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Abstract

Fenofibrate is a peroxisome proliferator-activated receptor α (PPARα) agonist and has been 

shown to have therapeutic effects on diabetic retinopathy (DR). However, the effects of fenofibrate 

through systemic administration are not as potent as desired due to inefficient drug delivery to the 

retina. The present study aimed to explore the sustained therapeutic effects of fenofibrate-loaded 

biodegradable nanoparticles (NP) on both DR and neovascular age-related macular degeneration 

(AMD). Fenofibrate was successfully encapsulated into poly(lactic-co-glycolic acid) (PLGA) NP 

(Feno-NP), and Feno-NP were optimized by varying polymer composition to achieve high drug 

loading and prolonged drug release. The Feno-NP made of PLGA 34kDa demonstrated a drug 

content of 6% w/w and a sustained drug release up to 60 days in vitro. Feno-NP (PLGA 34kDa) 

was selected for following in vivo studies, and one single intravitreal (IVT) injection of Feno-NP 

into rat eyes with a 30G fine needle maintained sustained fenofibric acid drug level in the eye for 

more than 60 days. The efficacy of Feno-NP in DR and neovascular AMD was investigated using 

streptozotocin (STZ)-induced diabetic rats, laser-induced choroidal neovascularization (CNV) rats 
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and very low-density lipoprotein receptor knockout (Vldlr−/−) mice. Therapeutic effects of Feno-

NP were evaluated by measuring electroretinogram (ERG), retinal vascular leakage, leukostasis, 

CNV size, and retinal levels of vascular endothelial growth factor (VEGF) and intracellular 

adhesion molecule-1 (ICAM-1). In diabetic rats, Feno-NP ameliorated retinal dysfunctions, 

reduced retinal vascular leakage, inhibited retinal leukostasis, and downregulated the 

overexpression of VEGF and ICAM-1 at 8 weeks after one IVT injection. In addition, Feno-NP 

reduced retinal vascular leakage and CNV formation in both CNV rats and Vldlr−/− mice. 

Moreover, no toxicity of Feno-NP or Blank-NP to retinal structure and function was detected. 

Feno-NP exhibited good physiochemical characteristics and controlled drug release profile, 

conferring prolonged beneficial effects on DR and neovascular AMD.

Keywords

nanoparticle; PLGA; ocular neovascularization; age-related macular degeneration; diabetic 

retinopathy; PPARα

INTRODUCTION

Retinal neovascularization (RNV) and choroid neovascularization (CNV) are associated 

with a wide range of ocular diseases such as DR, neovascular AMD, retinopathy of 

prematurity, and central and branch retina vein occlusion. Among these diseases, DR is the 

leading cause of vision loss in the working age population 1, while neovascular AMD is the 

leading cause of visual impairment in the elderly population in industrialized countries 2. 

Vascular leakage (hyper-permeability) and neovascularization (NV) are the common features 

of these diseases and the major causes of visual impairment. Laser photocoagulation, 

photodynamic therapy, and surgical interventions are important options for neovascular 

diseases previously; however, these treatments are often associated with unwanted vision-

damaging side effects 1–2. Because VEGF plays a key role in the pathological NV, anti-

VEGF agents such as bevacizumab, ranibizumab, pegaptanib, and aflibercept have emerged 

as current drugs for treating RNV and CNV 1, 3. However, the anti-VEGF drugs are not 

always effective for all patients. Approximately half of the patients do not show improved 

vision after the anti-VEGF therapy, and approximately 10% of patients do not respond at all 

to the treatment 4. Anti-VEGF drugs are also not effective for the neuronal cell death, 

another pathological change in AMD and DR 5. Moreover, VEGF functions as a retinal 

neurotrophic factor and its blockade under retinal stress conditions may accelerate retinal 

cell death 6. In addition, they are associated with high costs and potential systemic risks such 

as stroke and thromboembolic events 7–8. They are also associated with short duration of 

efficacy and require repetitive IVT injections to maintain the therapeutic effects 3, 9–10. The 

frequent visits and injections are difficult for DR and AMD patients, and the risks of retinal 

detachment and endophthalmitis will increase with the IVT injection frequency 11. 

