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Abstract
Nanoliposomal technology is a promising drug delivery system that could be employed to improve
the pharmacokinetic properties of clearance and distribution in ocular drug delivery to the retina.
We developed a nanoscale version of an anionic, cholesterol-fusing liposome that can encapsulate
therapeutic levels of minocycline capable of drug delivery. We demonstrate that size extrusion
followed by size-exclusion chromatography can form a stable 80-nm liposome that encapsulates
minocycline at a concentration of 450 ± 30 μM, which is 2% to 3% of loading material. More
importantly, these nontoxic nanoliposomes can then deliver 40% of encapsulated minocycline to
the retina after a subconjunctival injection in the STZ model of diabetes. Efficacy of therapeutic
drug delivery was assessed via transcriptomic and proteomic biomarker panels. For both the free
minocycline and encapsulated minocycline treatments, proinflammatory markers of diabetes were
downregulated at both the messenger RNA and protein levels, validating the utility of biomarker
panels for the assessment of ocular drug delivery vehicles.

Keywords
Minocycline; Diabetic retinopathy; Liposomes; Transcriptomics; Inflammation

Diabetic retinopathy (DR) is a progressive chronic disease that is the leading cause of
preventable blindness among working-age adults within developed countries. Although
many different types of drugs are currently being used offlabel for the treatment and
prevention of diabetic retinopathy, there are no US Food and Drug Administration (FDA)–
approved pharmacotherapies labeled for the prevention or treatment of DR specifically.1

Because of the prevalence and debilitating effects of advanced DR, it is necessary to expand
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on the current pharmacotherapeutic options, as well as to make advances toward novel
pharmacological delivery approaches. Liposomes and other nanotechnologies have been
used as delivery vehicles for therapeutic agents in ocular drug delivery, as they improve
pharmacokinetic profiles and reduce toxicity.2,3 The potential for these improved properties
has spurred the scientific investigation of liposomal formulations of various drugs from
nearly every topically or subconjunctivally administered ophthalmic drug class.4 In general,
local administration of liposomal-encapsulated drugs was found to significantly decrease the
rate of clearance from the injection site and avert systemic toxicities.2-4 Yet it has also been
observed that these liposomal formulations can sometimes collect within and cloud the
vitreous. Frequently, these various nanoscale formulations are heterogeneous in size and
agglomerate to 500 nm or more. Thus, encapsulation of drugs within a stable nanoscale
homogeneous formulation may have the potential to improve delivery of therapeutic doses.

The streptozotocin (STZ)-induced Sprague Dawley rat model of DR is known to
phenotypically display an increased rate of neuronal apoptosis and an increase in retinal
vascular permeability5—both hallmarks of human DR. Also, a highly reproducible panel of
gene expression biomarkers has recently been described for the STZ-diabetic Sprague
Dawley rat retina.6,7 These transcriptional biomarkers of DR encode proteins linked to
dysfunctional microvascular, neuronal, and inflammatory phenotypes associated with DR. In
addition, a proteomic panel of diabetic-induced gene products that are not responsive to
insulin treatment in a diabetic model has also recently been validated.8 This study utilizes
these biomarkers as surrogate end points to test the efficacy of a locally administered
nanoscale therapeutic.

It is well established that molecular events underlying DR, like other pathological
consequences of type I diabetic complications, are proinflammatory in nature.5 Minocycline,
an FDA-approved antibiotic, also has multiple anti-inflammatory modes of action in
eukaryotic systems. Known eukaryotic molecular targets of minocycline are matrix
metalloproteinase-9,9,10 vascular endothelial growth factor A,11 arachidonate 5-
lipoxygenase,12,13 cytochrome c,14,15 interleukin-1β,16,17 and caspase 1 and 3.16,18

Systemic administration of minocycline has been shown to be efficacious in DR by reducing
retinal proinflammatory cytokine expression, microglia activation, and caspase 3 activation
in the STZ Sprague Dawley rat model.19 However, as with most antibiotics, there are
significant risks associated with long-term systemic administration. Local injections of
minocycline in nanoliposomal form may afford the patient therapeutic benefit without
needless exposure to high systemic minocycline serum levels that can potentially induce
adverse reactions.20-23 In this study, we explore the utility of nanoliposome-encapsulated
minocycline as a subconjunctivally administered pharmacotherapy for DR.

