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Abstract

The identification of biomaterials that are well tolerated in the eye is important for the development of new
ocular drug delivery devices and implants, and the application of micro- and nanoengineered devices to bio-
medical treatments is predicated on the long-term preservation within the target organ or tissue of the very small
functional design elements. This study assesses the ocular tolerance and durability of micro- and nanostructured
biopolymer thin films injected or implanted into the rabbit eye. Structured poly(caprolactone) (PCL) thin films
were placed in adult rabbit eyes for survival studies, with serial ophthalmic examinations over 6 months.
Morphologic abnormalities and device/tissue reactions were evaluated by histologic studies, and scanning
electron microscopy (SEM) of films was used to determine the structural integrity. Structured PCL thin films
(20- to 40-um thick) were constructed to design specifications with 50-um linear microgrooves or arrays of
nanopores with ~30-nm diameters. After up to 9 months of ocular residency, SEM on devices retrieved from the
eye showed preservation of micro- and nanostructural features. In ocular safety evaluations carried out over 6
months, serial examinations in 18 implanted eyes showed no evidence of chronic inflammation, cataractogenesis,
or retinal toxicity. Postoperative ocular inflammation was seen in 67% of eyes for 1 week, and persistent corneal
edema occurred in 1 eye. Histology revealed no ocular inflammation or morphologic abnormalities of ocular
tissues. Thin-film/tissue responses such as cellular reaction, fibrosis, or surface biodeposits were not seen. Micro-
and nanostructured PCL thin films exhibited acceptable ocular tolerance and maintained the structural integrity
of design features while residing in the eye. Thin-film micro- and nanostructured PCL appears to be a feasible
biomaterial for intraocular therapeutic applications.

Introduction approved in 2005 to treat uveitis® and is currently under

investigation for treatment of retinal vein occlusion and

N RECENT YEARS, several sustained-release drug delivery

devices have been developed for treating front- and back-
of-the-eye diseases.' Typically, these systems are designed to
achieve sustained therapeutic drug concentrations in ocular
target tissues that are generally inaccessible by conventional
means, while limiting toxicity, intraocular injection fre-
quency, and improving patient compliance.l However, the
first step in developing a new drug delivery device for the
eye is selection of a nonimmunogenic material with tunable
characteristics, such as size, shape, porosity, and degradation
properties.

In general, the current ocular drug delivery devices can be
classified as either nondegradable or biodegradable devices.
Retisert, manufactured by Bausch and Lomb, was FDA-

diabetic macular edema.’ It is a nondegradable implant that
is surgically implanted into the vitreous and delivers fluo-
cinolone acetonide (FA) for up to 3 years. Iluvien, manu-
factured by Alimera Sciences, is another nondegradable FA
sustained-delivery device and delivers a low dose of FA (0.2
or 0.5ug/day) for up to 3 years.’ Introduced in 1981,
Lacrisert® (Aton Pharma, Inc.) is a sterile, translucent, rod-
shaped ophthalmic insert made of hydroxypropyl cellulose,
a water-soluble, biodegradable material. Physiologically
inert, Lacrisert is administered daily into the inferior cul-
de-sac of the eye to improve the dry-eye symptoms. More
recently, Ozurdex, produced by Allergan, Inc., is a biode-
gradable implantable device that can deliver therapeutic
concentrations of dexamethasone for up to 6 months.?

Departments of 'Bioengineering and Therapeutic Sciences and *Ophthalmology, University of California San Francisco, San Francisco,

California.

®The UC Berkeley-UCSF Graduate Program in Bioengineering, San Francisco, California.