Therefore, novel safe agents and drug delivery system that can achieve long-term effects on 

these diseases and benefit patients have received great attention.

Fenofibrate, a prodrug of fenofibric acid, is a widely prescribed drug to treat dyslipidemia in 

clinic 12. Fenofibrate as a PPARα agonist, has also displayed anti-angiogenic and anti-
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inflammatory activities 13–14. Fenofibrate may offer some advantages over anti-VEGF 

agents, such as low-cost, fewer side effects and neuroprotective effects 15–16. In clinical 

trials, it displayed beneficial effects on DR in type 2 diabetic patients, independent of its 

effect on dyslipidemia 17–18. Moreover, our lab 19–20 and others 21 demonstrated that 

systemic administration of fenofibrate has robust therapeutic effects on DR and neovascular 

AMD in animal models. However, fenofibrate has a short half-life with the elimination time 

~20 h in the blood after oral administration 22, requiring daily systemic dosing. The levels of 

fenofibrate in the retina, like other drugs, are low after oral administration because of the 

blood-retina barrier. No fenofibrate or fenofibric acid was detected in Brown Norway rats’ 

eyes following oral administration of fenofibrate 23. In order to achieve therapeutic 

fenofibrate level in posterior ocular segment, high oral doses up to 200 mg/60kg/day are 

required for patients, which can lead to high-dose induced side effects such as 

nephrotoxicity 24. Furthermore, we have demonstrated that the therapeutic effect of 

fenofibrate on DR is independent on its systemic effects, and the efficacy can be achieved 

through IVT injection 19. However, small molecular weight drugs, including fenofibrate, 

demonstrated fast clearance from the vitreous through two main routes: the anterior route via 

aqueous turnover and the posterior route via uveal blood flow 25. In our previous work, 

inhibitory effects of fenofibrate on retinal vascular leakage in STZ-induced diabetic rats and 

in oxygen-induced retinopathy (OIR) rats are transient, lasting for about 4 days after a single 

IVT injection 19. AMD and DR are chronic and progressive, requiring long-term treatments 
26. Thus, frequent intraocular injections of fenofibrate are needed for its translational 

application for these chronic diseases. Moreover, in preclinical studies, fenofibrate has to be 

formulated with organic solvents (e.g. DMSO), and the frequent IVT injections containing 

organic solvents are not practical and can cause retinal apoptosis 27 and retinal dysfunction 
28.

Polymeric nano- and micro-particles can be administered by injection and provide controlled 

release of drugs to target tissues at effective levels, which can increase treatment efficacy, 

decrease associated side effects and reduce dosing frequency. Therefore, biodegradable 

polymeric particle-based therapies are being evaluated to deliver drugs to the eye by various 

routes, including IVT injection and subconjunctival injection 29–33. Poly (lactic-co-glycolic 

acid) (PLGA) is an FDA approved, biodegradable and biocompatible polymeric biomaterial 

with excellent ocular safety for ocular use 34. A PLGA-based IVT injectable formulation of 

sunitinib malate for the potentially once or twice per year dosing of patients of neovascular 

AMD is under clinic trial (NCT03249740). In this study, we developed and optimized 

fenofibrate-loaded PLGA NP (Feno-NP) with high drug loading and sustained drug release 

profile. The efcfiacy of Feno-NP was evaluated on DR in STZ-induced diabetic rats, and 

neovascular AMD in laser-induced CNV rats and Vldlr−/ mice.

EXPERIMENTAL SECTION

Materials.

PLGA (LA:GA ratio 50:50, acid terminated) with Mw of 5, 18, 34 and 54 kDa (PLGA 

5kDa, PLGA 18kDa, PLGA 34kDa, PLGA 54kDa) were purchased from Evonik 

Corporation (Birmingham, AL). Fenofibrate, Tween 80, streptozotocin, Evans blue, FITC-
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dextran (2×106 molecular mass, fixable), FITC-conjugated concanavalin-A, mouse anti-β-

actin antibody and organic solvents were purchased from Sigma-Aldrich (St. Louis, MO). 