Methods
Liposomal preparations

To prepare a minocycline-encapsulated nanoscale liposomal formulation, we substantially
adapted previously described methods for encapsulation of tetracycline derivatives.24-26

Chloroform-based stock solutions of egg phosphatidylcholine (Avanti Polar Lipids,
Alabaster, Alabama), dihexadecyl phosphate and cholesterol (Sigma Aldrich, St Louis,
Missouri) were mixed together in borosilicate glass test tubes at a molar ratio of 7:2:1. The
solvent was completely removed via a constant flow of nitrogen gas at room temperature
(21°–27°C). Liposomal formulations were hydrated with 800 μL of sterile isotonic 0.9%
NaCl (v/v) hydration solution (Baxter Healthcare, Deerfield, Illinois) at 60°C and briefly
vortexed every 10–15 minutes for 2 hours. Formulations were sonicated for 1 minute at
60°C, and then 200 μL of 100 mM minocycline, pH 7.2 (Sigma Aldrich) were added to the
preparation and incubated with the liposomes for 30 minutes. The formulation was then
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extruded 13 times through a 100-nm polycarbonate membrane utilizing an Avanti mini-
extruder. Encapsulated minocycline was separated from nonencapsulated free drug via size-
exclusion chromatography with Sepharose CL-4B (Sigma Aldrich).

For imaging experiments, identical ghost (no minocycline) formulations were “spiked” with
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl). For
fluorescent resonance energy transfer (FRET) experiments, similar formulations were
engineered that were “spiked” with FRET lipid pairs. Specifically, we utilized (1,2-
dipalmitoyl-sn-glycero-3-phosphoethylthio)-3′’-succinimide)-N-(3′-Fluoranthyl) (DSP-F),
which exhibits an excitation of 365 nm and an emission of 465 nm, and 1-oleoyl-2-[6-{(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino}hexanoyl]-sn-glycero-3-phosphoethanolamine (PS-
NBD), which has an excitation of 465 nm and an emission of 534 nm. Controls for the
FRET liposomes were nanoliposomes that contain only one of the fluoroprobes in the FRET
pair. To differentiate FRET liposomes from control liposomes, we excited the liposome at
365 nm and visualized emission at 534 nm. The phenomenon of FRET was used to
determine if liposomes are transported to the retina in an intact state. If disassembled, the
liposomal components would not be detectable by FRET. In all experiments, fluorescent
lipids were added so that they constituted less than 0.5% of the total lipids as measured by
molar percentage.

Liposomal evaluation
The size (nanometers) and zeta potential (millivolts) of newly synthesized minocycline
nanoliposomal formulations were evaluated over time using a Malvern Dynamic Light
Scattering instrument (Malvern Instruments, Southborough, Massachusetts). Briefly,
liposomes recently purified from a CL-4B column were then diluted 10-fold and placed into
a cuvette and observed using quasi elastic light scattering. To evaluate the mass of
minocycline encapsulated into nontoxic, anionic, nanoscale liposomes we utilized a MDS/
SCIEX 4000 Q-Trap mass spectrometer (AB SCIEX, Framingham, Massachusetts) using a
C-18 high-pressure liquid chromatography column. The signal intensity of the mass-to-
charge ratio detected from the Q-Trap was then compared to a standard curve of
minocycline concentrations to allow extrapolation of the quantity of minocycline present in
the sample.

