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ABSTRACT Purpose: FK506 has been extensively used in preventing immune
rejection for human organ transplantation. This study aimed to evaluate the
effects of a biodegradable FK506 drug delivery system (DDS) implanted into
anterior chamber for the prolongation of corneal allograft survival in high-risk
keratoplasty. Methods: Biodegradable glycolide-co-clatide-co-caprolactone polymer (PGLC) was used as drug carrier to be incorporated with 0.5 mg of FK506
powder. The drug release from the FK506-PGLC DDS was evaluated in vitro
and in vivo. The FK506-PGLC DDS was implanted into the anterior chamber of
12 high-risk keratoplasty rabbits. The graft survival time and clinical features of
the FK506-PGLC DDS group were compared with the untreated, PGLC DDS,
cyclosporin A–PGLC DDS, and 0.5% FK506 drops groups. The histopathological examination was performed to evaluate the safety of the FK506-PGLC
DDS. Results: The mean graft survival time was longest (>180 days) in the
FK506-PGLC DDS group. In vivo, the FK506 concentration in aqueous humor
peaked on day 28 (17.9 ± 2.3 ng/ml) and kept a sustained release for at least 168
days. No adverse reactions were observed in the FK506-PGLC DDS group.
Conclusions: Biodegradable FK506-PGLC DDS implanted into anterior chamber can effectively prevent immune rejection in high-risk keratoplasty model,
presenting a promising approach for the prolongation of corneal allograft
survival.
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Corneal transplantation is a surgery for visual rehabilitation. So far, graft
rejection after surgery continues to be a major management problem, especially
among patients with high-risk keratoplasty whose rejection rate is higher than
60%.1
FK506, a macrolide antibiotic extracted from the fermentation broth of
a strain of Streptomyces, has been extensively used in preventing immune
969

rejection for human organ transplantation with an efficacy 10 ∼ 100 times of cyclosporin A (CsA).2,3 Systemic administration of FK506 was found effective for
prolongation of corneal allograft survival in patients.4
However, systemic side effects such as nephrotoxicity, hypertension, hyperesthesia, and central nervous
system alteration prevent its further use in the eyes.
Moreover, topical and subconjunctival use of FK506
were applied.5−10 However, the lipophilic physical and
chemical characteristics of the drug and carrier lead to
low drug concentration in cornea and anterior chamber,
and the endothelium type rejection could not be effectively prevented. How to get an effective drug concentration in the anterior chamber and prevent endothelium type rejection has become a key concern for many
ophthalmologists.
Therefore, we attempted to develop a drug delivery
system (DDS) with sustained release of FK506 and implanted it into the anterior chamber of rabbit eyes receiving corneal allografts to evaluate its effects on the
prolongation of graft survival.

MATERIALS AND METHODS
Animals
Eighty-four adult New Zealand White rabbits weighing 2 ∼ 2.5 kg each were obtained from Qingdao Experimental Animal Center and treated according to
the ARVO Resolution on the Use of Animals in Ophthalmic and Vision Research.

Drug Delivery System
FK506, kindly provided by Fujisawa Pharmaceutical Co., Ltd. (Osaka, Japan), was incorporated into
glycolide-co-clatide-co-caprolactone polymer (PGLC),
which is degradable in eyes. The powder of mixed PGLC
(0.5 mg) and FK506 (0.5 mg) was dissolved in chloroform before sterilized by filtration. The solution was
lyophilized and shaped into cylinders 1.5 mm long and
1 mm in diameter. Likewise, CsA-PGLC DDS containing 1.0 mg of CsA and 0.5 mg of PGLC, and PGLC
DDS containing 1.0 mg of PGLC were prepared.
The FK506-PGLC DDS, CsA-PGLC DDS, and
PGLC DDS were heated in epoxy ethane steam for 24
hr for antisepsis before packed in germ-free tubes for
use.
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Evaluation of Release of FK506
In Vitro
The FK506-PGLC DDS was put into a closed vial
containing 2 ml of phosphate-buffered solution (pH
7.4) and immersed in a shaking water bath at 37◦ C,
which was repeated on days 1, 7, 14, 21, 35, and 49
with fresh phosphate-buffered solution. The cumulative release of FK506 was measured with PRO-Trac II
Tacrolimus ELISA Kit (Labsystems, Van taa, Finland).