Polyvinyl alcohol (PVA) solution (Mw = 25 kDa with 88% hydrolysis) was purchased from 

Polysciences (Warrington, PA). Ketamine hydrochloride and xylazine were purchased from 

Vedco (St. Joseph, MO), and cyclopentolate (1%) was purchased from Wilson (Mustang, 

OK).

Preparation of Feno-NP.

NP were prepared using an emulsification method, as described previously with some 

modification 35. Briefly, 50 mg PLGA with different molecular weight and 10 mg 

fenofibrate were fully dissolved in 1 mL dichloromethane (DCM). The oil phase was 

emulsified in 5 mL 1% PVA solution in an ice-water bath using a probe sonicator 

(VibraCell, Sonics & Materials Inc., Newtown, CT) with a one-eighth inch stepped microtip 

under 30% amplitude for 2 min. This emulsion was poured into another 40 mL aqueous 

phase 0.3% PVA solution under magnetic stirring at 700 rpm for at least 3 hours to allow 

solvent to evaporate. The solvent was further evaporated by placing the solution in a vacuum 

chamber for 30 min. The final nanoparticle suspensions were filtered through a 0.7 μm GF/F 

syringe filter to remove any drug crystals before centrifugation at 8,000 ×g for 25 min, and 

thoroughly washed with DI water. The final Feno-NP were resuspended in ultrapure water, 

and one drop of the suspension was applied on glass slide to check whether there were drug 

crystals using an optical microscope. Blank PLGA NP (Blank-NP) were prepared using the 

same method, and no fenofibrate was dissolved in the DCM solution. The fresh Blank-NP 

and Feno-NP were directly used for the following animal studies. A small volume (25 μL) of 

Feno-NP were lyophilized for the measurement of drug loading.

Nanoparticle Physiochemical Characterization.

Particle size, polydispersity index (PDI) and surface charge of Feno-NP were determined 

using a Zetasizer Nano ZS90 (Malvern Instruments, Southborough, MA). NP were 

suspended in 10 mM NaCl solution (pH7.2). Nanoparticle morphology was characterized 

using transmission electron microscope (TEM) (Jeol JEM-1230, JEOL Ltd., Tokyo, Japan).

Drug Loading and In Vitro Drug Release Study.

The 25μL lyophilized Feno-NP was weighed, dissolved in 1 mL acetonitrile (ACN), and the 

solution was measured by HPLC after filtering through a 0.22 μm PTFE syringe filter. 

Isocratic separation was performed on a Shimadzu Prominence LC system equipped with a 

Pursuit 5 C18 column and mobile phase consisting of acetonitrile/water (80/20 v/v) 

containing 0.1% trifluoroacetic acid (flow rate = 1 mL/min). Column effluent was monitored 

by UV detection at 285 nm. The fenofibrate concentration was calculated using an 

established standard curve. The drug loading (DL) and encapsulation efficiency (EE) were 

calculated as follows:

DL % = amount of fenofibrate in particles / weight of particles
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EE % = actual fenofibrate loading / theoretical fenofibrate loading

The in vitro release profile of fenofibrate was measured using a membrane dialysis method, 

and 400 μL of the Feno-NP suspension (~4 mg NP) was sealed in a dialysis tubing cellulose 

membrane (molecular weight cutoff of 14 kDa, Sigma Aldrich). The sealed dialysis 

membrane was placed into a 50 mL conical tube containing 12 mL of 0.2% tween 80 in PBS 

(pH 7.4) and incubated at 37°C on a platform shaker (140 rpm). Tween 80 is used to 

increase the solubility of fenofibrate in the release medium, and the solubility of fenofibrate 

in the release medium was measured to be 9.4 μg/mL. The entire release media was 

collected at predetermined intervals and replaced with another 12 mL of fresh 0.2% Tween 

80 PBS solution. Sample collection and release medium replacement was carried out at 2h, 

4h, 8h, 24h in the first day, daily during the first week, and then every other day throughout 

the whole 2 months. The release experiments were conducted in triplicate. Fenofibrate 

concentration in the collected release media was measured by HPLC.