STZ-induced diabetic model
All rats were maintained under specific pathogen-free conditions in compliance with
protocols approved by the Institutional Animal Care and Use Committee of Penn State
College of Medicine, and monitored by quarterly sentinel testing. Male Sprague Dawley rats
(Charles River Laboratories, Wilmington, Massachusetts) were purchased at 200–225 g.
Experimental type I diabetes was induced after 7 days of acclimation and an overnight fast,
with an intraperitoneal injection of 65 mg/kg STZ (Sigma Aldrich) in 10 mM sodium citrate,
pH 4.5 (vehicle). Rats that did not receive STZ served as nondiabetic age-matched controls
for selected studies. These nondiabetic animals were intraperitoneally administered a
comparable volume of vehicle only. Food and water were available to all rats ad libitum, and
they were housed under a 12-hour light/dark cycle. Body weights and blood glucose levels
were first monitored 7 days post induction and once a week thereafter. At no time
throughout the experiment was exogenous insulin administered to attain glycemic control.
Glycemic levels of control rats were 122.0 ± 8.4 mg/dL, and diabetic rats’ levels averaged
495.0 ± 17.6 mg/dL throughout the experiment. Twelve weeks after diabetic induction, rats
were given 20 μL, 10 μL, and 5 μL of subconjunctival, topical, and intravitreal volumes,
respectively, of the various treatments once a day for 4 days. To aid in the administration of
the subconjunctival injections, the rats were briefly sedated with the use of a gas mixture
consisting of 70% CO2–30% O2. The rats were placed in a Plexiglas box, then flooded with
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the gas mixture and allowed to breathe the gas for no more than 1.5 minutes. After this
exposure to the 70% CO2–30% O2, the rats were removed from the box and typically
remained anoxiated for 45–60 seconds, allowing drug administration. No signs of distress
were observed in rats upon their waking. At the conclusion of the experimental treatment
protocol, the rats were given a lethal dosage of sodium pentobarbital (100 mg/kg) via
intraperitoneal injection, and retinas were harvested and snap-frozen in liquid nitrogen, or
rat eyes were dissected and cornea, lens, vitreous, and retina were isolated. For fluorescent
experiments, animals received in their left eye either fluorescently labeled rhodamine
liposomes or nonfluorescent (ghost) liposomes. The contralateral (right) eye did not receive
any treatment and served as control. For the drug delivery experiments, animals either
received liposomes containing minocycline, liposomes devoid of minocycline, free
minocycline, or no treatment at all. Minocycline was extracted from the tissue by
homogenization in a solution of water, methanol, and formic acid 79:20:1 (v/v/v), and then
centrifugation at 14,000 rcf followed by quantifying the supernatant concentration using a
MDS/SCIEX 4000 Q-Trap mass spectrometer.

DNA fragmentation analysis
A cell death detection enzyme-linked immunosorbent assay (ELISA) protocol (Roche,
Mannheim, Germany) was employed to detect fragmented retinal DNA, indicative of late-
stage apoptosis. Briefly, retinas were thawed on ice and then homogenized in 200 μL of the
provided lysis buffer and allowed to stand for 30 minutes at room temperature. The lysates
were centrifuged for 10 minutes at 500 rcf at room temperature. Into separate wells of the
ELISA plate, 20 μL of each sample supernatant were added; then, 80 μL of the provided
immunoreagent was added to each well and the microplate covered and incubated at room
temperature for 2 hours on an orbital rocker at 300 rpm. The immunoreagent was then
removed, and the wells were washed three times with incubation buffer. Then, 100 μL of
2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) solution were added to each well and
incubated in the same manner for 10–20 minutes. DNA fragmentation was quantified as
follows: DNA fragmentation = (ODsample − ODnegative control)/retinal weight.

Western blots
Retinas were lysed by sonication in NP-40 lysis buffer (50 mM HEPES, 137 mM NaCl, 2
mM Na3VO4, 10 mM sodium pyrophosphate, 1% NP-40, 10% glycerol, 50 mM NaF, 1 mM
EGTA, 2 mM EDTA, 2 mM β-glycerophosphate, and protease inhibitors) and total protein
content was determined by the DC protein assay (Bio-Rad, Hercules, California). Lysates
were then separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred to nitrocellulose. Membranes were incubated with horseradish peroxidase–
conjugated secondary antibody. We analyzed the expression of galectin-3, annexin V (Santa
Cruz Biotechnology, Santa Cruz, California), STAT3 (Cell Signaling, Danvers,
Massachusetts), and β-actin (Sigma-Aldrich). Antigen detection was performed using the
Pierce ECL Western Blotting Substrate (Thermo, Waltham, Massachusetts), and protein
expression was quantified by densitometric analysis using ImageJ.

qPCR
Quantitative polymerase chain reaction (qPCR) analysis was conducted with the use of a
7900 HT Sequence Detection System (Applied Biosystems, Foster City, California), using a
384-well optical format, with Assay-on-Demand (Applied Biosystems) gene-specific
primers and probes. SDS 2.2.2 software using the 2−ΔΔCt analysis method was used to
quantitate the differential amounts of product using β-actin as an endogenous control.27 β-
actin messenger RNA (mRNA) transcript expression was found to be statistically equivalent
in an absolute quantitation experiment (data not shown). Primer and probe sets have
previously been reported.6 Statistical tests for qPCR data is a one-way analysis of variance
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(ANOVA) Kruskal-Wallis test followed by a Dunn’s Multiple Comparison test and a
standard two-tailed parametric t-test with an α < 0.05.

