e., al the tip of the microneedle) and
then flows through the suprachoroidal space away from the site of injection while the
injection pecurs. In anotherembodiment, the site of injection (i.e., at the tip of the
microneedle) is anterior to the equator of the eye and at least a portion of the drug
formulation flows posterior 1o the equator of the eve during the injection (i.e., while drug
formutation continues te flow out of the microneedle). In another embodiment, the site of
injection {i.e., at the tip of the microneedle) is anterior to the equator of the eye and at jeast a
portion of the drug formulation flows near the macular during the injection {i.e., while drug
formulasion continues to flow out of the microneedie).

Importantly, the depth of insertion of the microneedle into the ocular tissug is
precisely controlled. Various methods can be used to control the insertion depth of the
microneedies described herein. Ina ﬁani cular embodiment, the insertion depth is lirmited by
the selected length or effective length of the microneedie. The “effective length™ is that
portion available for tissue inseriion, 1.e., the length thal extends from the base and would be
mserted if there were zero tissue deformation; it neglects any proximal portion of the
microneedie that extends into or through the hase and thus cannot be inserted in the tissue.
That 1s, the microneedle may have a fength approximately equal to the desired penetration
depth. In one embodiment, the microneedle is short enough that tip of the microneedle may
be inserled subsianiially o the base of the sclera {i.e.. near the inierface of the sclera and
cheroid) without completely penetrating across the sclera. In another embodiment, the tip of
the microneedle is inseried through the sclera into the suprachoroidal space without
penetrating through the choroid.

In another embodiment, the microneedies are designed 10 have a length longer than

the desired penetration depth, but the microneedles are controilably inserted only part way
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:
into the ussue, Partial insertion may be controlled by the mechanical properties of the tissue,

_which bends and dimples during the microneedle insertion process. In this way, as a
microneedle is inserted inlo the tissue, its movement partially elastically deforms the tissue
and partially penetrates into the tissue. By controlling the degree 1o which the tissue deforms,
the depth of microneedie insertion into the tissue can be controlled,

Additional insertion control features are described below in the “Control Features for
Directing Movement of the Microneedle in the Methods of Use” section below,

In another cmbodiment, a microneedle is inserted into the tissuc using a
rolational/drilhing technique and/or a vibrating action. In this way, the microneedle can be
inserted fo a desired depth by, for example, drilling the microneedles a desired number of
rotations, which corresponds to a desired depth into the tissue. See, e.g., U.S. Patent
Application Publication No. 20050137525 Al to Wang et al., which is incorporaled herein by
reference, [or a description of drilling microngedles. The rotational/drilling technique and/or
a vibrating action may be applied during the insertion step, retraciion step, or both.

Infusion

In a preferred embodiment, the fluid drug formulation is mfused into the
suprachoroidal space through a hollow microneedle by driving the drug formulation from a
source reservoir into the ocular tissue using a pressure gradient (e.g., pumping, svringe). In
other embodiments, the drug formulation mav be driven from a source reservoir into the
ocular lissue using an electric field (e.g., ionlophoresis) or another externally appiiegi energy
{e.g., ultrasound/acoustic energy).

In one embodiment, the amount of (luid drug formulation infused info the
suprachoroidal space rom the inserled microneedle is from 10 microfiler to 200 microliter,
g1, from 50 to 150 uL. In another embodiment, from about 10 microliter {o about 500
microliter. e.g., from 50 to 250 uL, is infused through the microneedle into the
suprachoroidal space.

In one embodiment, the dniving force or pressure infusing the fluid drug formulation
through the microneedle causes the infused drug formulation to flow within the
suprachoroidal space and reach the back of the eve during the administration (i.e., during the
infusion) process. This mav occur in less than one or two minutes, such as | sec to 100 sec,
e.z., 10to 30 seconds. In one aspect, the fluid drug formutation desirably flows
circumferentially within the suprachoroidal space during the infusion process to a site that is

al feast 2.5 mwm away from the insertion site, (o a site thal is at least 5 mm away rom the
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inserlion site, or 10 a stie that is at least {0 mm away [fom the insertion site. Desirably, the
fluid drug formulation flows circumferentially within the suprachoroidal space from the
insertion sile toward the back of the eve (i.e., the retinochoroidal lissue, macula, and oplic
nerve in the posterior segment of the eve).

The amount of drug delivered within the ocular tissue also may be controlied, in part,
by the tvpe of microneedle used and how it is used. In one exemptan embodiment, a hollow
microneedle 15 inserted into the ocular lissue and progressively retracted from the ocular
tissue after insertion (o deliver a fluid drug, where after achieving a certain dosage, the
delivery could be stopped by deactivating the fluid driving force, such as pressure (e.g., from
a mechanical device such as a svringe) or an electric field, to avoid leakage/uncontrolled
deliver of drug. Desirably, the amount of drug being delivered is controlied by driving the
fluid drug formutation al a suitable infusion pressure. In certain embodimenls, the infusion
pressure may be at least 150 kPa, at least 250 kPa, or at least 300 kPa. Suitabie infusion
pressures may vary with the particular patient or species.

Thaose skilled in the art will appreciaie, however, that the desired infusion pressure 1o
debiver a suntable amount of fluid drug formulation may be influenced by the depth of
insertion of the microneedle and the composition of the fuid drug formulation. For example,
a greater infusion pressure mav be required in embodiments wherein the drug formulation for
delivery into the eve is in the form of or includes nanopariicies or microparticles
encapsulating the active agent or microbubbles. Manoparticle or microparticle encapsulation
techniques are well known in the ant,

Additional infusion control features are described below in the “Control of Transport
Through Microneedie™ section bejow.

In one embodiment, the method of administering a drug 1o the eve may further
include partially retracting the hollow microneedle after the insertion step and before and/or
during the infusion of the drug formulation. In a panticular embodiment, the partial retraction
of the microneedle occurs prior 1o the step of infusing the Muid drug formulation into the
ocular tissue. This insertion/retraction step may form a pocket and beneficiallv permits the
ftuid drug formulation 1o flow out of the microneedle unimpeded or less impeded by ocular
tissue at the opening al the tip pertion of the microneedle. This pocket may be filled with
drog formulation, but also serves as a conduit through with Nuid drug formulation can Aow
from the microneedle, through the pocket and inlo the suprachoroidal space. FIG. 6A shows
a hotlow microneedle 30 inseried into the sclera 28, with drug formulation 131 lemporarily

positioned in the hotlow bore of the microneedle. (The fluid communication to a reservoir of
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the fluid drug formulation is not shown.) FIG. 6B shows the microneedle 130 following
partial retraction and infusion of the fluid drug formulation 131 into the suprachoroidal space.
Arrows show the circumferential flow of the drug lormulation through the suprachoroidal
space,

in a particular embodiment, the microneedle infuses a drug formulation through the
sciera into the suprachoroidal space for controtled (i.e.. sustained, extended, or modulated
over lime) release of a drug 1o one or more ocular or neighboring tissues. This “sustained
release™ or “extended rolease™ or “modulated release” is generally more prolonged than that
obtainable by topical application of the drug formulation to the ocular tissue. In a particotar
embodiment, there is an extended, sustained or modulated release of the drug formulation
after at least one microneedle is withdrawn from the ocular tissue. This deliven method can
be particularly advantageous with ocular tissues, where it is desirable for the insertion and
withdrawal process o occur over as shor! a period as possible 1o minimize patient
discomfori—in contrast to transdermal microneedle patch applications, where patches may
more likely be worn (with microneedles inserted) over an exiended period without patient
discomfort.
nlications