Animals.

Male Brown Norway (8 weeks old, Charles River, Wilmington, MA) and Vldlr −/− mice 

(Jackson Laboratory, Bar Harbor, ME) were used in this study. Care, use, and treatment of 

the animals were in agree with the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research, and local ethics committee approval was obtained. In all procedures, 

animals were anesthetized with an intramuscular injection of 50 mg/kg ketamine 

hydrochloride mixed with 5 mg/kg xylazine, and pupils were dilated with topical 

administration of 1% cyclopentolate.

Measurement of Fenofibric Acid in Eyecups of Rats.

Five microliters of Feno-NP (30 μg fenofibrate) was injected into the vitreous of Brown 

Norway rats with a 30G needle. At day 4, 7, 14, 30 and 60 days after the injection, rats were 

sacrificed and their eyecups containing vitreous, retina, choroid, and sclera, were obtained 

and stored at −80 oC until assay. Fenofibrate exerts therapeutic effects only after it is 

converted to fenofibric acid by esterase 36, which exists in plasma and tissues including 

ocular tissues 37. In order to detect only active drug levels released from Feno-NP, we 

measured fenofibric acid in the eyecups using LC-MS/MS as previously reported with some 

modifications 23. In brief, the eyecup was homogenized in 300 μL water with a Fasprep96 

homogenizer (MP Biomedicals, LLC.). Tissue homogenate was diluted in acetone and an 

internal standard (ketoprofen) was added, and then centrifuged at 5,000 ×g for 5 min at 4°C. 

The supernatant was collected and then transferred to a pre-conditioned SPE (Thermofisher). 

Following the loading of 200 μL of supernatant, the plate was washed with 200 μL of water 

with EDTA, and 200 μL of methanol. A collection plate was then placed under the SPE 

plate, and 2 × 75 μL of methanol was used for elution. This eluent was then injected into the 

LC-MS/MS. Analysis was performed using an API 4000 mass spectrometer (AB Sciex) 

coupled to a Nexera ×2 UHPLC system (Shimadzu Corporation). Fenofibric acid and 

ketoprofen were separated using a Thermo Accucore C18 column (50 mm × 2.1 mm). The 

mobile phase was methanol/H2O (80:20) containing 0.1% formic acid (flow rate is 0.3 mL/

min). The column temperature was maintained at 40°C. The MS detector was operated in 

Qiu et al. Page 5

Mol Pharm. Author manuscript; available in PMC 2020 May 06.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



multiple reaction monitoring (MRM) mode at unit mass resolution with a dwell time of 

100.0 ms for all test compounds. The optimized mass spectrometric parameters, MRM 

transitions for fenofibrate and fenofibric acid are m/z 361.0 to 121.0 in positive ESI mode 

and m/z 319.0 to 232.9 in negative ESI mode, respectively. Data were acquired and analyzed 

using Analyst software version 1.4 (Applied Biosystems). Mean concentration time curve 

was used for pharmacokinetics analysis. The peak tissue concentration (Cmax) and the time 

to reach Cmax (Tmax) were calculated.

Efficacy of Feno-NP on DR in STZ-Induced Diabetic Rats.

Diabetes was induced by STZ injection as described previously 19. Blood glucose levels 

were measured 3 days after the STZ injection and monitored weekly thereafter. Only 

animals with consistently elevated glucose levels >350 mg/dL were considered diabetic. One 

month after STZ injection, a single IVT injection of 5 μL Blank-NP (0.5 mg NP) or Feno-

NP (30 μg fenofibrate) was given. Eight weeks after the IVT injection, the effects of Feno-

NP on DR were evaluated by measuring retinal function, retinal vascular leakage, retinal 

leukostasis, and the expression levels of VEGF and ICAM-1.

Efficacy of Feno-NP on Laser-Induced CNV in Rats.