Evaluation of Release of FK506
In Vivo
Six rabbits (six eyes) were anesthetized with an intramuscular injection of ketamine (50 mg/kg) and xylazine
(10 mg/kg), and the ocular surface was anesthetized with
a topical instillation of 0.4% oxybuprocaine hydrochloride.
A 1.0-mm corneal tunnel was created at the superotemporal limbus using a disposable metal keratome,
through which the FK506-PGLC DDS was implanted
into the anterior chamber. All eyes received subconjunctival injection of 0.3% gentamicin immediately after surgery for prevention of infection. On days 7, 14,
28, 56, 112, and 168, 50 µl of aqueous humor were acquired for determination of the FK506 concentration
using the ELISA kit.

Penetrating Keratoplasty
The right corneas of 52 rabbits were induced to vascularization with 5-0 silk sutures evenly placed in each
quadrant of the cornea for 10 to 14 days when the
neovascular vessels from the limbus moved toward the
corneal center longer than 5 mm. The sutures were removed under topical anesthesia.
After 2 days, a 7-mm corneal graft bed was trephined
in the central cornea. Another 26 rabbits with no
corneal disease were used as donors. A 7.5-mm donor
cornea was prepared and immediately placed onto the
graft bed and secured with 12 interrupted 10-0 nylon sutures (Alcon Laboratories, Fort Worth, TX, USA). Postoperatively, all grafted eyes were given 0.3% gentamicin
three times a day for 3 days.
The 52 eyes with corneal allografts were randomized into untreated group (8 eyes), PGLC DDS group
(8 eyes), CsA-PGLC DDS group (12 eyes), FK506 drops
group (12 eyes, receiving 0.1% FK506–olive oil drops
four times a day till the immune rejection occurred), and
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FK506-PGLC DDS group (12 eyes). The CsA-PGLC
DDS, FK506-PGLC DDS, and PGLC DDS were implanted into the anterior chamber before closure of the
surgical incision.

Clinical Observation
Slit-lamp biomicroscopic examination was performed by a masked observer on days 3, 7, 14, 17, 21,
28, and weekly thereafter until 180 days after surgery.
A final examination was performed before the rabbits
were sacrificed. Corneal clarity, edema, vacularization,
iris status, and the changes of DDS were recorded. Clinical appearance of each graft was scored according to the
following grading system5,6 : grade 0, clear graft; grade 1,
slightly hazy graft that is moderately thickened and has
mild inflammatory cell infiltration; grade 2, distinctly
hazy graft that is thickened; grade 3, hazy graft that is
vascularized 1/2 to 3/4 of its diameter; grade 4, hazy
graft that is vascularized over 3/4 of its diameter. Grafts
in grade 2 and above were recorded as rejected.

Evaluation of FK506 Concentration
and Histopathological Examination
Four rabbits chosen from each group were killed on
day 28 after surgery, before which 0.5 ml of blood and
50 µl of aqueous humor were extracted. The cornea
was half cut. One half was weighed and cut into pieces
before alcohol was added to dissolve the FK506 in
the corneal tissue to determine the FK506 concentration; another half with the eyeball was prepared for
histopathological examination after immediate fixation
in 10% neutral buffered formalin. The specimens were
dehydrated in a series of ascending ethanol and cleared
in xylene before paraffin embedding and sectioning.
The 4-µm-thick sections were made and stained with
hematoxylin and eosin. At the end of the observation period in each group, the eyes obtained from
the CsA-PGLC DDS group, the FK506 drops group,
and the FK506-PGLC DDS group were subjected to
histopathological examination.

RESULTS
In Vitro and In Vivo Release of FK506
Figure 1A showed a stable, sustained, and slow release
in vitro of FK506 from the FK506-PGLC DDS for more
than 49 days. In vivo, the aqueous FK506 concentration
peaked on day 28 (17.9 ± 2.3 ng/ml) and gradually decreased (Fig. 1B).