Cther Stepy, Embodiments, and Ar

in another aspecl, the method of administering a drug 10 an eve of a patient may
inctude menitoring the insertion of the microneedle and/or infusion of the fAuid druy
formulation to ensure precise delivery of the fluid drug formulation to the suprachoroidal
space (FIG. 18). Such monitoring may be achieved using imaged-guided feedback methods
during one or more of these steps, non-limiting examples of which inciude conventional
microscopy, MRI, x-ray, confocal microscopy, ocular coherence tomography (e.g., anterior
segment opiical coherence fomography, Heidelberg retina tomography. spectral domain
optical coherence tomography), fluorescein angiography, indocyanine green angiography,
high resolution stereoscopic fundus photography . autofluorescence imaging, ultra-wide ffeld
imaging, and various ultrasound techniques. Thus, the method may further comprise
determining whether an initial infusion of the fluid drug formulation has flowed into the
suprachoroidal space of the eve and away {rom the insertion sile. I i1 is determined that an
initial infusion has been successful, a desired volume of the Tuid drug formulation can be
infused and the infusion discontinued by removing the fluid driving force, such as pressure,
and retracting the microneedie {rom the eve. If, however, it is delermined that the initial
infusion of the fuid drug formulation has been unsuccessful (i.e., substantially none of the

drug formulation has flowed into the suprachoroidal space of the eve and away from the

10
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inseriion site), then the microneedle mav be repositioned and the process repeated unti! a
successful delivery is achieved.

The microneedle optionally mayv be part of an array of two or more microneedles such
that the method further includes inserting at least a second microneedle into the sclera
without penetrating across the sclera. In one embodiment wherein an array of (wo or more
microneedies are inserted into the ocular tissue, the drug formulation of each of the two or
more microneedles may be identical 10 or different from one another. in drug, formulation,
volume/quantity of drug formulation=or a combination of these paramesters. In one case,
different types of drug formulations may be injected via the one or more microneedies. For
example, inserting a second hollow microneedle comprising a second drug formulation into
the ocular tissue will result in delivery of the second drug formulation into the ocular tissue.

; The microneedle devices described herein may be adapted 10 remove substances, such
as a fluid, tissue, or molecule sample, from the eve.

Those skilled in the art will appreciate, however, that other tvpes of microneedies
{e.g.. solid microneedles) and other methods of delivering the drug formulation into the
ocular tissue may be used instead of or in conjuction with the infusion methods described
herein. Non-lirniting exampies include dissolving, at least in part, a coating of a drug
formulation off of a microneedle; detaching, at least in part, a coating of a drug formulation
(e.g., as a substannally intact sieeve or in fragments) ofT of 2 microneedle; breaking or
dissolving a microneedle off of a base 10 which the micronesdie is integrally formed or is
connected; or anyv combination thereof

The microneedle devices described herein also mayv be adapted to use the one or more
microneedies as a sensor to delect analvies, electrical agtivity, and optical or other signals.
The sensor may include sensors of pressure, temperature, chemicals, and/or electromagnetic
fields (e.g., light). Biosensors can be located on or within the microneedle, or inside a device
in communication with the body tissue via the microneedle. The microneedle biosensor can
be any of the four classes of principal transducers: potentiometric, amperometric, optical, and
physiochemical, In one embodiment, a hollow microneedle is filled with a substance, such as
a gel, that has a sensing functionality associated with it. In an application for sensing based
on binding to a substrate or reaction mediated by an enzvme, the substrate or enzyme can be
immobilized in the needie interior. In another embodiment, a wave guide can be incorporated
into the microneedle device 1o direct light 1o a specific location, or {or detection, for example,

using means such as a pH dye for color evaluation. Similarly, heat, efectricity, light,

i1
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ultrasound or other energy forms may be precisely transmitted to directly stimulate, damage.

or heal a specific tissue or for diagnostic purposes.

The Microneedie Device

The microneedle device includes a hollow microneedle. The device may include an
elongated housing for holding the proximal end of the micronzedle. The device may further
include a means for conducting a fluid drug formulation through the microneedle. For
example, the means may be a fiexible or rigid conduit in fluid connection with the base or
proximal end of the microneedle. The means may also include a pump or other devices for
creating a pressure gradient for inducing fluid fow through the device. The conduit may in
aperable connection with a source of the fluid drug formutation. The source may be any
suitable container. In one embodiment, the source may be in the form of a conventional
syringe. The sowrce may be a disposable unil dose container,

Microneedle

As used herein, the term “holiow™ includes a single, straight bore through the center
of the microneedle, as well as multiple bores, bores that follow complex paths through the
microneedies, multiple entry and exit points (rom the bore(s). and intersecting or networks of
bores. That is, a hollow microneedle has a structure that includes one or more continuous
pathways {rom the base of the microneedle lo an exit point in the shaft and/or tip portion of
the rmicroneedle distal (o the base,

As used herem, the term “microneedle” refers (o a conduit body having a base, a
shafl, and a lip end suitable {or insertion into the sclera and other ocular tissue and has
dimensions suitable for minimally invasive insertion and fluid drug formutation infusion as
described herein, That is, the microneedle has a length or eflective length that does not
exceed 2000 microns and a width (or diameter) that does not exceed 300 microns.

In various embodiments, t‘he microneedle may have a length of about 30 um to 2000
um. [n another particular embodiment, the microneedle may have a length of about 150 pm
to about 1500 um_ about 30 um 1o about 1250 um, about 500 um to about 1250 um, about
700 pum to about 1000 wm, or about 800 10 abowt 1000 pm. In a preferred embodiment, the
length of the microneedle is about 1000 um. In various embodiments, the proximal portion
of the microneedte has a maximum width or cross-sectional dimension of about 50 pm to 360
pm, about 30 pm to about 400 pm, about 100 pm to about 400 um, about 200 um to about
400 pm, or about 100 um 10 about 250 um, with an aperiure diameter of about 5 um 1o about

400 wm. in a particutar embodiment, the proximal portion of the microneedie has a mximum
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widih or cross-seclional dimension of about 400 um, Those skilled in the ant will appreciaie,
however, that in embodiments in which the tip of the microneedle is beveled that the aperture
diameter may be greater than the outer diameter of the proximal portion of the microneedle.
The microneedie may be (abricated to have an aspect ratio {(width:lengih) QF about ['1.5to
about 1:10 Other lengths, widths, and aspect ratios are envisioned.