CNV was induced by laser photocoagulation as described previously 20. A wavelength of 

532 nm, a spot size of 75 μm, an exposure time of 100 ms and a power of 500 mW were 

applied. Eight spots were applied in each eye. Only burns that generated a bubble, indicating 

the rapture of Bruch’s membrane, were included in the study. A single IVT injection of 5 μL 

Blank-NP (0.5 mg NP) or Feno-NP (30 μg fenofibrate) was given immediately after laser 

injury. Vascular leakage and CNV size were measured after two weeks.

Efficacy of Feno-NP on Ocular NV in Vldlr−/− Mice.

A single IVT injection of 1.5 μL Blank-NP (150 μg NP) or Feno-NP (9 μg fenofibrate) was 

given to Vldlr−/− mice at age of P21. One month after the injection, vascular leakage was 

measured, and numbers of subretinal NV (SRNV) and intra-retinal NV (RNV) lesions were 

counted in choroidal and retinal flat mount, respectively.

Toxicities of Blank-NP and Feno-NP to the Structure and Function of the Retina in Healthy 

Rats.

A single IVT injection of 5 μL Blank-NP (0.5 mg NP) or Feno-NP (30 μg fenofibrate) was 

performed in normal rats. Retinal function was examined at 2 weeks and 4 weeks post 

injection, and retinal structure was examined at 4 weeks post injection.

Electroretinogram (ERG) Recording.

ERG was recorded using a Espion Visual Electrophysiology System (Diagnosys, LLC) as 

previously described 38. Briefly, rats were dark adapted overnight, and ERG was elicited by 

flash stimuli with a Ganzfeld photo-stimulator at intensity of 600 cd.s/m2. The a- and b-

wave amplitudes in both eyes were recorded and analyzed.
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Optical Coherence Tomography (OCT).

A SD-OCT device (Bioptigen Inc. Durham. NC, USA) was used to record the retinal 

thickness 20. Images were captured with the rectangular scan at 1000 A-scans per B-scan, 

and 100 B-scans per frame. Total retinal thickness (TRT) was measured perpendicular to the 

surface of retinal pigment epithelial (RPE) layer and retinal nerve fiber layer (RNFL) at 12, 

3, 6, and 9 o’clock positions, 500 μm away from the center of optic nerve head (ONH) using 

the built-in software (InVivoVU, Bioptigen), and then averaged. The examiners were blinded 

to the treatment information.

Retinal Vascular Permeability Assay.

Retinal vascular permeability was measured using the Evans blue (30 mg/kg) as a tracer, as 

described previously 20.

Retinal Vascular Leukostasis Assay.

The adherent leukocytes in the retinal vasculature were stained by perfusion with FITC-

conjugated concanavalin-A (200 μg/ml), as described previously 19. The number of 

leukocytes adherent in the retinal arteries, veins and their first grade branches in the whole 

retina was counted.

Western Blot Analysis.

Western blot analysis was performed as described previously 20. Individual protein bands 

were semi-quantified by densitometry using ImageJ and normalized by β-actin levels. 

Rabbit anti-VEGF antibody (Abcam, Cat#ab46154), goat anti-ICAM-1 antibody (Abcam, 

Cat#ab27536), and mouse anti-β-actin antibody (Sigma-Aldrich, Cat#A5441) were used.

Fundus Photography (FP) and Fundus Fluorescein Angiography (FFA).

FP and FFA were performed as described previously 20. For CNV rats, images were 

captured at 1 and 5 min after the i.p. injection of fluorescein solution, and fluorescein 

leakage was graded (Table 1). For Vldlr−/− mice, fluorescein leakage spots were quantified 

at 5 min after the injection.

Choroidal and Retinal Flat Mount Stained with FITC-Dextran (FITC-D).

As described previously 20, fixable FITC-D (20 mg/mL) was injected into anesthetized 

animals at a dose of 10 mL/kg through the femoral vein. The animals were sacrificed at 5 

mins after FITC-D injection and the eyes were enucleated and fixed in 4% 

paraformaldehyde for 2 hours. The retina and eyecup were flat-mounted separately on slides, 

and fluorescent images were captured. NV areas or numbers were measured with the ImageJ 

software.