Corneal Allograft Survival
Clinical appearance of each graft was scored. The
grading curves of the five groups are shown in Figure
2. In the untreated group and the PGLC DDS group,
corneal neovascularization and opacity occurred within
28 days (Fig. 3) while the grafts in the CsA-PGLC DDS
group, the FK506 drops group, and the FK506-PGLC
DDS group remained clear.
Graft rejection occurred at 17.9 ± 4.7 days in the
untreated group, 20.0 ± 3.7 days in the PGLC DDS
group, 56.3 ± 8.8 days in the CsA-PGLC DDS group,
78.1 ± 7.2 days in the FK506 drops group, and >180
days in the FK506-PGLC DDS group. There was
statistically significant difference between the FK506PGLC DDS group and the other groups respectively
(all p < 0.01). The graft survival time is presented by
Kaplan-Meier survival curves in Figure 4.
In the FK506-PGLC DDS group, the DDS could be
clearly seen during the observation period and became
small gradually until completely dissolved on week 28
(Fig. 5).

FK506 Concentration
Less than 0.3 ng/ml FK506 was detected in blood in
the FK506 drops group and the FK506-PGLC DDS
group on day 28. The FK506 concentrations in the
aqueous humor and the corneal tissue were 16.6 ± 1.9
ng/ml and 517.2 ± 47.6 ng/g, respectively, in the FK506PGLC DDS group on day 28, much higher than those
in the FK506 drops group (<0.3 ng/ml, 106.7 ± 52.7
ng/g, respectively) (p < 0.01).

Histopathological Examination
Data Analysis
Graft status in the five groups was compared using
the Newman-Keuls and two-tailed Student t test. SPSS
10.0 was used in data processing, and p < 0.05 was considered statistically significant.
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Severe infiltration of inflammatory cells, most of
which were lymphocytes, occurred in the untreated
group and the PGLC DDS group on day 28 (Fig.
6A). The blood vessels infiltrated into the graft. The
dilatation of blood vessels of the iris and retina
FK506 in Biodegradable PGLC Carrier

FIGURE 1 In vitro (A) and in vivo (B) drug release of the FK506-PGLC DDS (mean ± SD, n = 6 respectively).

was observed, and a few lymphocytes infiltrated the
tissue.
No inflammatory cells (Fig. 6B) or toxic effects were
observed on day 28 in the CsA-PGLC DDS group,
the FK506 drops group, and the FK506-PGLC DDS
group, which had normal corneal endothelium, iris,
retina, and intact lens capsule. When corneal rejection
occurred in the CsA-PGLC DDS group and the FK506
drops group, there was mild neovascularization and inflammatory cell infiltration, which did not appear in
the FK506-PGLC DDS group throughout the observation period. No toxicity was found in the FK506-PGLC
DDS group at final follow-up.
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DISCUSSION
Corneal allograft rejection is delayed-type hypersensitivity. The acute rejection mainly occurred within
1 ∼ 3 months. Clinically, 65% of rejection is endothelium type that often occurs at a later time.1 Topical
and systemic administration of the immunosuppressants is effective for the acute rejection but less for the
endothelium type rejection because of the barrier of
blood-aqueous humor.
In this study, there was no difference in the immunosuppressive ability between the CsA-PGLC DDS
group, the FK506 drops group, and the FK506-PGLC
972

FIGURE 2 Grading curves of corneal grafts in the five groups.

DDS group at the beginning. As time went on,
the aqueous CsA concentration decreased, and the
FK506 drops failed to prevent the endothelium
type rejection, with occurrence of graft rejection at
2 ∼ 3 months in these two groups. However, the
FK506-PGLC DDS could keep a sustained release
of the drug into aqueous humor for a longer graft
survival.
The FK506 immunosuppressive action depends on
the stable target FK506 concentrations. For organ trans973

plantation, 15 ∼ 20 ng/ml target FK506 is needed on
week 1 and 10 ∼ 15 ng/ml afterwards.11 Just as organ
transplantation requires a stable and effective drug concentration in blood, a stable and effective drug concentration in aqueous humor is very important for the
prevention of corneal allograft rejection. Topical FK506
can acquire a high concentration on the ocular surface
and in the upper layer of cornea but can hardly penetrate into the inner layer and aqueous humor due to
the barrier of cornea.
FK506 in Biodegradable PGLC Carrier

FIGURE 3 The rejected graft appears completely vascularized
on week 4 in the untreated group.