249



250

Ozurdex consists of a poly(lactic-co-glycolic acid) (PLGA)
polymer that degrades by surface erosion. Other biode-
gradable controlled-release drug delivery devices have been
studied but not yet brought to the market. Delivery plat-
forms, such as micropartic1e54’5 and nanoparticles,ﬁ’7 have
been used to encapsulate the drug in degradable polymers,
including poly(lactic acid),®® PLGA,'*" and poly
(caprolactone) (PCL).1314 Drug release from these devices
can be regulated for periods of days'® to weeks,'® yet thus
far, such devices have been limited to the delivery of small
molecules, such as haloperidol,16 honokiol,’” dexametha-
sone,'® budesonide,'’ or ’copo’cecan.20

Among biodegradable materials, PCL has emerged as a
polymer of interest for biomedical applications. PCL is
unique in its degradation behavior, as it maintains its
structural properties throughout the majority of its degra-
dation timecourse: while PCL degrades by a random hy-
drolytic chain scission, the poor solubility of PCL oligomers
prevents dissolution of degradation products larger than
the monomeric and dimeric units.*’ Consequently, micro-
or nanostructural features can be maintained over several
months after implantation. Although PCL has been used in
other implantable applications such as sutures, it has gen-
erally lacked the study in the eye, particularly in a micro- or
nanostructured form. PCL-silicon nanofiber composites
implanted under the conjunctiva in the rat eye and PCL-
based nanofabrics were used as artificial conjunctiva with
good tolerance and ocular integration.”” Also, PCL sub-
retinal implants and scaffolds for retinal pigment epithe-
lium and retinal progenitor cells showed good tolerance
in vivo and in vitro.”>"*® Similarly, the subretinal delivery of
the corticosteroid triamcinolone acetonide from a PCL rod
was free of complications over 4 weeks.?” Unfortunately,
none of these studies evaluated PCL biocompatibility in the
anterior and posterior chambers of the eye. In addition,
nanostructured materials are of particular interest from the
perspective of drug delivery.”® A number of nanostructured
membrane drug delivery systems have recently been in-
vestigated, where zero-order controlled release can be
achieved when the therapeutic size is comparable to the
membrane pore size.”””° While of great interest for the bi-
ologic delivery in particular, these materials are typically
nonbiodegradable, require surgical implantation, and are
rigid within the eye.31 Consequently, application of new
nanostructured biodegradable materials for controlled re-
lease in the eye requires validation of ocular compatibility.
Preservation of micro- and nanoscaled design features in
these flexible, degradable biopolymers within the eye over
the expected functional duration also requires in vivo
verification.

Understanding the body’s reaction to polymeric implants
is nontrivial: the host response is affected not only by the
chemical properties of the polymer but also by the physical
properties of the implant (size, shape, and surface charac-
teristics). In the context of an ocular implant, smooth mate-
rials can have very different immunogenic properties
compared to micro- or nanostructured materials.*> Although
the anterior chamber, vitreous cavity, and subretinal space
are known to display immune privilege, synthetic biomate-
rials may still cause long-term inflammation and associated
immunogenicity that can lead to detrimental effects on the
eye. Therefore, it is important to characterize new potential
ocular-compatible biomaterials.
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In this article, we investigate the ocular biocompatibility of
micro- and nanostructured thin films of PCL, which have
potential applications in the eye such as tissue transplanta-
tion, cell-based therapies, and drug delivery. We describe
approaches to fabricate micro- and nanostructured PCL thin
films (20- to 40-pm total thickness) toward the development
of ophthalmologic implants. The biocompatibility of these
thin films is evaluated by a standard needle injection or in-
cisional implantation into adult rabbit eyes for up to 9
months. Prototype thin films implanted into the anterior
chamber or the vitreous cavity are evaluated using serial
in vivo ophthalmologic examinations, ocular histology stud-
ies, and scanning electron microscopy (SEM) on retrieved
polymer devices after prolonged implantation.

Methods
Microgrooved thin-film fabrication

Microgrooved PCL thin films were fabricated using a
mold-transfer process in 3 stages. This process was described
and investigated in detail previously,24 and will be briefly
outlined here for the benefit of the reader. First, a standard
photolithography was used to define a silicon and SU-8
master mold. A PMW32 spin coater (Headway Research)
was used to spin-cast SU-8 2010-negative photoresist (Mi-
crochem) at 1,000rpm for 30s onto 3” silicon wafers (Ad-
dison Engineering). The wafer was prebaked (95°C for
3.5min), followed by UV exposure on a Karl Suss MJB 3
mask aligner (Hoffmann Instruments). Exposure of 365-nm
light at 5mW cm 2 for 30s through a photomask generated
the patterned array of microgrooves. The patterned SU-8 was
postbaked (95°C for 4.5 min) and developed for 2min with
an SU-8 Developer (Microchem).