Statistical Analysis.

Statistical analysis was performed using SPSS 15.0 software (SPSS, Chicago, IL). Values 

were expressed as n (%) or mean ± standard error of mean (SEM). Categorical variables 

were compared using the Chi-square (x2) test. Quantitative data were analyzed using one or 
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two-way analysis of variance (ANOVA) followed by Bonferroni post hoc tests. P < 0.05 was 

considered statistically significant.

RESULTS

Characteristics of Feno-NP.

Fenofibrate was successfully encapsulated into PLGA NP with different molecular weight 

PLGA polymers using the emulsification method. The physicochemical properties of Feno-

NP were shown in Table 2. All Feno-NP were monodispersed (PDI <0.1), had particle size 

around 250 nm and possessed a spherical shape (Figure 1A). Feno-NP exhibited a nearly 

neutral surface charge, contributed by the PVA coating on NP surface 35. The PVA coatings 

can further stabilize feno-NP, prevent particle aggregation, and allow smooth IVT injection 

of Feno-NP through fine gauge needles. There were no drug crystals in Feno-NP 

suspensions after filtering and washing. Drug loading in Feno-NP increased with the 

molecular weight of PLGA (Table 2). Relatively high molecular weight PLGA 34kDa and 

PLGA 54kDa achieved high drug loading of 6% and 7.9% w/w, respectively, corresponding 

to an encapsulation efficiency of 36% and 47%. There were also no drug crystals when 

PLGA 34kDa and PLGA 54kDa were used to formulate Feno-NP. While PLGA 18 kDa and 

PLGA 5kDa were used, the drug loading was reduced to 4.1% and 1.1%, respectively. We 

observed plenty of drug crystals in PLGA 18 kDa and PLGA 5kDa Feno-NP before filtering 

(data not shown), indicating a poor drug encapsulation in NP of lower molecular weight 

PLGA.

Fenofibrate was released from Feno-NP in a controlled manner under sink conditions in 

vitro (Figure 1B). The drug release rate from Feno-NP was significantly affected by the 

molecular weight of PLGA. Quick drug release with an obvious burst release was observed 

when PLGA 5kDa was used for Feno-NP, and 100% of drug was released within 1 week. 

Feno-NP prepared with PLGA 18kDa and 34kDa demonstrated a long-lasting drug release 

profile in a controlled manner ranging from 1 month to 2 months, respectively, without 

obvious initial burst release (Figure 1B). Feno-NP made of PLGA 54kDa only released 

~70% of loaded drug by 2 months, demonstrating a slow release lasting much longer than 2 

months. The drug release profiles for PLGA 34kDa and PLGA 54kDa appeared to be tri-

phasic with a first order release during the first month and a short-period rapid release, 

followed by another gradual drug release to reach plateau. The rapid release around 1 month 

could be attributed to the degradation of PLGA 34kDa and PLGA 54kDa in Feno-NP 

allowing the rapid diffusion of fenofibrate. Based on the drug release profiles and the animal 

efficacy study timeframe (~2 months), Feno-NP (PLGA 34kDa) were selected for following 

efficacy and toxicity studies as they provide continuous drug release for approximately 2 

months in vitro.

Ocular Pharmacokinetics of Feno-NP.

The determination of released drug levels in ocular tissues was carried out in BN rats after 

an IVT injection of Feno-NP. In order to remove the influence from NP-encapsulated 

fenofibrate to the released drugs, we measured fenofibric acid, the parent drug after the 

conversion from released fenofibrate. The fenofibric acid levels in eyecups during 2 months 
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were measured by LC-MS/MS (Figure 2). The calculated Tmax was 14 days and Cmax was 

150.5 ng/g, and 0.027% of the total dose was recovered in the eyecup tissue at Tmax. One 

single IVT injection of Feno-NP provided sustained levels of fenofibric acid in the eye for at 

least 60 days, and the fenofibric acid level at 60 days was 33.6 ± 5.1 ng/g.