The microneedle can have a straight or tapered shaft. in one embodiment, the
diameter of the microneedie is greatest at the base end of the microneedie and tapers fo a
point at the end distal the base. The microneedie can also be fabricated to have z shaft that
includes both a straight (i.e.. untapered) portion and a 1apered {e.g., beveled) portion. The
microneedles can be formed with shafis that have a circuiar cross-section in the
perpendicular, or the cross-section can be non-circular, The tip portion of the microneedles
can have a vanety of configurations. The tip of the microneedle can be symmetrical or
asymmetrical about the longitudinat axis of the shafi. The tips mav be beveled, apered,
squared-off, or rounded, In particular embodiments, the microneedle may be designed such
that the tip portion of the microneedle is substantiaily the only portion of the microneedle
inserted into the ocular tissue (i.e., the tip portion is greater than 75% of the total length of the
microneedle, yreater than 85% of the total length of the microneedle, or grealer than about
95% of the tota! length of the microneedle). In other particular embodiments, the
microneedle may be designed such that the tip portion is only a portion of the microneedle
that is inseried into the ocular tissue and generally has a fength that is less than about 75% of
the iotal length of the microneedle, less than about 30% of the total lengih ol the microneedle,

*or less than about 25% of the fotal length of the microngedle, For example, in one
embodiment the ricroneedle has a total effective length between 500 pm and 1000 pm,

 wherein the iip portion has a length that is less than about 300 pm, less than about 300 pm, or
tess than about 200 um.

Base

The microneedle extends from a base. The base may be integral with or separate from
the microneedle. The base mav be rigid or flexibie. The base mav be substantially planar or
it may be curved, for example, in the shape of the ocular tissue surface at the site ol injection
or, for example, curved away rom the ocular surface (e.g., convex) so as to minimize contact
between the base and the ocular tissue. Desirably, the base is shaped to provide minimal
contact with the surface of the eve at the point of insertion. For example, in one embodiment,

the base may exiend onlv a minimal distance from the microneedle shafy substantialiv
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perpendicular. In another embodiment, the base may be shaped so as 1o elevate the ocular
tissue towards the microneedle so as 1o counteract the deflection of the ocular tissue and
facilitate insertion of the microneedle into the ocular tissue (e.g., the base may extend from
the microneedle toward the tip portion of the microneedle so as 16 “pinch™ the ocular tissue).
Some such embodiments may be based, at least in part, on the devices described in UJ.S.
Patent No. 6.743.21 1, the relevant disclosure of which is incorporated herein by reference.

In a particutar embodimen, the microneedle device has a single microneedle. In one
embodiment, illustrated in FIG. §, the microncedle device 136 includes a convex base 132
and a holiow microneedle 134 which has a bore 140 through which a fluid drug formulation
{not shown) can be delivered to the eve or through which a biological fluid can be withdrawn
from the eve. The hollow microneedle 134 includes a proximal portion 136 and a tip portion
138.

The microneedie may extend from the base of the microneedle device at any angle
suitable for insertion into the eve. In a particular embodiment, the microneedle extends from
the base at an angfe of about 90 degrees to provide approximately perpendicular ingertion of
the microneedles inlo the surface of the eve. In another particular embodiment, the
microneedle extends from the base at an angle from about 60 1o about 90 degrees.

Microneedie Arravs

in an alternative embodiment, the device includes an array of two or more
microneedles. For examptle, the device may include an array of between 2 and 1000 (e.g.,
between 2 and 100) microneedles. In one embodiment, a device may include between | and
10 microneedles, An arrav of microneedles may include a mixture of different microneedies.
For instance, an array may include microneedles having various lengths, base porion
diameters, tip portion shapes, spacings belween microneedles, drug coatings, elc. In
embodiments wherein the microneedle device comprises an array of two or mare
microneedles, the angle at which a single microneedle extends from the base mayv be
independent from the angle at which another microneedle in the array exiends from the base.

Fxempiary Devices

FIGS. 2-5 iltustrate exemplary embodiments of microneedie devices. in one
embodiment, illustrated in FIG, 2-3, the microneedie device 110 includes a hollow
microneedle 114 having a hollow bore 140 through which a fluid drug formulation (not
shown) can be deii;\'ered to the eve or through which a biological fluid can be withdrawn
from the eve. The microneedle includes a proximal portion 116 and a tip portion 118 The

microneedle 114 may extend from a base comprising, for example, an elongated body 112
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having a distal end from which the proximal portion 116 and tip portion 118 of the
microneedie extends. The elongaied body may further comprise a means for secuning i1 a
base portion of the microneedle extending bevond the distal end of the base 112, such as a
screw or pin. An exemplary embodiment of the elongated body 112 for securing the
microneedie s iltustrated in F1G. 3, and comprises a cap portion 113 and a base portion 118
having a hollow bore 117 therein, The cap portion 113 and base portion k15 of the elongiled
body 1 E2 desirably comprise a means for manualiy adjusting the length of needle (i.¢,, the
proximal poriton and tip portion of the microneedie extending from the base 112) protruding
out of the cap portion of the elongated body. Such means may include, for example, threads
119 allowing the cap portion 113 to be screwed in and out of the base poriion 115 of the
elongated body. In an exemplary embodiment ilfustrated in FIG. 4, the base portion 115 of
the elongaled body may be operably connecied to an actuator 120 [or controlled infusion of
the fluid drug formulation through the microneedle into the suprachoroidal space.

The microneedie device may further comprise a fluid reservoir for containing the fluid
drug formutation, the fluid drug reservoir being in operable communication with the bore of
the microneedle al a location distal 1o the tip end of the microneedle. The {luid reservoir may
be integral with the microneedle, integral with the elongated body. or separate from both the
microneedle and elongaled body.

Fabricarion of the Microneedies

The micronegedle can be formed/constructed of different biocompatible materials,
including metals. glasses, semi-conductor materials, ceramics. or polvmers. Examples of
svitable metals include pharmacemical prade stainless steel, gold. litanium, nickel, iron, gold,
tin, chromium, copper, and aliovs thereof. The polvmer can be biodegradable or non-
biodegradable. Examples of suitable biocompatible, biodegradable polymers include
polviactides, polvglvcolides, polvlactide-co-glycolides (PLGA), polyanhyvdrides,
polvorthoesters. polvetheresters, polvcaprolaciones, polvesteramides, polv(butyric acid),
polvfvaleric acid), pohvurethanes and copolvimers and blends thereol. Representative non-
biodegradable polvmers include vanous thermoplastics or other polvmeric structural
materials known in the fabrication of medical devices. Examples include nvions, polvesters,
polvcarbonates, polvacrviates, polymers of ethviene-vinv| acetales and other acvl substituted
cellulose acelaies, non-degradable polvurethanes. polystvrenes. polvviny! chloride. polyvinyvi
fluonide, poly{vinyl imidazole), chiorosulphonate polvolefins, polvethylene oxide, blends and

copolvmers thereof. Biodegradable microneedles can provide an increased leve] of safety



WO 2011/139713 POT/US2011/033987

compared 10 non-biodegradable ones, such that they are essentially harmless even il
inadvertently broken off into the ocular tissue.