The second stage of this process involved transferring the
pattern in the rigid SU-8 mold to a flexible polymer. For this,
poly(dimethylsiloxane) (PDMS) (Sylgard 184; Dow Corning)
was mixed (10:1v/v base:icuring agent), degassed, and
poured onto the SU-8 molds. PDMS was cured (65°C for 2h),
and upon peeling the solid PDMS from the SU-8 mold, a
flexible mold was ready to facilitate fabrication of structured
PCL thin films.

For the final stage of microgroove fabrication, PCL (M,
70,000-90,000; Sigma-Aldrich) was dissolved in 2,2,2-tri-
fluoroethanol (Sigma-Aldrich) at a concentration of 100 mg/mL
(mixed at 65°C until completely dissolved). A model P6700
spin coater (Specialty Coating Systems) was used to spin-cast
PCL solutions onto the PDMS molds at 500 rpm for 30s, fol-
lowed by 1,500 rpm for 30 s. Microgrooved PCL thin films were
then peeled from the PDMS molds using forceps. Thin films
were cut to 4mm by 4mm for implantation.

Nanostructured thin-film fabrication

A template-based approach was used to fabricate nanos-
tructured PCL and was selected to mimic the processes used to
generate nanoporous membranes.> All processes utilized
chemicals obtained from Sigma-Aldrich. Silicon substrates
were cleaned before use with a mixture of sulfuric acid and
hydrogen peroxide (3:1v/v) for at least 30 min, followed by a
deionized water rinse and nitrogen dry. An oxygen plasma
clean (5 min at 200 W and 0.5 mTorr) with a Plasmaline plasma
cleaner (Plasmatek Labs) was used to further clean the silicon
substrates. Next, a zinc acetate (ZnAc;) seed layer (0.75M
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ZnAc, and ethanolamine in 2-methoxyethanol) was spin-cast
using the model P6700 spin coater (1,000rpm for 60s) and
annealed at 400°C for 30 min to convert ZnAc, to ZnO. Na-
norods of ZnO were grown hydrothermally in a 5-mM solution
of ZnAc, at 85°C-90°C for 4h (growth solution replenished
once). The ZnO nanorod templates were coated with PCL,
spin-cast from 2,2,2-trifluoroethanol (300 mg/mL) at 500 rpm
for 305, followed by 1,500 rpm for 30s. Substrates were heated
at 130°C, and subsequently ZnO was removed with 10 mM
H,S0,, which allowed the nanostructured PCL to float off.
Thin films were cut to 4 mm by 4 mm for implantation.

Animal studies

All studies were approved by the University of California
San Francisco Committee on Animal Research. New Zealand
White female rabbits (2.5-3.5kg) from the Western Oregon
Rabbit Company were anesthetized by inhalation of 2%—4%
isoflurane. Pupils were dilated with 1% tropicamide, 2.5%
phenylephrine hydrochloride, and 0.5% proparacaine drops
administered to each eye. A surgical microscope (Carl Zeiss
Surgical GmbH) was used with a silicone flat lens (Dutch
Ophthalmics) to visualize the retina. After disinfection with
5% povidone iodine, the thin-film devices were implanted
into the anterior chamber at the limbus in 3 eyes via a
20-gauge needle injection on a 3-mL syringe backloaded with
0.2 to 0.5mL of balanced saline at the corneal limbus, and
into the vitreous cavity 2mm posterior to the limbus in
15 eyes via a 20-gauge transconjunctival needle injection
(Fig. 2), or by an incisional sclerotomy using a 20-gauge
microvitreoretinal blade after a small conjunctival peritomy.
Through sclerotomies, unfurled devices could be inserted
with microforceps into the peripheral vitreous cavity. Inci-
sions were closed with 7-0 vicryl sutures (Ethicon, Inc.).
Subconjunctival cefazolin (150 mg in 0.5mL) was given after
the procedure. In all cases, no more than one PCL thin film
was implanted per eye. Unoperated eyes served as controls.