A Single IVT Injection of Feno-NP Improves Retinal Function in STZ-Induced Diabetic Rats.

Retinal dysfunction, as shown by declined ERG a- and b-wave amplitudes in DR patients 

and diabetic animals, is one of the signs of DR, and is also the target for DR treatment 39. 

Our results demonstrated that both a- and b-wave amplitudes of scotopic ERG were 

decreased in STZ-induced diabetic rats, compared with non-diabetic rats. IVT Feno-NP 

partially normalized the ERG decline at both 4 and 8 weeks post injection, compared with 

diabetic rats without treatment or diabetic rats with IVT injection of Blank-NP (Figure 3). It 

indicates that IVT Feno-NP has a long-lasting protective effect against the retinal function 

impairment induced by diabetes for at least 8 weeks. We also observed that NP were still 

visible in the posterior chamber under fundus photography until 6 weeks (data not shown). 

However, these diabetic rats developed severe cataract from 2 months after onset of diabetes, 

subsequently, blocking the visual pathway and preventing further monitoring of NP in the 

posterior chamber.

A Single IVT Injection of Feno-NP Attenuates Retinal Vascular Leakage and Retinal Edema 

in STZ-Induced Diabetic Rats.

Retinal vascular leakage is a common pathological feature in DR and a major cause of 

macular edema and loss of vision in diabetic patients, which can occur or reoccur at any 

stage of DR. As shown by OCT (Figure 4A, B), the total retinal thickness (TRT) increased 

in diabetic rats in comparison to normal rats, demonstrating a retinal edema. This result was 

consistent with the increased retinal vascular permeability in diabetic rats, compared with 

normal rats (Figure 4C). IVT Feno-NP, but not Blank-NP, prevented the TRT increase in 

diabetic rats and reduced the retinal vascular permeability at 8 weeks post injection in 

comparison to diabetic rats without treatment, to a nondiabetic level (Figure 4A-C). It is 

comparable to the effects achieved via daily oral fenofibrate dosing in our previous study 19. 

These results indicate that the single IVT Feno-NP reduces diabetes-induced retinal vascular 

leakage and retinal edema with a long-lasting effect for at least 8 weeks.

A Single IVT Injection of Feno-NP Reduces Leukostasis in STZ-Induced Diabetic Rats.

Enhanced leukostasis, leukocyte adherence to the retinal vasculature, is another hallmark of 

DR 40. Retinal leukostasis is responsible for inducing retinal capillary nonperfusion, 

endothelium damage and vascular leakage 40. Our results showed that the number of 

adherent leukocytes significantly increased in the retinal vasculature of diabetic rats, 

compared with that in nondiabetic control. Single IVT Feno-NP, but not Blank-NP, 

significantly decreased the number of adherent leukocytes at 8 weeks after treatment, to a 

nondiabetic level (Figure 5A, B). The single IVT Feno-NP showed comparable effect to that 

achieved via daily oral fenofibrate dosing in our previous study 19. It suggests that IVT 

Feno-NP has an inhibitory effect on retinal vascular leukostasis.
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Feno-NP Attenuate the Overexpression of VEGF and ICAM-1 in the retina of Diabetic Rats.

VEGF and ICAM-1 play important roles in retinal inflammation and vascular leakage in DR 
41. As shown by Western blot analysis, both VEGF and ICAM-1 levels in the retina were 

elevated in diabetic rats compared with those of non-diabetic rats, while Feno-NP, but not 

Blank-NP, downregulated the overexpression of these two factors at 8 weeks after the 

treatment (Figure 6). These results suggest that Feno-NP inhibit the overexpression of 

VEGF and ICAM-1 in the retinas of diabetic rats.

A Single IVT Injection of Feno-NP Reduces Vascular Leakage and Suppresses the 

Formation of CNV in Laser-Induced CNV Rats.