The microneedle can be fabricated by a variely of methods known in the ar or as
described in the Examples below. In one embodiment, the hollow microneedle is fabricated
using a laser or similar optical energy source. In one example, a microcannulla may be cut
using a laser 1o represent the desired microneedle length, The laser mav also be use to shape

~ single or multiple tip openings. Single or multiple cuts may be performed on a single
microncannula to shape the desired microneedle structure. In one example, the microcannula
may be made of metal such as stainless steel and cut using a laser with a wavelength in the
infrared region of the light spectrum (0.7 - 300 pm). Further refinement mav be performed
using metal electorpolishing techniques familiar 1o those in the field. In another embodiment,
the microneedle length and optional bevel is formed by a physical grinding process, which
for example may include grinding a metal cannula against a moving abrasive surface. The
fabricalion process may further include precision grinding, micro-bead jet blasting and
ultrasonic cleaning to form the shape of the desired precise tip of the microneedle.

Further details of possible manufacturing techniques are described, for example. in
U.S. Patent Application Publication No. 2006/0086689 Al to Raju et al., U.S. Patent
Application Publication No. 2006/0084942 to Kim et al., U.S. Patent Application Publication
No. 2005/0209365 10 Yuzhakov et al., U.S, Patent Application Publication No.
2002/0082543 Al 1o Park et al., U.S. Patent No. 6,334,856 to Allen et al., U.S. Patent No.
6,611,707 10 Prausnitz et al., U.S. Patent No. 6,743,211 10 Prausnitz. et al., all of which are

incorporated herein by reference for their disclosure of microneedle fabrication techniques.

Fluid Drug Formulation

The fluid drug formulation may be in the form of a hquid drug, a liquid solution thal
includes a drug in a suitable solvent, or liquid suspension. The liquid suspension may include
microparticles or nanopanicles dispersed in a suitable liquid vehicle or infusion. In various
embodiments. the drug may be included in the liquid vehicle, in the microparticles or
nanoparticles, or in both the vehicle and particles. The fuid drug formulation is sufficiently
fluid to flow into and within the suprachoroidal space. In a preferred embodiment, the
viscosity of the Muid drug formulation is about 1 ¢P at 37 °C. .

A wide range of drugs may be formulated for delivery 1o ocular tissues with the
present microneedle devices and methods. As used herein, the lerm “drug” refers 10

essentially any prophviactic, therapeutic, or diagnostic agent, t.e., an ingredient useful for
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medical, velerinary, or cosmetic applications. The drug may be selected from suitable

proteins, peptides and {ragments.thereof, which can be naturally occurring, svithesized or

recombinantly ‘produced. The drug may be selectled from suitable oligonucleotides {e.g.,

antisense oligonucleotide agents), polvnucleotides (e.g.. therapeutic DNA), ribozy mes,

dsRNAs, siRNA, RNAI, gene therapy veclors, and/or vaccines for therapeutic use. The drug

may be an aptamer (e.g.. an oligonucleotide or pepiide molecule that binds to a specific target
“molecule).

Represemtative examples of types of drugs for delivery to ocular lissues include
antibiotics, antiviral agents, analgesics, anesthetics, antihistamines, anti-inflammatory agents,
and an.tineoplastic agents. Non-limiing examples of specific drugs and classes of drugs
include B-adrenoceptor antagonists (e.g., carteolol, cetamolol, betaxolol, levobunolol,
metpranotol, imolol), miotics (e.g.. pilocarpine, carbachel, phvsostigmine),
svmpathomimetics (e.g.; adrenaline, dipivefine), carbonic anhydrase inhibitors {e.g.,
acetazolamide, dorzolamide), prostaglandins, anti-microbial compounds. including anti-
bacterials and anti-fungais (e.g., chloramphenicol, chlortetracvcline, ciprofloxacin,
framycetin, fusidic acid, gentamicin, neomycin, norfioxacin, offoxacin, polymyxin,
proparmidine, tetracveline, tobramycin, quinolines), anti-viral compounds {e.¢., acyclovir,
cidofovir, idoxuridine, interferons), aldose reductase inhibitors, anti-inflammatory and/or
anti-allergy compounds (e.g., sterordal compounds such as betamethasone, clobetasone,
dexamethasone. fluorometholone, hvdrocortisone, prednisolone and non-steroidal compounds
such as antazoline, bromf{enac, diclofenac, indomethacin, lodoxamide, saprofen, sodium
cromoglycate), artificial tear/drv eve therapies, local anesthetics (e.g., amethocaine,
lignocaine, oxbuprocaine, proxymetacaine), cvelosporine, diclofensc, urogastrone and growth
factors such as epidermal growth factor, mydriatics and cycloplegics, mitomycin C. and
collagenase inhibitors and treatments of age-relaled macular degeneration such as pegagtanib
sodivm, ranibizumab, and bevacizumab.

In certain embodiments the drug may be an integrin aniagonist, a seleclin antagonist,
an adhesion molecule antagonist (e.g., Intercellular Adhesion Molecule (ICAM)- 1, iCAM-2,
ICAM-3, Plaielet Endothelial Adhesion Molecule (PCAM), Vascular Cell Adhesion
Molecule (VCAM)), or a leukocyte adhesion-inducing cytokine or growih factor antagonist
{e.g.. Tumor Neucrosis Factor-a {TNF-a), Interteukin-18 (1L-18), Monoevie Chemotatic
Protein-1 (MCP-1) and a Vascular Endothelial Growth Factor (VEGF)), as described in U.S.

Patent No. 6,524,581 (0 Adamis. In certain other embodiments, the drug may be sub-
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immunoglobulin antigen-binding molecules, such as Fv immunoglobulin fragments,
minibodies, and the like, as described in U.S. Patent No. 6,773,976 to Thiel et al. In another
embodiment, the drug may be a diagnostic agent, such as a conirast agent, known in the art.