Results
Characterization of minocycline-encapsulated nanoliposomes

Quasi elastic light scattering characterized size-excluded nanoliposomes to be unilamellar
vesicles with an average diameter of 80 ± 20 nm. Analysis of the zeta potential determined
that the nanoliposomes were slightly anionic at −21 mV. The shelf-life stability of
minocycline-encapsulated nanoliposomes was determined as a function of time and
temperature, and was determined not to change from 1 hour to 2 days or from +4°C to 30°C.
Stability was maintained in various biological media including DMEM with or without 5%
(v/v) fetal bovine serum. Encapsulation efficiencies of nanoliposomal minocycline
formulations were evaluated via mass spectroscopy. A 100 mM stock solution was mixed
with lipids before sonication and extrusion for 30 minutes to formulate a 20.3 mM
encapsulation buffer. After sonication and size extrusion, this was then purified by CL-4B
size-exclusion chromatography to form the purified nanoliposomal fraction with a
concentration of minocycline of 451.0 ± 30 μM. Therefore, the final encapsulation
efficiency was shown to be approximately 2% to 3% of the starting loading material as
determined by mass spectroscopy.

Delivery of the minocycline-encapsulated nanoliposomes to the retina
Confocal analysis of rhodamine-labeled nanoliposomes was utilized to assess ocular
localization after (i) intravitreal injection, (ii) subconjunctival injection, and (iii) topical
application to Sprague Dawley rats. Fluorescent staining of the inner and outer plexiform
layers and the inner and outer segments as well as the pigmented epithelium layer of the
retina was visible after 15 minutes of administration for all delivery modalities (Figure 1). A
small degree of autofluorescence indicative of frozen retinal sections can be visualized in
control sections, but the greater intensity of staining in rhodaminelabeled liposome-treated
eyes shows definitive positive staining. Liposomes that did not contain rhodamine and
sections from the contralateral eye that did not receive any treatment served as negative
controls. Subconjunctival injections had the most intense fluorescence, followed by topical
administration, and then intravitreal injections—all after 15 minutes. Similar results were
observed after 1 hour for subconjunctival injection and topical administration, with little
fluorescence observed for intravitreal injection (data not shown), possibly reflecting more
rapid clearance for intravitreal administration.

To validate if intact nanoliposomes reach the retina, we employed a FRET liposome via
subconjunctival injections. FRET pairs must remain in close proximity (i.e., as components
of an intact liposome) to exhibit FRET staining in vivo. We validated our FRET liposomes
in vitro using single fluoroprobes (DSP-F or PS-NBD) and both fluoroprobes combined
(DSP-F + PS-NBD) (Figure 2, E). When both fluoroprobes were combined, the signal was
much more intense than when either fluoroprobe was used alone. As controls in our
experimental rat retinas, we administered liposomes containing only the first fluoroprobe
DSP-F (Figure 2, B), only the second fluoroprobe PS-NBD (Figure 2, C), or no fluoroprobe
at all (Figure 2, A), and compared them to the liposome that contained both DSP-F and PS-
NBD (Figure 2, D). When retinal segments were excited at 365 nm and imaged at 534 nm,
fluorescence was only observed with the FRET pair formulation (Figure 2, D). The pattern
of fluorescence was similar to what was observed with the rhodamine-spiked liposomal
formulation (Figure 1). Taken together, these results indicate that the anionic nanoliposomes
remain intact as a consequence of transit to the retina.
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To conclusively show that intact nanoliposomes can deliver encapsulated cargo to the retinal
segments, we utilized mass spectrometry to assess minocycline mass delivered to ocular
tissue as a function of subconjunctival administration. Untreated rats and rats treated with
liposomes that did not contain minocycline served as negative controls, while
nonencapsulated minocycline served as a positive control for the nanoencapsulated
minocycline formulation. Retinas were excised at various time points, and extracted
minocycline was quantified via mass spectroscopy as described in Methods (Figure 3).
Nanoliposomal minocycline delivery increased the mass of minocycline in the retina at all
time points as compared to free (nonliposomal) delivered minocycline. At 1 and 6 hours, an
approximate one- and fourfold increase was observed for the subconjunctivally administered
minocycline liposome vs. free minocycline. Moreover, given a concentration of
encapsulated minocycline of 451.0 μM, nearly 40% of the minocycline is localized within
the retina 6 hours after subconjunctival administration. Significant cornea localization was
also noted, with little localization in the vitreous or the lens. At 24 hours after
administration, minocycline has largely been cleared from the retina, but trace amounts near
the detection limit of our mass spectrometer still point to localization within the retina.

