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Six-month effective treatment of corneal graft rejection
Tuo Meng1†, Jinhua Zheng1,2†, Min Chen3,4,5†, Yang Zhao1,6, Hadi Sudarjat1, Aji Alex M.R.1,
Vineet Kulkarni1, Yumin Oh5, Shiyu Xia5, Zheng Ding5, Hyounkoo Han4,5, Nicole Anders7,
Michelle A. Rudek7, Woon Chow8, Walter Stark4,5, Laura M. Ensign4,5, Justin Hanes4,5*,
Qingguo Xu1,8,9*

Topical corticosteroid eye drop is the mainstay for preventing and treating corneal graft rejection. While the
frequent topical corticosteroid use is associated with risk of intraocular pressure (IOP) elevation and poor
patient compliance that leads to graft failure and the requirement for a repeated, high-risk corneal transplan-
tation. Here, we developed dexamethasone sodium phosphate (DSP)–loaded dicarboxyl-terminated poly(lactic
acid) nanoparticle (PLA DSP-NP) formulations with relatively high drug loading (8 to 10 weight %) and 6months
of sustained intraocular DSP delivery in rats with a single dosing. PLADSP-NP successfully reversed early signs of
corneal rejection, leading to rat corneal graft survival for at least 6months. Efficacious PLA DSP-NP doses did not
affect IOP and showed no signs of ocular toxicity in rats for up to 6 months. Subconjunctival injection of DSP-NP
is a promising approach for safely preventing and treating corneal graft rejection with the potential for im-
proved patient adherence.
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INTRODUCTION
Corneal disease is one of the leading causes of blindness and vision
loss, affecting 4.2 million people worldwide (1). Corneal transplan-
tation is the last step for visual rehabilitation once the disease severe-
ly affects corneal clarity (2). Each year, there are more than 60,000
corneal transplantations in the United States, and more than
184,576 corneal transplantation surgeries are performed worldwide
(3, 4). Immunological rejection of the donor cornea, which occurs
in 10 to 50% of patients, is the most common reason for graft failure
(5). Once a graft has been rejected and a repeated transplant is per-
formed, these high-risk cases have the highest rates of rejection at
~50% (6, 7). Furthermore, because of the limited availability of
donor cornea tissues suitable for transplantation, a treatment that
can effectively prevent and even reverse early signs of graft rejection
would benefit patients and reduce the burden on the health
care system.

Topical corticosteroids are the mainstay of immunosuppressant
therapy for preventing and treating corneal graft rejection (8).
However, topical eye drops typically provide low ocular bioavailabil-
ity and require repetitive dosing (9). The clinical standard for pre-
venting corneal graft rejection following keratoplasty is to apply
corticosteroid eye drops as frequently as four to five times a day

for at least 1 month and then gradually taper down the frequency
of dosing over a total of 6 to 12 months (10, 11). To rescue grafts
with early signs of rejection, corticosteroid eye drops have to be
used as frequently as once per hour while awake together with oph-
thalmic ointment while asleep (11, 12). These intensive regimens
can increase the chance of corticosteroid-associated side effects,
such as intraocular pressure (IOP) elevation, leading to glaucoma
and cataract (13, 14). Lack of compliance with these intensive reg-
imens is also a concern. Thus, there is a compelling need for a for-
mulation that provides sustained release of corticosteroids to the
anterior chamber for treating corneal graft rejection.

The water-soluble prodrug of dexamethasone (DEX), dexame-
thasone sodium phosphate (DSP), has been observed to accumulate
in the anterior chamber after subconjunctival (SCT) injection, pre-
sumably due to transscleral diffusion (15), and thus is commonly
administered at the end of corneal transplant surgery (16). Unfor-
tunately, DSP is cleared rapidly from the eye within 24 hours after
SCT injection, limiting the duration of effect and necessitating the
prolonged use of topical eye drops (11). Previously, we developed
poly(lactic-co-glycolic acid) (PLGA)–based DSP-loaded NPs
(PLGA DSP-NP) that through a noncovalent cationic zinc bridging
method with the terminal carboxylic acid group on the PLGA, sus-
tained the release of DSP for about 2 weeks in vitro (17). Once
weekly SCT injections of the PLGADSP-NP formulation prevented
corneal allograft rejection over a total of 2 months in rats (17).
However, weekly SCT injections would be impractical clinically, ne-
cessitating the development of a long-lasting formulation.

Here, we describe the development of long-lasting DSP-NP
using custom-synthesized dicarboxyl-terminated PLA polymers
(PLA-2COOH) to extend the duration of DSP release while main-
taining high DSP loading. We found that the PLA DSP-NP provid-
ed sustained drug concentrations in rat eyes for up to 6 months after
a single SCT injection. We further demonstrate that a single SCT
administration of PLA DSP-NP prevented corneal allograft rejec-
tion for up to 6 months in rats. Moreover, a single SCT of the
PLA DSP-NP rescued corneal grafts with early signs of rejection
and maintained graft survival for up to 6 months. In healthy rats,
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SCT injection of PLA DSP-NP caused no signs of ocular toxicity, as
measured by IOP, corneal histology, and retinal function for up to 6
months. These results highlight the potential for a long-lasting PLA
DSP-NP platform to replace the need for high-frequency topical
corticosteroid eye drop administration for both the prevention
and reversal of corneal graft rejection.