The drug ivpically needs to be formulated for storage and deliver: viathe
microneedle device described herein. The “drug fommulation™ is a formuiation of a drug,
which typicaily includes one or more pharmaceutically acceptable excipient materials known
in the art. The 1erm “excipient™ refers 10 any non-active ingredient of the formulation
infended 1o facilitale handling, stability, dispersibility, wettability, release kinetics, and/or
injection of the drug. 1n one embodiment, the excipient may inciude or consist of water or
saime.

in one embodiment, the fluid drug formuiation includes microparticles or
nanoparticles. either of which includes at least one drug. Desirably, the microparticles or
nanoparticles provide for the controlled release of drug into the ocutar tissue. As used herein,
the term “microparticle™ encompasses microspheres, microcapsules. microparticles, and
beads, having a number average diameter of 10 100 um, most preferably | 10 25 um. The
term “nanoparticles” are particles having a number average diameter of 1 10 1000 nm.
Microparticles may or may not be spherical in shape. “Microcapsules” are defined as
microparticles having an outer shefl surrounding a core of another material. The core can be
liquid, gel, solid, gas. or a combination thereof. In one case, the microcapsule may be a
“mitcrobubble” having an ower shell surrounding a core of gas, wherein the druy is disposed
on the surface of the outer shell, in the outer shell itself, or in the core. (Microbubbles may
be respond fo accoustic vibrations as known in the art for diagnosis or o burst the
microbubble o release its payioad al/into a select ocular tissue site.) “Microspheres” can be
solid spheres, can be porous and include a sponge-like or honevcomb structure formed by
pores or voids in a malrix malerial or shell, or can include multiple discrete voids in a matrix
material or shell. The microparticle or nanoparticles may further include a matrix material,
The shell or matrix material mav be a polymer, amino acid, saccharride, or cthier material
known in the art of microencapsulation.

The drug-containing microparticles or nanoparticles may be suspended in an agugous
or non-aqueous liquid vehicle, The liquid vehicle may be a pharmacewically acceptable
aqueous solution, and optionally mav further include a surfaciant. The microparticles or

nanoparticles of drug themselves may include an excipient material, such as a polvmer, a
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polvsaccharide, a surfaclant, etc., which are known in the art lo control the kinetics of drug
release from particles,

in one embodiment, the fluid drug formulation Turther includes an agent effective to
degrade collagen or GAG fibers in the sclera, which may enhance penetration/release of the
drug into the ocular tissues. This agent may be, for example, an envme, such a
hyaluronidase, a collagenase, or a combination thereof. In a variation of this method, the
enzyme s administered (o the ocular issue in a separale step from—preceding or
following~-infusion of the drug. The enzyme and drug are administered at the same sile.

In another embodiment. the drug formulation is one which undergoes a phase change
upon adrmimisiration. For insiance, a iquid drug formulation may be injected through hollow
microneedies into the suprachoroidal space, where it then gels and the drug diffuses aut from

lhe gel for controlied release.

Control Features for Directing Movement of the Microneedle in the Methods of Use

The microneedle device may comprise a means lor controllably inserting. and
optionally retracting, the microneedle into the ocular tissue. In addition, the microneedle
device may include means of controlling the angle at which the at least one microneedie is
inserted into the ocular tissue {e.g., by inserting the at least one microneedle into the surface
of the ocular tissue at an angle of about 90 degrees).

The depth of microneedle imsertion into the ocular tissue can be controlied by the
length of the microneedie, as well as other geomelric features of the microneedle. For
example, a {lange or other a sudden change in microneedle width can be used to limit the
depth of microneedle insertion. The microneedle insertion can also be controlled using a
mechanical micropositioning svstem involving gears or other mechanical components that
move the microneedle into the ocular tissue a contrelled distance and, likewise, can be
operated, for example, in reverse, 10 retract the microneedie a controlled distance. The depth
of insertion can also be controlied by the velocity at which the microneedle is inserted inlo
the ocular issue. The retraction distance can be controlled by elastic recoil of the ocular
tissue into which the microneedle is inserted or by including an elastic element within the
microneedie device that pulls the microneedle back a specified distance afier the force of
inseriion is released.

The angle of msertion can be direcied by positioning the microneedle at & first angle
relative lo the microneedte base and positioning the base at a second angle relative to the

ocular surface. In one embodinment, the first angle can be about 90° and the second angle can
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be about 0°. The angle of insertion can also be directed by having the microneedle protrude
from a device housing through a channel in that housing that is oriented at a specified angle.
One skilled in the art may adap! mechanical svstems known in the arl in combination
with the disclosure set forth hereitt and in the Examples below o devise suitabie structures to
controllably drive the microneedle insertion, which struciures may be manuallv operable,

electromechanically operable, or 2 combination thereof.

Control of Transport Throush Microneedle
The transport of drug formulation or biological fluid through a hollow microneedle

can be controlled or monitored using, for example, one or more valves, pumps, 5ensors,
actuaiors, and microprocessors. For instance. in one embodiment the microneedle device
may include a micropump, microvalve, and positioner, with a microprocessor programmed 1o
control a pump or valve to conlrol the rate of delivery of a drug formulation through the
microneedle and into the ocular tissue. The flow through a microneedle may be driven by
diffusion, capillary action. a mechanical pump, electroosmosis, elecirophoresis, convection or
other driving lorces, -Devices and microneedie desipns can be tailored using known pumps
and other devices 10 utilize these drivers. in one embodiment, the microngedle device may
further include an iontophoretic apparatus, similar (o that described in U.S. Patent 6,319,240
to Beck, for enhancing the delivery of the drug formulation to the ocular tissue. In another
embodiment the microneedle devices can further include a flowmeter or other means to
monitor ftow through the microneedies and to coordinate use of the pumps and valves.

The Row of drug formudation or biological [huid can be regulated uging various valves
or gates known in the art, The valve may be one which can be selectively and repeatedly
opened and closed. or it may be a single-use tvpe, such as a {racturable barrier. Other valves
or gates used in the microneedle devices can be activated thermally, electrochemically,
mechanically, or magnetically to selectively initiate, modulate, or stop the low of matenial
through the microneedles. In one embodiment, the flow is controlled with a rate-limiting
membrane acting as the valve,

The present invention mayv be further understood with reference to the following non-
limiting examples.

EXAMPLES

Experiments were conducted to evaluate whether microneedies could be used (o

pierce (o the base of the sclera and iarget the suprachoroidal space. More specifically,

experiments were conducted to evaluate whether hollow microneedles can deliver small
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molecules and particles to the suprachoroidal space of pig, rabbit and human cadaver eves.
Additional experiments were conducted 1o measure the effect of microneedle length, infusion
pressure, and intraocular pressure on the deliverv of particles ranging from 20-10 nm in
diameier in pig eves. Finally, experiments were conducted 10 examine the role that particle
size plays and the influence of ocular anatomical barriers on delivery 10 the suprachoroidal
space. | ,

Whoie rabbit eyes (Pel-Freez Biologicals, Rogers, AR). pig eves (Sioux-Preme
Packing, Sioux Center, IA) and human eves (Georgia Eve Bank, Atlanta, GA), all with the
optic nerve attached, were shipped on ice and stored wet at 4°C for up to 3 davs. Prior to use,
eves were allowed 1o come o room temperature and anv fat and conjunctiva were removed (0
expose the sclera. 7