Ocular tolerance was evaluated with serial ophthalmic
examinations at 1 day, weeks 1-4, and months 1 to 6, in-
cluding pneumotonometry (Mentor, Inc.), slit-lamp micros-
copy (handheld slit lamp; Kowa Company), and indirect
ophthalmoscopy. Eyes were evaluated for evidence of ocular
inflammation, corneal edema, cataract, intraocular hemor-
rhage, endophthalmitis, and retinal tears or detachment. For
SEM evaluations of the device structure, in vivo studies were
prolonged up to 9 months.

Histology

At intervals of 1, 2, 3, 4, 5, and 6 months after surgery,
rabbits were euthanized under deep anesthesia by an intra-
venous overdose of pentobarbital sodium. The eyes were
enucleated, and the implants were retrieved by dissection
before preservation of ocular tissues in 2.5% glutaraldehyde
and 1.5% paraformaldehyde in a 0.1 M sodium cacodylate
buffer solution for 24h at 4°C. The ocular tissue was em-
bedded in paraffin, and the representative central and pe-
ripheral zones were used for serial sections at 5pum. Slices
were mounted on glass slides, and standard staining with
hematoxylin and eosin was used to delineate ocular struc-
tures. Digital images were obtained with light microscopy
(Zeiss Axiophot) and analyzed by imaging software (Spot
v4.5; Diagnostic Instruments, Inc.).
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FIG. 1. Biopolymer thin films. Examples of (A) a furled
poly(caprolactone) (PCL) film and (B) an unfurled PCL film
in a phosphate buffered saline solution (scale bar shown for
both A and B). (C) Scanning electron microscopy (SEM)
showing a prototype nanostructured PCL thin film.

Scanning electron microscopy

Retrieved thin-film devices were evaluated by SEM. Thin
films were exposed to 3% glutaraldehyde (Sigma-Aldrich) in
a 0.1 M sucrose—-cacodylate (Sigma-Aldrich) buffer for 72 h at
room temperature to fix any cells or debris accumulated
during ocular residence. After fixation, the samples were
rinsed 3 times in the 0.1 M sucrose—cacodylate buffer for
5min. Samples were then dehydrated by exposure to a series
of ethanol solutions in water with increasing concentration
as follows: 35%, 50%, 70%, 95%, and 100% for 10 min each,
and the final pure ethanol solution was applied twice. Films
were exposed to hexamethyldisilazane (PolySciences, Inc.)
for 10min and promptly removed to air-dry. Micro-
structured thin films were imaged using a Novelx mySEM

TABLE 1. NANOSTRUCTURED THIN FILMS: AVERAGE
PORE DIAMETER AND DENSITY
Diameter (nm) Density (10" cm™2)
Initial 31.1+18.1 1.66+0.22
6 months 27.1+17.0 1.73+£0.04
9 months 29.5+18.1 1.69+0.12

(Mean t+ standard deviation).


http://online.liebertpub.com/action/showImage?doi=10.1089/jop.2012.0152&iName=master.img-000.jpg&w=236&h=321
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FIG. 2. Injection of thin films into rabbit eyes. (A) The furled thin film is loaded into a 20-gauge needle for in vivo im-
plantation (‘3-C’ is an artifact of the video capture used during surgery) and (B) inserted into the vitreous cavity via a needle
injection. (C) Implanted thin films dwell in the periphery of the vitreous cavity. Arrows indicate location of implanted film.
Color images available online at www.liebertpub.com/jop

field-emission scanning electron microscope (Agilent) oper- series of characteristic SEM images (n=4, magnifica-
ated at a 1-kV beam voltage. Nanostructured films were tion=100,000x) for each condition, and the threshold and
coated with gold-palladium and imaged using a Sirion particle analysis tools in Image] (National Institutes of
scanning electron microscope (FEI) operated at a 5-kV beam  Health) were used to determine the size and number of pores
voltage. The pore size and density were analyzed using a  for each image.