RESULTS
SCT injection of PLGA DSP-NP reversed the early signs of
corneal allograft rejection and prolonged graft survival to
21 days
We previously demonstrated that our PLGA DSP-NP provided sus-
tained drug concentrations in rat eyes for ~1 week following SCT
injection (18) and prevented corneal graft rejection with weekly in-
jection in a rat model (17). Here, we sought to investigate whether
the PLGA DSP-NP could reverse early signs of rejection in rats.
Conventional penetrating keratoplasty (PKP) was performed on
inbred rats with different genetic backgrounds as previously de-
scribed (17), and treatment was withheld until postoperative (PO)
day 3 (POD3) (Fig. 1A). Early signs of rejection observed by slit
lamp (Fig. 1B) and scoring of opacity (Fig. 1C), edema (Fig. 1D),
and corneal neovascularization (CNV) (Fig. 1E) were confirmed
on POD3, at which time rats received a single SCT injection of
saline, DSP solution, or the PLGA DSP-NP (100 μg of DSP). Two
days later (POD5), the grafts treated with saline and DSP solution
exhibited increased opacity and edema (Fig. 1B) and, by total clin-
ical grade (Fig. 1F), were completely rejected by POD10 (0% surviv-
al rate) (Fig. 1G). In contrast, treatment with PLGA DSP-NP led to
gradually improved corneal transparency and reduced corneal
edema from POD5 to POD10 (Fig. 1B). However, the corneal
opacity and edema began to return past POD17, and all corneas
in the PLGA DSP-NP–treated group were rejected by
POD28 (Fig. 1G).

Because corticosteroidsmainly affect cytokines secretion by lym-
phocytes and macrophages (19), we further analyzed inflammatory
genes expression in the corneal grafts at POD10. Compared with
DSP solution, the PLGA DSP-NP significantly down-regulated ex-
pression of pro-inflammatory interleukin-1β (IL-1β) (Fig. 2A), in-
terferon-γ (IFN-γ) (Fig. 2B), tumor necrosis factor–α (TNF-α)
(Fig. 2C), and Granzyme B (Fig. 2D), a cytolytic protein that pro-
motes cell apoptosis and corneal immunological rejection (20).
PLGA DSP-NP treatment also significantly up-regulated anti-in-
flammatory gene IL-4 expression (Fig. 2E). DSP solution treatment
showed similar trends; however, the impact was significantly less
than the DSP-NP treatment. Corneal histology at POD10 showed
that the saline-treated corneal grafts had inflammatory cell

infiltration (black asterisks), neovascularization (yellow arrows),
and severe edema accompanied by thickening of the cornea
(Fig. 2F). While not as severe as untreated animals, the corneal
grafts of animals treated with DSP solution also had inflammatory
cell infiltration, neovascularization, and edema (Fig. 2F). Notably,
no substantial inflammatory cells and edema was found in the
PLGA DSP-NP–treated corneal grafts (Fig. 2F). Rat corneal grafts
treated with the PLGA DSP-NP on POD5 instead of POD3
showed complete graft rejection by POD12, highlighting the impor-
tance of diagnosing and treating early signs of rejection as early as
possible (fig. S1).

Long-lasting PLA DSP-NP demonstrated high DSP loading
with sustained drug release in vitro up to 3 months
Water-soluble DSP has increased ocular bioavailability compared to
low solubility DEX after SCT injection, but water-soluble drugs are
more challenging to load for sustained drug release (18, 21). One
approach for loading DSP into biodegradable particles is to use a
cationic zinc bridging between DSP and the carboxyl terminal
groups on a biodegradable polymer such as PLGA, although there
was a trade-off between polymer molecular weight/duration of
release and the drug loading (17, 22, 23). To develop a longer-
lasting DSP-NP formulation with similarly high drug loading as
PLGADSP-NP (18), we custom-synthesized dicarboxyl-terminated
PLA polymers with weight averaged molecular weight (Mw) of
either 5.1 or 8.2 kDa (fig. S2). We introduced carboxyl terminal
groups at both ends of low molecular weight PLA polymers to in-
crease the DSP loading in the NP (Fig. 3A). In addition, the in-
creased hydrophobicity of the PLA polymer would further slow
the polymer degradation and prolong the drug release both in
vitro and in vivo. PLA-2COOH polymers were characterized by
1H nuclear magnetic resonance and gel permeation chromatogra-
phy (GPC) (fig. S2, A and B, and table S1). GPC analysis demon-
strated that both polymers have theMw of 5105 (5.1 kDa) and 8200
(8.2 kDa) with polydispersity index (PDI) of 1.36 and 1.25, respec-
tively (table S1). Potentiometric titration was conducted to quantify
the carboxyl content in the polymer. PLA-2COOH (5.1 and 8.2
kDa) contained carboxyl groups of 1297 ± 33 and 365 ± 6 μmol/
g, respectively (fig. S3).

Both PLA-2COOH polymers were formulated into DSP-NP,
namely, as PLA DSP-NP (5.1 kDa) and PLA DSP-NP (8.2 kDa),
using the zinc ion bridging method as previously described (17).
The PLA DSP-NPs were spherical in shape (Fig. 3, B and C) with
particle sizes around 200 nm (Table 1). Pluronic F127 provided
dense surface polyethylene glycol coating on the NP surface (24),
as demonstrated by the near-neutral surface charge (ζ potential
around −3 mV) (Table 1). Because of the increased carboxyl
content of both polymers, the resulting drug loading of the PLA
DSP-NP (5.1 kDa) and PLA DSP-NP (8.2 kDa) was 10% (w/w)
and 8% (w/w), respectively (Table 1). Both PLA DSP-NP formula-
tions demonstrated a longer duration of drug release than the
PLGA-based formulation (18) without apparent burst release
(<2% DSP release within the first 2 hours; Fig. 3D). The PLA
DSP-NP (5.1 kDa) achieved sustained drug release for >30 days in
vitro, and the PLA DSP-NP (8.2 kDa) provided even longer drug
release for >3 months. The PLA DSP-NP (8.2 kDa) was selected
for all animal studies moving forward and is henceforth referred
to as PLA DSP-NP.