Hollow microneedles were fabricated from borosilicate micropipetie tubes (Sutter
instrument, Novato, CA), as described previously (J. Jiang, et al., Pharm. Res. 26:395-403
(2009}). FIG. 7A shows a comparison of the hollow microneedle compared to the tip of a 30
gauge hypodermic needle (scale = 300 pm). A custom, pen-iike device with a threaded cap
was fabricated (o position the microneedie and allow precise adjusiment of its length, This
device was attached 1o a micropipette holder (MMP-KIT, World Precision Instruments,
Sarasota, FL) with tubing that was connected to a carbon dioxide gas evlinder for application
of infusion pressure. The holder was attached to a micromanipulator (KITE, World Precision

_ Instruments) which was used 1o control insertion of the microneedle into the sciera,

Carboxviate-modified FluoSpheres® (Inviwrogen, Carlsbad, CA) were injected as 2 wt
% solids suspension of 20 nm, 100 nm, 300 nm, and 1000 nm diameter particles. Tween 80
(Sigma-Aldrich, St. Louis, MOY) at a (inal concentration of 0.3 wi %, was added 1o the
suspension and sonicaled prior 1o use. Sulforhodamine B {Sigma-Aldrich) was dissclved in
Hanks’ balanced salt solution (Mediatech, Manassas, VA) 1o make a sulforhodmine solution
of 10™ M. Barium sulfate particles (Fisher Scientific. Waltharn. MA) measuring 1 pm in
diameter were suspended in balanced salt solution {BSS Plus, Alco.n, Fort Worth, TX) 10
form a 1.5 wi % suspension.

A custom acrviic mold. shaped te (it a whole eve, was built 1o hold the eve steady and
used lor all experiments (F1G. 7B). A catheter was inserted through the optic nerve into the
vitreous and connected 10 a bottle of BSS Plus raised to a height (0 generate intemal eve
pressure (18 or 36 mm Hg). Suction was applied 1o a channel within the mold 1o hold the
external surface of the eye steadv during microneedle insertion and manipulation. Each

microngedie was pre-filled with a desired volume of the material to be injected. The
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microneedle was placed in the device holder at a set microneedle length, attached to the
micromanipulator and connected fo the constant pressure source. Microneedles were then
wserted perpendicular {o the sclera tissue 5-7 mm posterior from the limbus. A set pressure
was apphied to induce infusion. Thirty seconds were allowed 10 see if infusion of the solution
began. If infusion occurred. the pressure was stopped immediately ﬁpon injection of the
specified volume. If visual observation of the injected material showed localization in the
suprachoroidal space, the injection was considered a success If infusion had not begun
within that timeframe, then the applied pressure was stopped and the needle was retracied.
This was considered an unsuccessful delivery.

Eyes to be imaged using microscopy were detached from the set-up within minutes
alter delivery was completed. The eves were placed in acelone or isopentane kept on drv ice
or liquid nitrogen, causing the eyve to freeze completely within minutes after placement. The
[rozen eve was removed from the liquid and portions of the eve were hand cut using a razor
blade for imaging of injected material. Imaging was performed using a slereo microscope
using brightfield and Muorescence optics {model SZX12, Olvmpus America. Center Valley,
PA). The portions containing ihe‘sciera, choroid and retina were placed in Optimal Cutting
Temperature media (Sakura Finetek, Torrance, CA) and frozen under drv ice or liquid
nitrogen. These samples were crvosectioned 10-30 pm thick (Microm Crvo-Star HM
360MYV., Walldorf, Germany) and imaged by brightfield and fluorescence microscopy (Nikon
EGOO, Melville, NY) to determine the location of injected material in the eve. Images were
collaged as necessary using Adobe Photoshop software (Adobe Systems, San Jose, CA).

Pig eves used for microcompuled tomography imaging were not frozen afler injection.
Instead, pig eves were injected with a barium sulfate suspension and stabilized in a 30 mm
diameter sample tube and scanned in air using a Scanco pCT40 desktop concheam system
(Scanco Medical AG, Briittisellen, Switzerland) at 30 um isotropic voxel size, E = 55 kVp. |
=145 uA, and integration fime = 200 ms. Through a convolution backprojection algorithm
based on techniques from Feldkamp et. al. (/. Opr. Soc. Am. A-Opt. Image Sci. Vis. 1:612-619
(1984}), raw data were automatically reconsirucled to generate 2D gravscale tomagrams.
Global segmentation values (Gauss sigma, Gauss support. and threshold) were chosen for the
contrast-enhanced region as well as general eve tissue. Gravscale lomograms were stacked,
and 3D binarized images were produced by applying the optimal segmentation values {one
image for the entire eve and another for the region injecled with conirast agent). These
images were overlayed using Scanco image processing language (o demonstraie the relalive

3D position of the contrast-enhanced region within the entire eye.
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Example 1: Delivery of a model compound to the suprachoreidal space using a hellow
microneedie

Red-fluorescent sulforhodamine B was used as a model compound and injected into
pig eves ex vivo using a single hollow microneedle inserted just to the base of the sclerain
arder to larget the suprachoroidal space. A brighifield microscopic image of the saggital
cross section of an untreated pig eve, shown in FIG. 8A and 8B (Scale bar: 500 pm), was
laken both before and after injection of 35 pL of sulforhodamine B. The normal ocular tissue
{F1G, 8A) can be distinguished (o idemify the sciera, choroid, retina, and vitreous humor.
Afier infusion of the model compound (FIG. 88), the sulforhodamine solution can be seen
just below the sclera and above the choroid in the suprachoroidal space, confirming that the
solution was injected and spread within the suprachoroidal space from the inftial injection
site. Volumes up {0 35 nL were able 1o be injected without leakage, but larger volumes
leaked out from openings on the surface of the eve where vorlex veins would be attached in
vivo. However, subsequent experiments in pigs and rabbits 1n vivo have demonstrated
suprachoroidal delivery of up to 100 uL without leakage through these openings {data not

shown).

Example 2:  Delivery of particles to the suprachoreidal space using hollow

microneedies

Particles withy diameters of 500 nn or 1000 nm were injected into the suprachoroidal
space of rabbit, pig and human eyes ex vivo and imaged to evaluate the distribution and
locatization of the particies just below the sclera. The sclera (1}, choroid (2}, and retina {3}
were identified in a Muoroscopic image of a crvosection of 4 pig eve with no infusion inio the
supracharoidal space (FIG. 9A, Scale bar: 300 um). Flucroscopic images of cryvosections of
a rabbit eve after injection of 500 nm parlicles were taken in the axial plane and the images
were collaged to form a pancramic view (FIG. 9B, Scale bar; 500 um). The spread of the
{luorescent particles (which appear as the bright white regions in the images) was observed
aiong the equator of the eve in a thin sheath just below the sclera, A volume of 15 pL was
injected and. in this particular cross-section taken in the plane of the insertion site, the
injection had spread approximatefylzo mm, which corresponds to about 36% of the total

circumfgrence of the eve,
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Fluoroscopic images of ¢crvosections of pig and human eyes were laken in (he
sagpittal directions so that the images show the anlerior of the eve 10 the right and the
posterior of the eve 1o the left (FIG. 9C and 9D, respectively). These images show the ability
of microinjected particles (which appear bright white) 10 spread in the suprachoroidal space
both in the anterior and posterior direction of the eve from the injection sile. In these
experiments, a single microneedle delivered 30 L of a 2 wit % particle suspension into the
suprachoroidal space of both species. L.eakage was observed al the vortex vein openings
away from the injection site simular 1o what was observed with sulforhodamine injections.