In vivo toxicity of minocycline liposomes in control rats
We next evaluated the toxicity of nanoliposomal minocycline as a function of a
subconjunctival injection administered once daily for 4 days. Fragmented DNA, a marker of
apoptosis, was utilized to assess retinal toxicity of nanoliposomal minocycline formulations
purified via size-exclusion chromatography (Figure 4). Concentrations of encapsulated
minocycline (316 and 31.6 μM) were chosen consistent with the retinal delivery
experiments (451 μM). A 10 mM mixture of free and nanoliposomal minocycline that did
not undergo CL-4B sizeexclusion chromatography was utilized as a positive control for
toxicity. The purified nanoliposomes did not exhibit toxicology as assessed by retinal DNA
fragmentation at either of the two pharmacological doses.

Targeted transcriptomic and proteomic biomarker panels can be used as a measure of
pharmacological effects

We initially evaluated the efficacy of minocycline-encapsulated nanoliposomes by utilizing
a transcriptomic biomarker panel as a surrogate end point for therapeutic efficacy.6,7 This
targeted transcriptomic panel was selected as the minimal number of mRNA transcripts that
could be used to define and evaluate DR.6,7 We analyzed extracts of mRNA from retinal
tissue of 3-month-diabetic or control rats injected subconjunctivally once a day for 4 days
with vehicle, or with free or encapsulated (316 μM) minocycline. The relative expression of
7 of the 14 gene products was changed by free minocycline administration, returning them
to nondiabetic levels (Figure 5). These gene products (Lama5, Gbp2, Chi3l1, Icam1, C1s,
C1inh, and Carhsp1) are all associated with proinflammatory phenotypes.6,7 In contrast,
nanoliposomal minocycline failed to produce such a statistically significant change in all but
2 out of the 14 gene targets analyzed (Lama5 and Icam1).

Further analysis of individual animals by support vector machine classification analysis28

revealed that both free and nanoliposomal minocycline can reverse the transcriptomic
biomarker panel in individual rats. This unbiased approach determined that three of the eight
animals in the group treated with free minocycline and two of the eight in the group treated
with nanoliposomal minocycline exhibited a normal nondiabetic transcript phenotype
(Figure 6).

Gene analysis at the transcript level was followed up by analysis of protein expression. We
again utilized a targeted biomarker approach, performing western blot analysis on a series of
gene products that did not respond to insulin in a previous proteomic screen.8 Protein levels
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of galectin-3 (Lgals3), STAT3, and annexin V have been shown to be upregulated in
diabetic animals, yet insulin therapy does not significantly rescue this effect.8 We found that
both free and nanoliposomal minocycline were able to return STAT3 to prediabetic levels
(Figure 7). In addition, free minocycline caused galectin-3 to return to prediabetic levels,
and liposomal minocycline caused annexin V to return to prediabetic levels. (Figure 7).
STAT3 and galectin-3 are inflammatory in the retina,29,30 and annexin V has been shown to
conduct calcium ions.31 It should be emphasized that these elevated gene products that are
downregulated by minocycline were resistant to insulin treatment.8 Taken together, these
transcriptomic and proteomic data suggest that subconjunctivally administered minocycline
may have efficacy in diabetic retinopathy models, and, more importantly, document the
utility of biomarker panels for ocular therapeutic drug studies.

Discussion
The goal of this study was to elucidate whether local administration of nanoliposomal or
free minocycline can deliver a pharmacologically relevant dose of a drug to the retina via
local injection. Although it would be preferable to self-administer eye drops to a patient, we
chose to focus these proof-of-concept studies to subconjunctival administration in an effort
to reduce variability of administration via topical administration. It is also of interest that we
observed increased fluorescent imaging with subconjunctival injection compared to
intravitreal or topical administration (Figure 2). Thus, we chose to focus the delivery,
toxicology, and efficacy studies of minocycline nanoliposomes to subconjunctival-injection
protocols.