Table 1. Characterization of PLA DSP-NP formulations.

Formulation Size (nm) PDI ζ
potential
(mV)

Drug
loading
(w/w)

PLA DSP-NP
(5.1 kDa)

210.3 ± 9.1 0.06 ± 0.02 −3.0 ± 0.1 10%

PLA DSP-NP
(8.2 kDa)

231.4 ± 7.1 0.16 ± 0.08 −3.6 ± 0.2 8%

Meng et al., Sci. Adv. 9, eadf4608 (2023) 22 March 2023 2 of 14

SC I ENCE ADVANCES | R E S EARCH ART I C L E



Fig. 1. A single SCT injection of PLGA DSP-NP at POD3 provided short-term reversal of corneal graft rejection. (A) Treatment scheme of rat corneal allograft
rejection. At POD3, a single 10-μl SCT injection of saline, DSP solution (DSP, 10 mg/ml), or PLGA DSP-NP (DSP, 10 mg/ml) was administered (n = 5 per group).
Routine clinical evaluation was conducted at POD3, POD10, POD17, and POD28. (B) Representative photos of grafts at POD3, POD10, POD17, and POD28. (C) Corneal
opacity, (D) edema, (E) neovascularization, (F) total clinical grade, and (G) graft survival rate. Data are shown asmeans ± SEM. For (C) to (F), statistical analysis at POD10was
calculated using one-way ANOVAwith a Tukey’s post hoc test for multiple comparisons (PLGA DSP-NP compared with Saline: *P≤ 0.05, **P≤ 0.01, and ***P≤ 0.001; PLGA
DSP-NP compared with DSP solution: #P≤ 0.05, ##P≤ 0.01, ###P≤ 0.001). PKP, penetrating keratoplasty.
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SCT injection of PLADSP-NP provided sustained drug levels
in the rat eye for 6 months
It was previously demonstrated that the duration of drug release
after periocular NP injection may be longer in vivo than the in
vitro drug release under sink conditions (25). Here, we found that
a single SCT injection of PLA DSP-NP was able to deliver sustained
drug levels of DSP and parent drug DEX in the conjunctiva
(Fig. 4A), cornea (Fig. 4B), aqueous humor (Fig. 4C), and vitreo-
retina-choroid (Fig. 4D), with minimal systemic plasma exposure
(Fig. 4E) for at least 6 months. In contrast, in our previous study,
free DSP solution was rapidly cleared from rat eyes within a day
after SCT injection (17).

The continuously high drug levels in conjunctiva tissue up to 6
months confirmed a long drug retention from the SCT injection of
PLA DSP-NP (Fig. 4A). For other ocular tissues, a peak in DSP

concentration was detected during the first month after the NP in-
jection, followed by sustained DSP/DEX release afterward. Among
all the ocular tissues, the highest drug concentration was observed
in the conjunctiva, followed by the cornea, the vitreo-retina-
choroid, and the aqueous humor (26, 27). In plasma, the highest
DEX concentration was detected at 6 hours after SCT injection of
DSP-NP and gradually declined at later time points (Fig. 4E). There
was no detectable DSP in the plasma (Fig. 4E), likely due to limited
systemic absorption and rapid hydrolysis to parent DEX (28).
AUC0–180 days was calculated using noncompartmental analysis
(fig. S4). In all the ocular tissues, the highest area under the curve
(AUC) for DSP and DEX was observed in the conjunctiva, followed
by the cornea, the vitreo-retina-choroid, and the aqueous humor.
Drug levels were far lower in the plasma than in ocular tissues,

Fig. 2. Reversal of corneal graft rejection with PLGA DSP-NP treatment is associated with down-regulation of pro-inflammatory genes and up-regulation of
anti-inflammatory marker at POD10. Relative expression of (A) IL-1β, (B) IFN-γ, (C) TNF-α, (D) Granzyme B, and (E) IL-4 in cornea tissues at POD10 compared to healthy
corneas (n = 6). Gene expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and analyzed using ΔΔCT method. Results are presented as
expression relative to that of healthy cornea tissue. (F) Histology images of grafts at POD10. Scale bars, 100 μm. Black asterisks indicate inflammatory cells. Yellow arrows
indicate neovascularization in the cornea samples. Statistical significance was calculated by one-way analysis of variance (ANOVA) with Tukey’s multiple comparison tests
(*P < 0.05, **P < 0.01, and ***P < 0.001). Data are shown as means ± SEM.
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highlighting the benefit of local, sustained release from a safety
perspective.