The insets in these images show magnified views of the micreneedie insertion site. In
each case, the insertion sife within the sclera was filled with particles. In the case of the pig
(F1G. 92C) and human (FIG. 91), the retina was still attached and visible, and it was ¢lear
that the nucroneedie had not penetrated to the retina. In the case of the rabbil {(FIG. 9B), the
retina separated during the cryosectioning procedure and was not visible. These results
confirmed that a microneedle was able to target the suprachoroidal space of rabbit, pig, and
human eyes 1o deliver particles up to 1000 nm in diameter. The results further confirmed that
these particles spread from the injection site circumferentiatly in all directions within the
suprachoroidal space.

Microcomputed tomography (uCT) was utilized 10 image the circamferential spread
and locahization of injected matenal in the suprachoroidal space in three dimensions using a
noninvasive method, Afier imjecting 35 pL of 1 pm diameter barium sulfate conirast agent
particles into the suprachoroidal space of a pig eve, cross sectional iméges showed the
particles distributed as a thin white strip that circled just below the outer edge of the eve, ie.,
Just below the sciera (F1G. 10A). This profile is characteristic of suprachoroidat delivery and
similar to the results from Auorescence imaging. The three-dimensional reconstruction of
these cross-sectional images showed the spread of the particles in the posterior segment of the
eve (FIG. 10B. Scale Bar: 3 mm)}. The particles spread was approximately 5 mun in radius,
although asvmmetrically distributed around the injection site, and covered an approximate
area of 70 mm* (which representis 7 % of the surface area of the back of the eve} This
further confirmed the ability of microneedies 1o spread parliclés over a significant portion of

the posterior segment of the eve by targeting the suprachoroidal space.
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Example 3:  Effect of operating parameters on particle defivery to the suprachoroidal
space

Particles of 20, 100, 300, and 1000 nm diameter were injected info pig eves ex vivo
using 2 range of different microneedle Jengths and infusion pressures 10 determine the
success rate of suprachoroidal deliverv. An attempted injection was considered 1o be either
fully successful (complete injection of the 23 pL. particie suspension into the suprachoroidal
space) or fully unsuccessful (an ihabiEiE_v 1o inject at all}. No partial injections were cbserved.
The effect of infusion pressure and microneedle lenpth on the success rate of suprachoroidal
delivery ol particles are shown lor 20 am {FIG. 11A), 100 am (FIG. 11B), 300 nm (FIG.
HC), and 1006 nm (FEG. 11D} particles into pip eves.

The success rate increased with greater infusion pregsure and with greater
microneedie length (ANOV A, p<(.03). For the 20 nm particles (FIG. 1§A), 100%
successful injections were achieved using a pressure of 250 kPa at all microneedle lengths.
For 100 am particles (FIG. 11B). the effects of pressure similarly plateued af 250 kPa and
100% success was achieved at all but the shoriest microneedie length (700 um). For the
larger particles (500 and 1000 nm) (F1G. 11C and 11D, respectively), the effects of pressure
generaf!y plateved at 300 kPa and success rate significantly decreased for shorter
microneedles. Not wishing to be bound by any theory, it is believed that short microneedles
lengths inject within the sclera, such that particles must be forced through a portion of the
sciera to reach the suprachoroidal space. Smaller particies (20 and 100 nm) can more easily
force through a portion of the sclera io reach the suprachoroidal space because the spacing of
collagen fiber bundles in the sclera is on the order of 360 nm. Larger particles (500 and 1000
nm). however, have more difficulty crossing this anatomical barrier, such that infusion
pressure becomes a more impoertant parameter and injection success rate decreases
significanily,

A statistical comparison of the injeclion rates of particles of different sizes at different

microneedle lengths was made using ANOVA and is sumimarized in the [ollowing table.
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Significance was considered to be a p<0.03 and indicated bv an asterisk {*).

Microneedle
20vs100nm 100 vs500nm S00 vs 1000 nm 20 vs 1000 nm
Length .
700 pm 0.02% 0.02% 0.9 CLO2®
8OO um 0.37 0.60* 0.10 001"
900 um 018 0.03*% 0.18 0.03*
1000 um 018 0.37 T 021 0,18

The statistical analysis showed that at a microneedle leng{h of 700 pm, where the most scleral
tissue must be traversed 1o reach the suprachoroidal space, success rate depended sirongly on
particle size. Using 800 and 900 ym microneedles, particles smaller than the collagen fiber
spacing (20 and 100 nm) behaved similarly and particles larger than the coliagen {iber
spacing (500 and 1000 nm) also behaved similarly, but there was a significant difference
between 100G nm and 500 nm particies. The longest microneedles (1000 um), which probablv
reached the base of the sclera, showed no significant dependence on particle size, suggesting
that overcoming the collagen barrier in the sclera was no longer needed.

Not wishing 10 be bound by any particular theory, the foregoing further suggested that
particies of 20 and 100 nm can spread within the sclera as well as the suprachoroidal space,
whereas particles of 300 and 1000 nm should localize exclusively in the suprachoroidal
space. The spread of 20 nm particies (FIG. 124} was compared to the spread of 1000 nm
particles (FIG. 12B) under identical conditions, As expected, the smaller particles exhibited
significant spread in the sclera as well as the suprochoroidal space. In contrast. the larger
particles were relegated primarily 1o the suprachoroidal space and were largelv excluded from
the sclera. This localization of large particles was consistent with the results shown in FiG.
11 _

Thus, 20 and 100 nm particles were reliably injected using a minimum microngedle
length of 800 pm and a minimum pressure of 250 kPa. To deliver 30( and 1000 nm
particles, a mimimum microneedie length of 1000 um and a mimmum pressure of 250 - 300

kPa was required.

26



WO 2011/139713 PCT/US2011/033987

Example 4: Effect of intraccular pressure on delivery of particles to the
supracheroidal space

Intraocular Pressure (IOP) is the internal pressure within the eve thai keeps (he eve
inflated. It provides a back pressure that can counteract the infusion pressure. To evaluate
the elTect of intarocular pressure on particle delivery 1o the suprachoroidal space, 1000 nm
particles were injected at two different levels of 1OP, 18 and 36 mmHg. The effect of
infusion pressure and microneedie fength on the success rate of suprachoroidal delivery of
1000 nm particies at simuiated IOP [evels of 18 mmHg and 36 mmHg is shown in FIG. 13A
and FIG. 13B, respectively. The delivery success rale generally increased with an increase in
1OP. Notably, at normal 10OP, no parlicles were delivered at the lowest infusion pressure (150
kPa) or using the shortest microneedles (700 um) and only the longest microneedies (1000
umj achieved 100% success rale at the highest infusion pressure (300 kPa) (F1G. 13A). In
contrast, at etevated IOP, particles were sometimes delivered at the lowest infusion pressure
and using the shortest microneedles, and a 100% success rate was achieved using both 900 .
and 1000 pm microneedles at the highest infusion pressure (FIG., 13B).