FIG. 3. Ocular tolerance of
indwelling PCL thin films in
rabbit eyes (left column: an-
terior segment photos; right
column: posterior segment
photos). (A, B) Control eyes.
(C, D) Anterior chamber thin-
film implantation at 4
months. (E, F) Vitreous cavity
thin-film implantation at 6
months. (A, C, E) Anterior
segment of the eye demon-
strating normal examination
with no inflammation, cor-
neal abnormalities, or cata-
ract. (B, D, F) Posterior
segment of the eye demon-
strating the normal appear-
ance of the retina and
vitreous. Arrows indicate the
location of the thin film.
Magnification 4X. Color im-
ages available online at www
Jiebertpub.com/jop
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TABLE 2. SAFETY STUDIES: ANTERIOR SEGMENT FINDINGS

Intraocular pressure Corneal edema Cataract
Insertion Wound
site <10mmHg >22mmHg >30mmHg leak Any event Beyond >1 week® latrogenic trauma Nontraumatic
#0f A/Cdevices 1(33%) 1 (33%) 0 0 1(30%) 1 (30%) 0 0

eyes (3 eyes)
(%) Vitreous 1(7%) 10 (67%) 3 (20%) 0 3(20%) 0 3 (20%) 0

devices

(15 eyes)

“Finding persisting 1 week or longer after insertion procedure.

Results

Micro- and nanofabricated polymer device
construction

Structured PCL thin-film prototypes were fabricated using
a combination of photolithography and molding techniques
for microstructured films, and self-assembled nanostructure
growth and templating for nanostructured films. The micro-
structured molds and nanostructured templates determine the
uniformity and reproducibility of the features produced in our
implants. For microstructure fabrication, photolithography
was chosen, given its high degree of precision and repro-
ducibility based on the particular exposure mask selected. For
nanostructure fabrication, the ZnO template was selected for
its largely monodispersed collection of rods.> Spin-casting
onto these molds and templates was used to generate final
micro- and nanostructured films, which is a technique known
to provide a high degree of uniformity in the film thickness.
PCL was cast into thin films 20- to 40-um thick and cut
manually to the desired dimensions for implantation
(4x5mm; Fig. 1). The microstructured thin films were
patterned with 50-pm-wide grooves with 10-um depth and
50-um spacing. Nanostructured films exhibited partial thick-
ness pores ~30nm in diameter at a density of roughly
1.7x10' cm™2 (Table 1). Inherent flexibility of PCL at this film
thickness allowed furling and insertion into a 20-gauge stan-
dard needle to facilitate the intraocular injection (Fig. 2).
Furled films did not necessarily completely unfurl after im-
plantation, even though well hydrated. A comparison of
furled versus unfurled thin films will need to be examined in
further device functionality studies.

Clinical examinations

Eighteen eyes of 11 rabbits (3 anterior chamber implants,
15 vitreous implants; 4 control eyes) were studied for ocular
tolerance toward the PCL thin films over a period up to

6 months (Fig. 3). Postoperative corneal edema was present
in 4 eyes, persisting more than 1 week in 1 eye with an
anterior chamber device insertion (Table 2). Postoperative
ocular inflammation was seen over 1 week in 2 out of 3
anterior chamber insertion procedures; beyond 1 week
postoperatively, significant chronic inflammation was absent
in all eyes for up to 6-month follow-up periods (Table 3).
Pneumotonometry measurements of intraocular pressure
were variable and poorly reproducible in both implanted
and control rabbit eyes, precluding the assessment of IOP
effects. Adverse events related to the vitreous cavity device
injection or incisional insertion included 3 eyes with poste-
rior capsular cataract from lens trauma during vitreous
insertion (Table 2); progressive noniatrogenic cataract for-
mation was not seen in any eyes up to 6 months after device
insertion. Other iatrogenic events related to the posterior
cavity insertion included 3 eyes with an intraoperative reti-
nal tear or trauma, and 2 eyes with postoperative vitreous
hemorrhage that resolved at 1 week (Table 4). No eyes de-
veloped endophthalmitis or clinical signs of retinal degen-
eration. At implantation and over the ensuing months,
devices were positioned in the peripheral vitreous cavity or
over the peripheral iris, outside of the central visual axis.
Device migration exceeding 1 clock hour or posterior dislo-
cation was not observed for either anterior or posterior de-
vices over 6 months. In the setting of the formed vitreous of
the rabbit eye, posterior devices were in contact with the
posterior lens in some cases; the contact with retinal tissues
was not seen in any cases throughout the follow-up period.