A single SCT injection of PLA DSP-NP successfully
prevented corneal graft rejection for 6 months in rats
We then studied the efficacy of a single SCT injection of PLA DSP-
NP for preventing the corneal graft rejection in rats. The schedule of
the 6-month prevention study is shown in Fig. 5A. We first evalu-
ated the efficacy of PLA DSP-NP at the dose containing 800 μg of
DSP. As shown in Fig. 5B, at the dose of 800 μg of DSP, PLA DSP-
NP maintained corneal transparency and prevented corneal allo-
graft rejection for 6 months. As corticosteroid sparing is a
common clinical strategy to avoid off-target side effects (9, 29),
we further investigated the efficacy of PLA DSP-NP at lower
doses. As the doses were reduced to 400, 200, and 100 μg of DSP,
PLA DSP-NP still maintained corneal transparency and prevented
rat cornea allograft rejection for 6 months (Fig. 5B). Clinical evalu-
ation also demonstrated that all grafts in the four groups were clear
(average opacity grades of <1; Fig. 5C) with minimal edema
(Fig. 5D) over the 6 months. All the groups exhibited average
CNV grades around 2 over 6 months, which can be explained by
the incomplete suppression of CNV provided by corticosteroids
(30). Although the 100-μg dose provided relatively higher CNV
grades during the 6-month treatment period, there was no statistical
difference among all the groups at later time points (Fig. 5E). The
minimum opacity grade (<1; Fig. 5C) and total clinical grades
(average of <2.5; Fig. 5F) reflected a graft survival rate of >87%
among all groups (Fig. 5G). There were only two animals with
graft rejection; one of eight in the 400-μg group failed at postoper-
ative (PO) 1 month (PO 1m), and one of eight in the 800-μg group
failed at PO 6m (Fig. 5G).

Overall, the corneal histology at PO 6m showed relatively normal
stroma, epithelium, and endothelium layer integrity, and a lack of
corneal thickening or immune cell infiltration was observed
(Fig. 5H). However, in the 100-μg dose group, corneal scarring
was detected, as evidenced by the lack of keratocytes in the center
part of the cornea stroma (black asterisks, Fig. 5H). Neovasculariza-
tion was observed in the corneal bed area with minimal neovascu-
larization in the center part of 800 μg of DSP-treated corneal graft
(black arrows, Fig. 5H).

A single SCT injection of PLA DSP-NP effectively reversed
early signs of corneal graft rejection and maintained the
graft survival for 6 months
To assess the potential for the long-lasting PLA DSP-NP formula-
tion to reverse early signs of corneal graft rejection, various doses of
PLA DSP-NP were injected SCT on POD3 (Fig. 6A). Similarly, we
started an efficacy study at the high dose of PLADSP-NP containing
800 μg of DSP. As shown in Fig. 6B, PLA DSP-NP (800 μg of DSP)
successfully rescued grafts with early signs of rejection, resulting in
clear grafts at PO 1m and up to 6 months. Then, we further reduced
the dose of PLA DSP-NP to 400, 200, and 100 μg of DSP. Encour-
agingly, all doses of PLA DSP-NP successfully rescued grafts with
early signs of rejection, resulting in clear grafts at PO 1m and up
to 6 months (Fig. 6B). Animals treated with PLA DSP-NP had
low average opacity grades (<1; Fig. 6C) and edema grades (<0.5;
Fig. 6D). CNV was detected in all dose groups with an average
score of <3 (Fig. 6E). All groups presented total clinical scores <4
(Fig. 6F), consistent with 100% graft survival in all groups (Fig. 6G).

The corneal histology at PO 6m presented relatively normal
structure integrity, and a lack of corneal thickening or immune
cell infiltration was observed (Fig. 6H). However, neovasculariza-
tion was detected in the recipient area of all the grafts (black

Fig. 3. Design and characterization of PLA DSP-NP formulations. (A) DSP was loaded into PLA-2COOH NPs via zinc ion bridging between the carboxyl groups from
PLA-2COOH and phosphate groups fromDSP. Transmission electronmicroscope images of (B) PLA DSP-NP (5.1 kDa) and (C) PLA DSP-NP (8.2 kDa). (D) In vitro drug release
profiles of PLA DSP-NP (5.1 kDa) and PLA DSP-NP (8.2 kDa) under sink conditions at 37°C. DL, DSP drug loading.
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arrows, Fig. 6H). Similar to that shown in Fig. 5H, grafts of rats
treated with 100 μg of DSP had a reduced number of keratocytes
in the stroma area, suggesting reduced efficacy compared to
higher doses (black asterisks, Fig. 6H). All the corneal grafts pre-
sented similar compact structure and structural integrity as the
healthy corneas, with no apparent inflammatory cell infiltration
or abnormal blood vessels (Fig. 6H).

Safety evaluation after a single SCT injection of PLADSP-NP
was followed for 6 months
It has been reported that the long-term corticosteroid administra-
tion is associated with increased IOP and body weight changes (31–
34). Thus, we next conducted a 6-month safety study in healthy rats
to monitor ocular IOP and body weight after a single SCT injection
of PLA DSP-NP (200, 400, and 800 μg of DSP) in both eyes com-
pared to three times daily of 0.1% DSP topical eye drops for 3 weeks
(Fig. 7A). While a significant increase in IOP was observed with the
three times daily eye drops at the second week after dosing, there
was no change in IOP with all doses of PLA DSP-NP through the
full 6 months (Fig. 7B). The topical eye drops further were

associated with a significant decrease in body weight of ~29% at
the second week (Fig. 7C), which further increased to a loss of
~45% of body weight by 3 weeks, necessitating cessation of treat-
ment. While only 400- and 800-μg doses of PLA DSP-NP treatment
induced a dose-dependent reduction in body weight at the second
week after SCT injection, the body weight recovered and steadily
increased in all groups (Fig. 7C). Although the body weight of
rats receiving the 800-μg dose recovered and increased throughout
the 6 months, their body weight remained significantly lower than
the rats receiving the 200- and 400-μg doses (Fig. 7C).

Another concern regarding the long-term usage of corticoste-
roid is cataract (9). As shown in fig. S5, all the eyes were clear
with no signs of cataract over 6 months. Similarly, no obvious his-
tology change was observed in rat corneas at 6 months after PLA
DSP-NP administration (Fig. 7D). Furthermore, compared with un-
treated control rats, electroretinogram (ERG) on rats receiving PLA
DSP-NP treatment were indistinguishable (Fig. 7, E to H, and
fig. S6).