The unique aspect of the present approach is documentation of encapsulation of a
therapeutic dose of minocycline within nontoxic, fusigenic, anionic, nanoscale liposomes
that can be used for ocular delivery to posterior segments of the eye. Even though
minocycline has been encapsulated in liposomal formulations before24,32,33 for nonocular
uses, our formulation is unique in that size-exclusion chromatography and size extrusion
were utilized to generate a nanoliposome devoid of surface minocycline contamination. In
fact, without “cleanup” these formulations were toxic (Figure 4). Moreover, shortly after a
subconjunctival injection, minocycline nanoliposomes can be effectively trafficked intact to
the retina and deliver minocycline in higher, more sustained amounts than when free
minocycline is given alone. This ability to remain intact during trafficking is a novel aspect
of the formulation and possibly is responsible for the higher concentration of encapsulated
minocycline delivered to the retinas compared to free minocycline. We also demonstrate that
subconjunctival injections of either nanoliposomal minocycline or free minocycline can
reverse a portion of the aberrant expression seen in mRNA or protein-gene profiles
documented in STZ-induced diabetic rat retinas. Explanations for the lack of an enhanced
effect on the gene panel with minocycline-encapsulated nanoliposomes compared with free
minocycline, despite the improved kinetic delivery, might reflect nonoptimized minocycline
dosage and duration of treatment protocols. Alternatively, this lack of efficacy for liposomal
minocycline to reduce all of the inflammatory transcriptomic biomarkers on the panel, in
comparison to free minocycline, may reflect liposomal trafficking of minocycline to
lysosomes, where it is degraded. The use of less fusigenic liposomal formulations (i.e., less
cholesterol) could remedy this putative liposomal trafficking. However, that both free
minocycline and nanoliposomal minocycline demonstrated a positive impact on select
“proinflammatory” end points suggests efficacy after local delivery, which could potentially
improve with an optimization of dosage and duration of treatment.