Histological evaluation

Histology of 10 eyes (8 vitreous implants, 1 anterior
chamber implant, and 1 control) showed no inflammation or
morphologic abnormalities over 1 to 6 months of follow-up
at the ocular sites, including the cornea and anterior seg-
ment, trabecular meshwork, retina, uvea, and vitreous, and

TABLE 3. SAFETY STUDIES: OCULAR INFLAMMATION

Conjunctival injection

A/C Cell/Fibrin

Insertion Vitreous
site Any event  Grade >2, >1 week® Any event Grade >2, >1 week® cell/fibrin ~ Endophthalmitis
# of A/C devices 3 (100%) 0 2 (67%) 0 0 0
eyes (%) (3 eyes)
Vitreous 9 (60%) 0 0 0 0 0
devices
(15 eyes)

“Graded 0 to 4 in severity, with finding persisting more than 1 week after the insertion procedure.
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TABLE 4. SAFETY STUDIES: OCULAR HEMORRHAGE AND ADVERSE EVENTS
Vitreous hemorrhage Retinal tear or trauma
Hyphema Any event Persist 21 week® During insertion —Postinsertion —Retinal Detachment
# of A/C devices 0 0 0 0 0 0
eyes (%) (3 eyes)
Vitreous devices 0 2 (13%) 0 3 (20%) 0 0
(15 eyes)

“Finding persisting 1 week or longer after the insertion procedure.

the local sites of anatomic residence of the implanted device
(Fig. 4). Retinal degeneration and device/tissue responses
such as fibrotic encapsulation of the device were not seen in
any study eyes over the 1 to 6 months of follow-up. Figure 4
shows the preservation of the iris angle and the trabecular
meshwork, as well as an absence of inflammatory cells.

SEM evaluation of device integrity and durability

SEM studies demonstrated that micro- and nanos-
tructured biopolymer thin films were maintained up to 9

months, and no substantial cellular debris, inflammatory
cells, or fibrosis was observed on the thin-film surfaces. Mi-
crostructured thin films featuring a 50-pm groove array
showed no structural damage or degradation after implan-
tation and ocular residency. Microscale grooves were found
to maintain their definition and designed width and regu-
larity (Fig. 5). Similarly, nanostructured thin films main-
tained the integrity of the smallest-scale design features
through 9 months of ocular residence (Table 1; Fig. 6).
Compared to preimplantation, the thin films had no dis-
cernable alteration of the 30-nm-diameter pores or their

."f ol
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FIG. 4. Hematoxylin—eosin staining of the rabbit eyes after implantation of an intraocular thin film. (A—C) Control eyes. (D-
F) Thin film implanted into the anterior chamber (4 months). (G-I) Thin film implanted into the vitreous cavity (6 months).

The corneal anatomy and endothelium are preserved (A, D, G).

No inflammation or degeneration is observed in the anterior

segment of the eyes (B, E, H), or at the level of the retina or choroid (C, F, I). Magnification 20X. Color images available online

at www liebertpub.com/jop
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FIG. 5. SEM images of microstructured thin films before
and after ocular implantation. (A) Microstructured thin films
before implantation, and (B) unstructured and (C, D) mi-
crostructured thin films after 4 months in the vitreous cavity.
Microstructural features are preserved over this time course
and lack debris, fibrosis, or cellular reaction.

spacing and regularity after 6 and 9 months in the eye. Films
were not seen to be coated or occluded with cells or other
deposits while exposed to the vitreous gel.

Discussion

Both microstructural (50-um grooves) and nanostructural
(30-nm-diameter pores) design features were successfully
constructed in PCL thin films, a degradable medical bio-
polymer previously used for ocular application.’*>® The size
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FIG. 6. SEM images of nanostructured thin films retrieved
after ocular implantation. Nanostructured films (A) before
implantation, (B) after 6 months in the vitreous cavity, and
(C) after 9 months in the vitreous cavity. Nanostructural
features are preserved over this time course with no pore
disruption or surface deposits.