Fig. 4. In vivo pharmacokinetic profiles of DSP and DEX after 30-μl SCT injection of PLA DSP-NP (600 μg of DSP) in rats. DSP and DEX concentrations in (A)
conjunctiva, (B) cornea, (C) aqueous humor, (D) vitreo-retina-choroid, and (E) plasma at 6 hours, 1 day, 1 week, 2 weeks, 1 month, 2 months, 3 months, 4 months,
5 months, and 6 months after SCT injection of DSP-NP. Data are represented as means ± SEM. n = 5 to 6 eyes or n = 3 plasma samples.
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Fig. 5. A single SCT injection of PLA DSP-NP prevented corneal allograft rejection. (A) Schedule for the efficacy study of PLA DSP-NP in preventing corneal allograft
rejection. (B) Representative images of grafts at PO 1m, PO 3m, and PO 6m. (C) Corneal opacity grade, (D) edema grade, (E) neovascularization grade, (F) total clinical
grades, and (G) graft survival rate. (H) Representative histology images of center (top row) and bed (bottom row) area of the cornea at PO 6m. Black asterisks represent the
corneal stroma with a lack of corneal keratocytes. Black arrows indicate neovascularization in the corneal samples. Data are represented as means ± SEM. For (C) to (G),
statistical analysis at each time points were calculated using one-way ANOVA with a Tukey’s post hoc test with multiple comparisons.
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Fig. 6. A single SCT injection of PLA DSP-NP rescued corneal allografts with signs of early injection and maintained graft survival up to 6 months. (A) Schedule
for the efficacy study of PLA DSP-NP in reversing corneal allograft with signs of early rejection. (B) Representative images of grafts at PO 1month, 3months, and 6months.
(C) Corneal opacity, (D) edema, and (E) neovascularization, (F) total clinical score, and (G) graft survival curves. (H) Representative histology images of center (top row) and
bed (bottom row) area of the cornea at PO 6m. Black asterisks represent the corneal stroma with a lack of corneal keratocytes. Black arrows indicate neovascularization in
the corneal samples. Data are represented as means ± SEM. For (C) to (G), statistical analysis at each time point was calculated using one-way ANOVAwith a Tukey’s post
hoc test for multiple comparisons. (*P ≤ 0.05 for 100 to 200 μg.)
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Fig. 7. Safety evaluation after a single SCT injection of PLA DSP-NP. (A) Schedule of safety study. (B) Rat IOP and (C) change in body weight (BW) (%) after single SCT
injection of PLA DSP-NP (200, 400, or 800 μg of DSP). Topical 0.1% DSP eye drops (three times/day for 3 weeks) were applied as positive control, and untreated rats were
used as negative control. (D) Representative hematoxylin and eosin staining of cornea collected at 6 months after PLA DSP-NP injection. Quantification of the amplitude
of (E) scotopic a-wave, (F) photopic a-wave, (G) scotopic b-wave, and (H) photopic b-wave at 6 months. N = 4 independent animals per group were used for body weight
monitoring. N = 6 to 8 independent eyes per group for IOP and ERG studies. Data are represented asmeans ± SEM. Statistical analysis for (B) and (C) and (E) to (H), two-way
ANOVA with multiple comparisons was used. (* for comparison with healthy control: *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.)
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DISCUSSION
Despite advances in surgical technique for corneal transplantations
(35), immunological graft rejection is still a major cause of graft
failure and need for repeated procedures (6, 7). Because corneal re-
jection begins to develop immediately after corneal graft transplan-
tation (36), surgeons typically administer a SCT injection of DSP at
the end of surgery in addition to prescribing corticosteroid drops to
be used for 6 to 12 months after surgery (12, 16). While the ocular
bioavailability of water-soluble DSP after SCT injection is relatively
high compared to poorly soluble DEX, drug retention time in the
eye is typically less than 1 day (15). The poorly soluble DEX has been
formulated into topical suspensions while it has a short half-life of
less than 2 hours (37). Because of the limited intraocular absorption
and rapid clearance of topical eye drops, repetitive dosing is re-
quired, compromising patient compliance and increasing likeli-
hood of corticosteroid-related side effects (38, 39). Particularly in
the case where early signs of rejection are evident, hourly eye
drop dosing is onerous, and the need for subsequent transplanta-
tion procedures further increases risk of graft rejection (40).

The use and limitations of DSP in the clinical management of
corneal transplantation procedures inspired us to develop sus-
tained-release formulations for SCT injection, although achieving
loading and sustained release of highly water-soluble drugs such
as DSP is challenging. Previously, we and other researchers de-
scribed the development of water-soluble corticosteroid-loaded
NPs using zinc cations to bridge the phosphate group on the corti-
costeroid to terminal carboxyl groups on PLGA polymers (17, 18,
22, 23). As DSP is highly water soluble (water solubility of >50 mg/
ml), this bridging interaction is key in achieving sufficient drug
loading and sustained drug release. While DSP-NPs prepared
with conventional ester-terminated PLGA polymer contained
only a fraction of a percent of DSP by weight (<0.2 wt % DSP
loading), DSP-NPs composed of carboxyl-terminated PLGA (3.2
kDa) had ~8% (w/w) DSP loading and provided DSP release for
at least 1 week in vitro (17). The duration of in vitro drug release
could be extended to 3 months using a higher molecular weight car-
boxyl-terminated PLGA (32 kDa), although the DSP loading was
only ~1% (w/w), indicating that the hydrophobic interaction was
not the determinant of high DSP loading in the NP and highlighting
the importance of the carboxyl groups of polymers instead (18). The
DSP-NP composed of PLGA (3.2 kDa) provided sustained DSP
levels in the rat eye for about 1 week, and we demonstrated that
this led to effective prevention of corneal allograft rejection in rats
with once weekly dosing (17). While more effective than free DSP
injection and safer than daily eye drops (17), once weekly is not a
clinically feasible injection frequency. Although the duration of
action of the first-generation PLGA DSP-NP would not be feasible
as a long-term strategy to replace eye drops for prevention of corneal
graft rejection, the fast-acting release that lasts for about a week
could be a feasible option for replacing intensive eye drops to
reverse the early signs of graft rejection. Encouragingly, we observed
here that a single SCT injection of the PLGADSP-NP on POD3 was
effective in reversing the early signs of graft rejection, while free DSP
injection was unable to rescue the grafts from failure. PLGA DSP-
NP injection also extended the duration of the graft survival to
POD17, but all corneal grafts were rejected by POD28. Although
promising, this case still necessitates the development of a long-
lasting formulation.