Many drugs that have potential therapeutic utility in DR are ultimately limited because of
adverse outcomes on other systems when the drug is given systemically.20-22 In order to
treat the retina with a systemic treatment regimen of minocycline, the blood plasma levels of
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the drug would have to be very high over long periods of time. This may needlessly expose
the entire body to high doses of the drug and increase the chance of adverse reactions. This
is especially problematic for minocycline, in that an adverse side effect of systemic high-
dose therapy for teenage acne is pharmacological induction of lupus. Subconjunctival local
administration of nanoliposomal minocycline can potentially be used to administer these
high therapeutic doses to the retina without inducing systemic toxicities. In fact, clearance
mechanisms, by definition, would dilute the minocycline concentration as it diffuses into the
systemic circulation. In fact, we believe that the concentration measured in the retina by
mass spectrometry (~2 μM at 6 hours) could not be achieved after systemic dilution. In
addition, ocular delivery of nanoliposomal minocycline can potentially reduce or delay
clearance mechanisms within the eye. Finally, nanoliposomal or free minocycline can be
administered directly to the site of action and thus avoid first-pass metabolism as well as
side effects involving depletion of normal flora in the gut. Taken together, the engineering
of a nontoxic nanoliposomal formulation that remains intact during ocular delivery has the
potential to deliver therapeutic doses of anti-inflammatory agents to combat diseases such as
DR.
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Figure 1.
Rhodamine-labeled liposomes image the retina 15 minutes after administration via different
methods. Retinal sections 10 μm thick were used for imaging. Shown are representative
photomicrographs from (A) intravitreal injection, (B) subconjunctival, and (C) topical
administration methods. In each panel, the eyes from two animals are depicted. The top left
section, corresponding to the left eye of the first animal, was treated with nonfluorescent
(ghost) liposomes, and the bottom left section, corresponding to the left eye of the second
animal, was treated with liposomes labeled with rhodamine. The contralateral (right) eyes of
both animals are depicted on the right-hand side of the panels. In these photomicrographs,
DAPI-stained nuclei (blue) and rhodamine-labeled nanoliposomes (red) are shown. The
various layers of the retina are labeled in the top right section of panel A.
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Figure 2.
Sprague Dawley rats were administered 20-μL subconjunctival injections with fluorescence
resonance energy transfer (FRET) nanoliposomes or appropriate controls. After 15 minutes,
retinas were extracted and prepared for frozen sectioning. FRET was assessed by exciting at
365 nm (DSP-F) and observing emissions at 534 nm (PS-NBD). (A) Nanoliposomes
containing no fluoroprobe. (B) Nanoliposomes containing only DSP-F. (C) Nanoliposomes
containing only PS-NBD. (D) Nanoliposomes containing both DSP-F and PS-NBD. Albeit
the change in retinal staining is subtle, the signal seen in panel D treated with the complete
FRET liposome displays a fluorescent signal that is brighter than background
autofluorescence seen in panels A, B, and C. (E) Validation of the FRET assay. When
excited at 365 nm and detected at 534 nm, DSP-F + PS-NBD gave a greater signal than
DSP-F or PS-NBD alone.
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Figure 3.
Nanoliposomal encapsulation increases the concentration of minocycline in various tissues
of the eye. Elevated mass levels of minocycline are detected at (A) 30 minutes and (B) 6
hours after subconjunctival administration of nanoliposomal minocycline compared with
nonliposomal (free) minocycline or ghost (no minocycline) liposomes. Note the changed y-
axis scale in panel C, reflecting clearance from ocular tissues at 24 hours. Asterisk denotes
statistical significance between the marked column and the same tissue treated with free
minocycline alone, as determined by a one-tailed nonparametric Mann-Whitney t-test (*α =
0.05).
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Figure 4.
Level of fragmented DNA found in rat retinal lysates as detected with the Roche Cell Death
Detection enzyme-linked immunosorbent assay. There was no increase in fragmented DNA
detected when the animals were treated only with control nanoliposomes or nanoliposomal
minocycline at concentrations of 316 μM or 31.6 μM minocycline as compared to animals
treated with 0.9% NaCl irrigation fluid. The control and the 10 mM minocycline treatments
were not exposed to CL-4B size-exclusion chromatography that removes surface-
contaminated minocycline (+). In previous experiments (data not shown), this 10 mM free/
nanoliposomal minocycline preparation was observed to induce apoptosis and here serves as
a positive control. However, the equivalent preparation of liposomes without minocycline
causes no such increase in DNA cleavage at this concentration and with this treatment
regimen. 316 μM and 31.6 μM nanoliposomal minocycline preparations were purified via
CL-4B size-exclusion chromatography (−). This step eliminates nonencapsulated
minocycline and greatly reduces the concentration of minocycline in the preparation. In this
experiment, increases in DNA cleavage were not detected in rat retinal lysates from rats
treated with these preparations. Asterisk denotes statistical significance between the marked
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column and the retinal samples treated with 0.9% NaCl irrigation fluid as determined by a
one-tailed nonparametric Mann-Whitney t-test (*α = 0.05).
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Figure 5.
Relative expression of the minimal number of mRNA transcripts that would allow
differentiation of diabetic from control individuals as determined by Freeman et al.7 We
utilized this transcriptomic panel to assess free and nanoliposomal minocycline
subconjunctival treatment in normal and STZ-treated animals after 3 months. Both
nanoliposomal minocycline-treated and free minocycline-treated groups were treated with
the subconjunctivally administered 20 μL of 316 μM minocycline once a day for 4 days
after the 3 months of STZ-induced diabetes. Asterisks denote transcripts having significantly
different means as determined by a Kruskal-Wallis one-way ANOVA, where the asterisks
appear over the groups that were determined to differ significantly from the control group as
determined by Dunn’s post test (*P < 0.1). Number signs denote the free minocycline-
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treated groups that were found to differ significantly from the STZ group, as determined by
a one-tailed Mann-Whitney t-test (#P < 0.05). The first nine genes changed significantly,
while the last five did not.
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Figure 6.
Support vector machine classification analysis with polynomial kernel scale factor of 1.
Both nanoliposomal minocycline-treated and free minocycline-treated groups were treated
with 20 μL of subconjunctivally administered minocycline at a concentration of 316
μMonce a day for 4 days after 3 months of STZ-induced diabetes.
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Figure 7.
Relative protein levels of genes previously described by van Guilder et al8 to be
differentially expressed in STZ-induced diabetic rats that were unaffected by intensive
insulin treatment. Western blots and corresponding histograms are shown. For each protein,
the relative expression was determined in free minocycline-treated and nanoliposomal
minocycline-treated 3-month-old rats. Both nanoliposomal minocycline-treated and free
minocycline-treated groups were treated with 20 μL of 316 μM minocycline
subconjunctivally administered once a day for 4 days after 3 months of STZ-induced
diabetes. See text for details. Number signs denote protein levels with significantly different
means compared to the control group using a one-tailed Student’s t-test (#P < 0.1). Asterisks
denote protein levels with significantly different means compared to the STZ group using a
one-tailed Student’s t-test (*P < 0.1).
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