MNot wishing to be bound by any theory, it is believed that the main effect of elevated
10P is 10 make the sclera surface more {irm, reducing tissue surface deflection during
microneedle insertion and thereby increasing the depth of penetration into sclera fora
microneedie of a given length. Although we did not measure microneedle insertion depth
directiyv, these results suggest that microneedle insertion may be more effective at elevated

IOP because they insert deeper into the sclera and thereby increase infusion success rate.

Example 5:  Delivery of model compeund {o suprachoroidal space in live animal
models The déiive:y of a fluorescent molecule {sodium Auorescein) to the
suprachoroidal space was evaluated using rabbits according to approved live animal
experimental protocols. A one dimensional scan of the eve (through line of sight) was taken
within the first five minutes afier injection to determine the dispersion of the {Tuorescent
molecuie in the eve (FI1G. 14). The v-axis indicates the fluorescent intensity (i.e., the
concentration) and the x-axis represents the posilion in the eve from [Tont (160} 1o back (0).
Thus. the results Nustraie that within the first 5 minutes afier injection. the fuorescein had
already flowed through the suprachoroidal space {o the back of the eve, with some remaining
at the initial insertion site.

Similar scans were taken 1o evaluate the rate of clearance of fluorescein from the

suprachoroidal space over time {F1(. 15). The {tuorescent intensity was measured in two
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regions of the eve (the suprachoroidal space and mid-viireous region) over time. The resulls
iltusirate that the bulk of the material injected remains in the suprachoroidal space without
passing into the mid-vitreous region and that the material substantially cleared the

suprachoroidal space within 24 hours.

Example 6: Delivery of particles to suprachoersidal space in live animal models Live
animal experimenis also were conducted lo evaluate the delivery of particles to Lhe
suprachoroidal space. Fluorescent particles having a diameter of 20 nm and 500 nm were
inlused into rabbii eves and the fluorescent inlensity was evaluated to determine the length of
ume the particles remained in two regions of the eve (the suprachoroidal space and mid-
vitreous region).

The smaller particles (F1G. 16) were successfully delivered io the suprachoroidal
space and remained in the suprachoroidal space for al least 35 days. The larger particies
{FIG, 17) also were successfully delivered (o the suprachoroidal space and remained in the
suprachoroidal space for at least 24 days. Notably, both the smalier and larger particies were
well localized as indicated by the low level of [uorescence in the mid-vitreous region.

Publications cited herein and the materials for whic‘h they are ciled are specifically
incorporated by reference. Modifications and variations of the methods and devices
described herein will be obvious tc those skilled in the art from the foregoing detaited
description. Such modifications and \’aﬁations are intended 10 come within the scope of the

appended claims,
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We claim:

1. The use of a fluid drug formulation in the manufacture of a.medicament for the
treatment of an ocular disorder, wherein the madicameant is adapted to be delivered via a
holiow microneedie inserted into the sclera, the microneedie having a tip end with an
opening, the medicament is adapted for being infused over a period of time through the
inserted microneedie and into the suprachoroidal space of the eye, wherain during the period
the infused medicament is adapted to flow within the suprachoroidal space away from the
insertion site.

2. The use of claim 1, wherein the insertion site is at about the eguator of the aye.

3. The uss of claim 1 or 2, wherein the fluid drug formulation comprises a suspension of
microparticles or nanoparticles, the microparticles or nanoparticies comprising the drug.

4. The use of any one of ciaims 1-3, wherein the ocular disorder is uveiis, glaucofna,
diabetic macular edema, wet or dry age-reiated macular degeneration, choroidal
neovasuclarization or cytomegalovirus retinitis.

5. The use of any one of claims 1-4, wherein the drug is a beta-adrenocepior
antagonists (2.g., carteolol, cetamolol, betaxoloi, levobunoiol, metipranoioi, timolof), miotics
(e.q., pilocarpine, carbachol, physostigming), sympathomimetics {e.g., adrenaling,
dipivefring), carbonic anhydrase inhibitors (e.g., acetazolamide, derzolamids),
prostaglandins, anti-microbial compounds, including anti-bacterials and anti-fungals (e.g.,
chioramphenicol, chiortetracyciine, ciprofioxacin, framycetin, fusidic acid, gentamicin,
neotnycin, norfloxacin, ofloxacin, polymyxin, propamidine, tetracycline, tobramycin,
guinoiines), anti-viral compounds (e.g., acyclovir, cidofovir, idoxuridine, interferons}, aldese
reductase inhibifors, ant-inflammatory andfor anti-aliergy compounds (e.g., steroidal
compounds such as betamethasone, clobstasone, dexamethasone, fluoromeathoions,
hydrocortisone, prednisoione and non-steroidal compounds such as antazoline, bromfenac,
diclofenac, indomethacin, lodoxamide, saprofen, sodium cromoglvcate) artificial tear/dry eye
therapies, local anesthefics (e.g., amethocaing, lignocaine, oxbuprocaine, proxymelacaine),
cyclosporine, diclofenac, urogastrone and growth factors such as epidermal growth facior,
mydriatics and cycloplegics, mitomycin C and coliagenase inhibitors and treatments of age-
retated macular degeneration such as pegagianib sodium, ranibizumab, and bevacizumab.

6.  Theuse of claim 5, wherein the drug is a steroidal compound.

7. The use of claim 8, wherein the steroidal compound is betamethasone, clobetasone,
de_xamethasane, fluorometnoloneg, hydrocortisone or prednisolone.

8. The use of any one of claims 1-7, wherein the formulation provides sustained,
extended or modutated release of the drug in the eye as compared to the drug not delivered
o the suprachoroidal space.

9. - The use of any one of claims 1-8, wherein the insertion site is the base of the sclera,
10.  The use of any one of claims 1-8, wherein at isast a portion of the fluid drug
formulation reaches ocular tissue posterior {0 the egualor of the eye.
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11.  The use of any one of claims 1-10, wherein the hollow microneedie is inserted info
the surface of the sciera at an angle of about 80 degrees.

12.  The use of any preceding claim, wherein the microneedle has a length of 50- 2000
um.

13 The use of any preceding claim, wherein the infusion pressure is at least 250 kPa.

14.  The use of claim 13, wherein the microneedle has 2 minimum length of 1000 pm and
the the infusion pressure is at lsast 250-300 kPa.

15.  The use of claim 3, wherein the particles have a diameter of 20-1000 nm.
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