In this study, the FK506 concentration in aqueous
humor was lower in the FK506 drops group than that
in the FK506-PGLC DDS group, and correspondingly
graft rejection occurred earlier in the FK506 drops
group. The effective drug concentration achieved by
implanting the FK506-PGLC DDS in rabbit anterior
chamber was 10 ∼ 25 ng/ml, similar to the FK506 concentration in blood for organ transplantation. It needs
mentioning that one eye in the FK506-PGLC DDS
group had graft rejection on week 28 with an aqueous
FK506 concentration of 2.2 ng/ml. We concluded that
the minimal FK506 concentration in aqueous humor
should be higher than 2.2 ng/ml for prevention of graft
rejection, with an optimal concentration between 10 to
25 ng/ml.

FK506 has been proved effective for immunosuppression both in experimental and clinical
transplantation.12,13 Previous investigations7,10,14
showed that topical and systemic use of FK506 can
prevent experimental corneal allograft rejection by
exerting an inhibitory effect on transcription of interleukin 2 in T lymphocytes. FK506 can suppress mixed
lymphocyte reaction, cytotoxic T-cell generation, intercellular adhesion molecule (ICAM)-1, T-lymphocyte
cytokines mRNA expression, major histocompatibility
complex (MHC)-I and MHC-II antigen expression,
and the accumulation of immune active cells.15,16
It is well-known that systemic use of FK506 has
nephrotoxicity and neurotoxicity.17,18 An FK506 concentration of 88 ng/ml in blood aroused severe bilateral peripheric corneal ulcer in a patient after renal transplantation.19 Therefore, an appropriate dose
of FK506 needs to be determined. It was reported that
a DDS containing 2 mg of CsA produced a favorable
immunosuppressive result.20 Because FK506 possesses
an efficacy 10 ∼ 100 times of CsA, we had the FK506PGLC DDS containing 0.5 mg of FK506, which fulfilled the purpose of preventing graft rejection without
local or systemic drug side effects.
Akiyama et al.21 reported that an FK506 concentration of 127.1 ± 67.3 ng/g in cornea and 0.1 ± 0.1
ng/ml in aqueous humor was achieved by a 7-day conjunctival injection of FK506 in a dose of 0.1 mg/kg.
We incorporated FK506 in the PGLC, achieving a

FIGURE 4 Survival curves of corneal grafts in the five groups.
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(A)
(A)

(B)
(B)

FIGURE 6 The lymphocytes infiltrate into the graft in the untreated group (A), and no inflammatory cells are observed in the
FK506-PGLC DDS group (B) on week 4 (H&E, magnification × 112).

a new approach for the use of FK506 in eyes. FK506
0.5 mg contained in the DDS can effectively prevent
immune rejection in animal eyes with high-risk keratoplasty for a long period by sustained release of drug,
which appears promising in the prolongation of corneal
allograft survival in clinical practice.
(C)

FIGURE 5 The corneal graft remains clear on days 56 (A), 168
(B), and 180 (C) in the FK506-PGLC DDS group. The DDS gradually
becomes small until it completely dissolves.

5 times and 100 times drug concentration in cornea
and aqueous humor, respectively. The tri-component
PGLC, which had been proved nontoxic in our previous
investigations,22,23 could degrade to water and carbon
dioxide in the body with different duration as designed
by adjusting the ratio of the three components in it.
In this study, the FK506-PGLC DDS kept a sustained
drug release for at least 24 weeks in aqueous humor and
completely dissolved in the end. With clinical observation and histopathological examination, no toxicity was
noted in eyes with FK506-PGLC DDS. The possible effect on vision by the physical presence of DDS could
be omitted for the polymer not occluding the pupil.
In conclusion, biodegradable and nontoxic FK506PGLC DDS implanted into anterior chamber provides
975
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