Here, we designed dicarboxyl-terminated PLA polymers to for-
mulate long-lasting DSP-NP that provided sustained corticosteroid
levels in the rat eye for at least 6 months with a single SCT injection.
We custom-synthesized dicarboxyl-terminated PLA polymers,
which would both increase the number of available carboxyl
groups and the polymer hydrophobicity allowing for the use of
lower molecular weight PLA while maintaining a slower degrada-
tion rate than PLGA. Our PLA DSP-NP that composed of PLA-
2COOH (8.2 kDa) had 8% (w/w) DSP loading and released DSP
for at least 3 months in vitro. However, upon evaluating intraocular
drug levels after a single SCT injection in rats, drug concentrations
were sustained in ocular compartments for at least 6 months. This is
consistent with prior observations that the duration of in vitro drug
release may not directly correlate with the duration of in vivo drug
release upon ocular injection (25, 41). The longer drug release in
vivo over in vitro can be explained by the extended NP retention
and delayed NP clearance at the injection site. Even at 6 months
after the PLA DSP-NP injection, we were able to observe particles
at the injection site liquid chromatography with tandem mass spec-
trometry (LC-MS/MS) analysis also demonstrated remaining DSP
concentration of 31 μg/g in the conjunctival tissues at 6 months
after the administration of PLA DSP-NP.

SCT injection has a long history of use for achieving drug deliv-
ery to the anterior segment of the eye, although SCT injection of free
drug solutions is often associated with rapid systemic exposure and
limited ocular bioavailability (42). In contrast, our PLA DSP-NP
provided sustained DSP concentrations in the rat cornea and
aqueous humor for 6 months. In addition, the ocular exposure
(AUC0–180 days) of DSP in the anterior segment of the eye was
around 200-fold higher than that in the systemic circulation after
PLA DSP-NP injection. In the efficacy study, we first demonstrated
that a dose of 800 μg of PLADSP-NPwas effective in preventing and
reversing corneal graft rejection while maintaining corneal graft
survival out of 6 months. Encouragingly, even lower doses of 400,
200, and even 100 μg of DSP-NP were still effective in preventing
and reversing the corneal graft rejection and maintained the graft
survival for 6 months, with few exceptions. Moreover, there was
no significant difference in the overall efficacy of PLA DSP-NP
among all the doses. Furthermore, in the safety study, no significant
IOP increase was detected over 6 months after the SCT injection of
PLA DSP-NP at all doses level. Although the highest dose of PLA
DSP-NP caused a slight acute decrease in body weight, the impact
was less than the repeated corticosteroid eye drops dosing regimen
(three times/day for 3 weeks). The lower doses of PLA DSP-NP had
no effect on body weight. Using the minimal possible effective dose
would be of particular benefit to pediatric patients (43) and patients
with pre-existing ocular diseases including glaucoma, history of
ocular trauma that requiring extra cautious usage of topical cortico-
steroids (14, 44). Identifying the optimal minimum dose of PLA
DSP-NP to maximize safety and efficacy while also considering
dose scaling to larger eyes will be the subject of future studies.

Despite the encouraging efficacy and safety demonstrated for
PLA DSP-NP, some aspects can be further improved. First, in the
efficacy studies, rats receiving all doses of PLA DSP-NP still dem-
onstrated low levels of CNV. Corticosteroids have previously been
shown to only partially suppress CNV and have limited efficacy in
reducing existing CNV (30, 45). It is possible that more complete
control of CNV after PKP surgery could be achieved using concom-
itant anti-angiogenic treatment. For example, tyrosine kinase
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inhibitors and anti–vascular endothelial growth factor therapies
have been shown to be effective in reducing CNV preclinically
(46, 47). Second, considering the large size differences between
human and rodent eyes, ocular pharmacokinetic and safety
studies on larger animals should be conducted to facilitate future
clinical translation. Because of heightened ocular sensitivity and
eye size that approaches that of humans, rabbits are the most com-
monly used species for ocular research (48). Rabbits have been used
in corneal transplantation studies; however, the rabbit corneal en-
dothelial cells can proliferate in vivo and would tend to heal spon-
taneously (49), and the corneal grafts incline to survive indefinitely
even without the use of immunosuppressants when allograft placed
on nonvascularized rabbit graft beds (50). Therefore, the rabbits
may not be a good model in our study aiming to evaluate the effi-
cacy of PLA DSP-NP to prevent and treat normal risk corneal allo-
graft rejection. To achieve the corneal transplantation rejection,
some researchers induced neovascularization on rabbit corneas to
make the corneal transplant as high-risk corneal transplantation,
which is a different animal disease model (50). On the contrary,
the rat eyes are big enough to do the corneal transplantation with
chronic immunological rejection when a corneal graft from an
inbred strain (e.g. Fischer rats) was implanted to a different
inbred strain (e.g. Lewis rats). However, rabbit has the sclera thick-
ness about the half of the human sclera thickness (0.4 ~ 0.9 mm),
while sclera thickness in rat is much thinner (<0.1mm) (51, 52). The
thicker sclera in larger animals may lead to slower drug diffusion
into the eye after the SCT injection. In addition, rat eye has much
slower aqueous humor flow rate of 0.35 μl/min than that of rabbit
eye, which shares similar aqueous humor flow with human eye
(2.7 to 2.8 μl/min), and the higher aqueous humor flow rate may
contribute to the faster drug clearance from the eye (51).