scales of structural features on these films offer novel func-
tional properties and potential biomedical applications;
microgrooved films are scaled for applications involving cell-
based therapies, and nanoporous films can serve as diffusion
control membranes for drug delivery applications. However,
the translation of this technology to ophthalmic devices is
predicated on (1) the structural integrity of micro- and na-
noscaled design elements during long-term residence in the
intraocular environment, and (2) the tolerance and safety of
biopolymer materials for the delicate tissues of the eye.
SEM studies performed on thin-film devices implanted
into the anterior chamber or the vitreous cavity of an adult
rabbit demonstrated that the structural integrity of the mi-
cro- and nanostructural architecture was maintained up to 9
months in the eye. This is fundamental to the use of this
technology in the eye, since a distinguishing feature of micro-
and nanoengineered devices is that unique functional prop-
erties are determined by the structure. For both micro- and
nanostructured films, the back of the structured film served
as an internal control, since the reverse side of these films
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was unstructured and received an identical casting proce-
dure. No observable changes in the surface structure were
noted on the flat side of the PCL films. Because these films
were cast from solution, the polymer is extremely contigu-
ous, which logically contrasts to pressed PCL pellets, where
inherent cracks and grain boundaries are present, and sig-
nificant surface roughening is observed.*>” Microscale fea-
tures were maintained without alteration of the fine structure
of the 50-um surface grooves after up to 6 months in the
vitreous cavity, with no evidence of adverse tissue—device
reactions or deposits (Fig. 5). Similarly, no visible alteration
in the nanostructured PCL was found between the pre-
implanted and postimplanted devices, with nanopores
maintaining the patency and stable 30-nm pore diameters
(Fig. 6). Further, the thin films did not elicit an observable
cellular reaction, fibrosis, encapsulation, or biodeposits dur-
ing residence in the rabbit eyes. These findings are necessary
for the use of this material in intraocular applications such as
drug delivery. Additionally, in this in vivo eye model, no
such structural disruption is seen over 9 months.

An acceptable ocular safety profile of these biopolymer
films was shown in toxicity studies in adult rabbit eyes using
serial ophthalmologic examinations and ocular histology.
Microstructured and nanostructured PCL thin films were
implanted into the anterior chamber or the vitreous cavity
for 1 week to 6 months (Tables 2-4). After the device im-
plantation procedure, typical postoperative signs of low-
grade conjunctival injection, corneal edema, and anterior
chamber inflaimmation were seen in some eyes, resolving
within 1 week. Persistent corneal edema was rare. Longer-
term ocular inflammation, iritis, or vitritis was not seen, nor
was cataractogenesis observed. No retinal degeneration or
retinopathy was seen clinically or histologically. Complica-
tions associated with the device insertion procedure included
vitreous hemorrhage, iatrogenic cataract, and retinal tear.
While the 4-x5-mm thin films were scaled for the human
eyes, this rabbit eye model is limited by small eye size and a
large spheroidal lens, which constrains the vitreous cavity
space, increasing the risk of inadvertent surgical trauma.

A limitation of these toxicity studies is that these devices
were composed of relatively high-molecular-weight PCL
(initial M,, 70-90kDa) and did not undergo complete phys-
ical degradation during the 6-month implantation period,
with minimal gross breakdown observed ophthalmoscopi-
cally. PCL degrades by a random chain scission at its ester
linkages; only mono- and dimeric caprolactic acid has sig-
nificant aqueous solubility, and consequently, the bulk
physical structure in PCL is maintained until the final stages
of degradation.”’ For experiments involving smaller thin-
film pieces (~1-2mm), film migration was not detected,
indicating that degraded fragments are likely to behave
similarly to the large films presented here. Further experi-
ments with lower-molecular-weight PCL are underway to
fully assess any ocular toxicity that may be associated with
PCL breakdown products released into the vitreous during
complete device degradation, as well as to determine the
potential impacts of film fragmentation.

Conclusions

The data presented here indicate the feasibility of micro-
and nanostructured PCL for ophthalmologic applications,
providing the first demonstration to our knowledge that

BERNARDS ET AL.

nanoscale design elements in biodegradable polymers can
maintain the structural integrity when dwelling in the eye: in
particular, this result establishes the groundwork for a class
of devices that rely on the preservation of the membrane
architecture over time.
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