In summary, we developed a PLA DSP-NP that could improve
patient compliance by eliminating the repeated application of
topical corticosteroid eye drops, decreases the risk of corticosteroid
induced side effects, and leads to the 6-month efficacies of prevent-
ing and treating corneal graft rejection. The DSP-NPs mainly com-
posed of PLGA/PLA and zinc, which are widely used in the
ophthalmic products (53, 54), thus holding great potential for the
clinical translation of this drug delivery platform. Given the broad
applications of corticosteroids, the PLA DSP-NP should have broad
potential clinical impact.

MATERIALS AND METHODS
Materials
PLGA (50:50, Mw ~ 3.2 kDa, single carboxyl-terminated) was pur-
chased from Lakeshore Biomaterials (Evonik, Birmingham, AL).
The dicarboxyl-terminated poly(D,L-lactide acid), PLA-2COOH
(5.1 kDa), and PLA-2COOH (8.2 kDa) were custom-synthesized
by Polymer Source Inc. (Quebec, Canada) (details were provided
in the Supplementary Materials). DSP salt (0215756594) was pur-
chased from MP Biomedicals (Santa Ana, CA). Pluronic F127 (a
polyethylene oxide-polypropylene oxide-polyethylene oxide tri-
block copolymer), triethanolamine (TEOA; T58300), EDTA
(324504) solution (0.5 M), zinc acetate dihydrate (383317), tetrahy-
drofuran (THF; T5267), and all other organic solvents were pur-
chased from Sigma-Aldrich (St. Louis, MO).

NP preparation
Both PLGA DSP-NP and PLA DSP-NP were prepared by nanopre-
cipitation method in the presence of F127, as previously described
(17). DSP-zinc complex was first prepared by adding 1 ml of 0.5 M
zinc acetate to a 0.5 ml of DSP aqueous solution containing 20mg of
DSP. After centrifuge at 20,000g for 5 min, the DSP-zinc precipitate
was further dissolved in 0.5 ml of THF together with 100 mg of
PLGA or PLA-2COOH polymers. The pH of the polymer solution
was adjusted to 7 to 8 by TEOA to get a clear solution. Then, the
solution was added dropwise into a 75 ml of 5% (w/v) Pluronic
F127 aqueous solution under stirring to form DSP-NP. After com-
plete removal of THF by solvent evaporation via a Buchi rotary
evaporator (Buchi Corporation, DE, USA), 1 ml of 0.5 M EDTA
aqueous solution was added to remove unencapsulated DSP-zinc
complex. DSP-NPs were then collected by centrifugation at 8000g,
washed with 5% F127, and resuspended in ultrapure water.

Characterization of DSP-NP
A Zetasizer Nano ZS90 (Malvern Instruments, Southborough, MA)
was used to determine the particle size, size distribution, and surface
charge of DSP-NP. Transmission electron microscope (TEM)
images of DSP-NP were obtained using a Hitachi H7600 TEM
(Hitachi Co. Ltd., Tokyo, Japan). To measure drug loading, 50 μl
of DSP-NP was lyophilized, weighed, and dissolved in 500 μl of ace-
tonitrile. One microliter of 50 mM EDTA was added to solubilize
DSP-zinc complex, and the DSP concentration was measured by
high-performance liquid chromatography/ultraviolet (HPLC/UV)
analysis.

HPLC analysis was performed on a Shimadzu Prominence LC
system (Kyoto, Japan) equipped with a Pursuit 5 C18 column
(Varian Inc., Lake Forest, CA). Isocratic separation was conducted
using the mobile phases consisting of acetonitrile/water [35/65 (v/
v)] containing 0.1% trifluoroacetic acid (flow rate = 1 ml/min).
Column effluent was monitored by UV detection at 241 nm.

In vitro drug release of DSP-NP
Four hundred microliters of DSP-NP suspension was sealed in a di-
alysis tubing cellulose membrane (Mw cutoff: 10 kDa; Sigma-
Aldrich, St. Louis, MO). The sealed dialysis membrane was placed
into a 50-ml conical tube containing 12 ml of release media [phos-
phate-buffered saline (PBS); pH 7.4] and incubated at 37°C on a
platform shaker (140 rpm). The entire release mediumwas collected
at predetermined intervals and replaced with another 12 ml of fresh
PBS. DSP concentration in the collected release medium was mea-
sured by HPLC/UV analysis.

Animals
All experimental protocols were approved by the Virginia Com-
monwealth University (VCU) Institutional Animal Care and Use
Committee (IACUC). Six- to 8-week-old male Lewis, Fischer, and
Sprague Dawley rats were obtained fromCharles River Laboratories.
Sprague Dawley rats were used for ocular pharmacokinetic study
and safety study. For the corneal transplantation studies, Lewis
rats were used as the receptor animals and Fisher rats were used
as donor animals in the PKP studies. All experimental animals
were cared by the VCU's Department of Animal Resources.
Animals were anesthetized before euthanasia.
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Pharmacokinetic studies
Male Sprague Dawley rats (6 to 8 weeks old) were anesthetized by
intramuscular injection of a mixture of ketamine (80 mg/kg) and
xylazine (8 mg/kg). Each rat was given bilateral SCT injection of
PLA DSP-NP suspension containing 600 μg of DSP. At the indicat-
ed time intervals, 6 hours, 1 day, 7 days, 14 days, 1 month, 2 months,
3 months, 4 months, 5 months, and 6 months after injection, the
rats were euthanized and 500 μl of whole blood was collected
through heart puncture and stored in BD Vacutainer blood collec-
tion tubes with EDTA coating (NJ, USA). The whole eyeballs were
excised and dissected into the aqueous humor, cornea, and vitreo-
retina-choroid, which were then placed in preweighted tubes.
Plasma was collected by centrifuging whole blood samples at
1000g for 15 min. Collected tissue and plasma were stored at
−80°C before LC-MS/MS analysis.

Corneal transplantation surgery
Corneal allograft transplantation was performed as previously de-
scribed with a donor cornea graft from male Fischer rats (6 to 8
weeks old) into the corneal bed of recipient male Lewis rats (6 to
8 weeks old) (17). Briefly, Fischer donor rats were euthanized,
and the central corneal button of both eyes was removed with a
3.5-mm trephine and kept in physiological solution ready for use.
PKPs were performed by an experienced corneal surgeon under an
operating ophthalmic microscope (Zeiss, Germany). The cornea re-
cipient Lewis rats were anesthetized, and the pupils were dilated by
0.5% tropicamide eye drops. Only one eye of the Lewis rats received
corneal transplantation. The paracentesis was performed before tre-
phinization, and the anterior chamber was filled with Healon GV
(Johnson & Johnson, USA). The corneal buttons were removed
from the receptor Lewis rats with the 3.0-mm trephine. The
donor corneal buttons were sutured to receptor corneas with
eight interrupted 10-0 nylon sutures.

Clinical evaluation
In the case of graft infection, endophthalmitis, or cataract, rats were
immediately euthanized. Three parameters were evaluated for the
examination of the corneal grafts including corneal transparency,
edema, and neovascularization. The clinical evaluations were
done at blind manner. Detailed clinical scores are listed in table
S2. Grafts were considered to have been rejected only when the
total score reached 5 with an opacity score of ≥3, as previously de-
scribed (17). Digital ocular microscopic images were taken under
ophthalmic microscope using Labcam (ilabcam.com) with
iPhone 8.

Safety study
Healthy male Sprague Dawley rats (6 to 8 weeks old) were used for
safety evaluation of PLA DSP-NP. Baseline body weight and IOP
were first collected before SCT administration. Each rat was given
bilateral SCT injection of PLA DSP-NP suspension containing
200, 400, or 800 μg of DSP. Rats receiving topical eye drops were
bilaterally dosed with 0.1% DSP (Bausch + Lomb, Laval, Canada)
three times/day (5 hours apart) for 3 weeks. Rats receiving no treat-
ment were used as negative control. Body weight and IOPwere eval-
uated every other week during the first month followed by monthly
monitoring until 6 months after PLA DSP-NP injection. Noninva-
sive IOP measurements were conducted using an Icare Tonolab
(Icare, Helsinki, Finland). The IOP of both eyes was measured.

The IOP value for each eye was from the average of three measure-
ments, and each measurement was from six consecutive readings.
At 1, 4, and 6 months after PLA DSP-NP injection, ocular micro-
scopic images were taken using Labcam (ilabcam.com) with iPhone
8 and retinal function was assessed using ERG as described in the
Supplementary Materials.

Histological examination
At the end of the studies, rats were euthanized and the eyes were
enucleated. The whole eyeballs were fixed with 10% formalin for
24 hours before paraffin embedding. Axial sections (5 μm) with
antero-posterior orientation (from the cornea to the optic nerve)
were cut and stained with hematoxylin and eosin. The slides were
analyzed and graded by an ophthalmic pathologist under masked
conditions.

Polymerase chain reaction analysis
PKP surgery was conducted on Lewis rats as described before. At
POD3, 10 μl of saline, DSP solution, or PLGA DSP-NP (100 μg of
DSP) was administered through SCT injection. At POD10, rats were
euthanized and whole cornea was collected. Cornea was first cut
into small pieces and further homogenized in 400 μl of TRIzol
(Thermo Fisher Scientific, USA) using a Bullet Blender Storm
(Next Advance, USA). After centrifugation, the supernatant was
collected and extracted with 80 μl of chloroform followed by
further extraction using isopropanol. Last, the RNAwas precipitated
and resuspended in water. After quantification, the complementary
DNA (cDNA) was generated using a high-capacity cDNA reverse
transcription kit (Applied Biosystems, USA). Polymerase chain re-
action analysis was conducted in three replicates using SYBR Green
Master Mix (Applied Biosystems, USA). Primer sequences can be
found in table S1. The ∆∆CT method was used to analyze gene ex-
pression, normalized to reference gene glyceraldehyde-3-phosphate
dehydrogenase.

Statistical analysis
Statistical analysis for clinical scores evaluation was performed by
either one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test under multiple comparison (α = 0.05) or two-way
ANOVA analysis followed by multiple comparison (IBM SPSS
version 26, NY, USA). The Kaplan-Meier method was used to
assess the graft survival rates. All figures were prepared using
GraphPad Prism, and the data were displayed as mean ± SEM.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S6
Tables S1 to S3
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