We employed laser-induced CNV rats, a commonly used model of CNV with main 

characteristics of neovascular AMD. The distribution of CNV lesions with different degree 

of leakage was evaluated by FFA (Figure 7A). It showed that the incidence of Grade 3 

lesions, clinically significant CNV lesions, were significantly decreased in the Feno-NP 

group, but not in the Blank-NP group, compared with the untreated control group. The 

incidence of Grade 3 was decreased about 70% in the Feno-NP group, compared with the 

Blank-NP group, similar to the effect of fenofibric acid solution via i.p. injection daily 20. 

This result suggests that Feno-NP has an inhibitory effect on vascular leakage from laser-

induced CNV in rats. For the evaluation of anti-angiogenic effects of Feno-NP, the CNV 

area was measured in choroidal flat mounts following angiography with FITC-D. Feno-NP, 

but not Blank-NP, decreased CNV area compared with that in the group without treatment 

(Figure 7B, C). The CNV area was decreased about 43% in Feno-NP group, compared with 

the Blank-NP group, similar to the effect of fenofibric acid solution via i.p. injection daily 
20. These results demonstrate that IVT Feno-NP reduces the vascular leakage from CNV and 

suppresses the formation of CNV in laser-induced CNV rats.

A Single IVT Injection of Feno-NP Reduces Retinal Vascular Leakage and Suppresses the 

Formation of IRNV and SRNV in Vldlr−/− Mice.

Vldlr−/− mice are a genetic model recapitulating some phenotypes of neovascular AMD such 

as subretinal NV and intraretinal NV. Feno-NP, but not Blank-NP, significantly reduced the 

retinal vascular permeability in Vldlr−/− mice, compared with Vldlr−/− mice without 

treatment, as shown by permeability assay (Figure 8C). Consistently, FFA showed that Feno-

NP, but not Blank-NP, significantly decreased the number of vascular leakage spots in the 

fundus of Vldlr−/− mice (Figure 8A, B). These results indicate that IVT Feno-NP reduces 

retinal vascular leakage in Vldlr−/− mice. Moreover, we evaluated the effect of Feno-NP on 

the formation of SRNV and IRNV in choroidal and retinal flat mounts following 

angiography with FITC-D. Numbers of both SRNV and IRNV were decreased significantly 

in the Feno-NP group, but not in the Blank-NP group, compared with Vldlr−/− mice without 

treatment (Figure 8D, E), suggesting that IVT Feno-NP inhibits the formation of SRNV and 

IRNV in Vldlr−/− mice.
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Intraocular Injection of Feno-NP Has no Detectable Toxicities to the Structure and Function 

of the Retina.

As shown by ERG (Figure 9A, B), there was no significant difference in amplitudes of both 

scotopic a- or b-waves among untreated normal rats and those treated with Feno-NP and 

Blank-NP at both 2 weeks and 4 weeks following NP injection, suggesting that neither 

Feno-NP nor Blank-NP had toxicity to retinal function in normal rats. Structurally, retina 

appearance was normal and no retinal detachment, hemorrhage, or evidence of fibrosis was 

observed in the groups treated with Feno-NP or Blank-NP at 4 weeks after injection, as 

shown by FP (Figure 9E). In FFA, the retinal vasculature in the eyes treated with NP 

injection was similar to those without NP injection, with no changes in vascular leakage 

(Figure 9E). Similarly, no difference was observed in total retinal thickness as shown by 

OCT among normal rats injected with Feno-NP, Blank-NP and without NP injection (Figure 

8C, D). Altogether, no severe ocular toxicity was observed during the experimental period 

after the IVT injection of NPs in rats.

DISCUSSION

PPARα is a nuclear transcription factor for diverse target genes, and regulates many 

biological processes including vascular function, oxidative stress, and inflammation 42. Our 

previous study demonstrated that downregulated PPARα plays a pathological role in 

diabetic microvascular complications in animal models 43. We also showed that Pparα−/− 

mice developed more severe laser-induced CNV, compared with wild type mice, indicating 

that downregulated PPARα promotes the development of CNV 20. In addition, Pparα−/− 

mice showed increased ischemia-induced retinal cell death in the OIR model in comparison 

to wild type mice, suggesting the downregulated PPARα plays a pathogenic role in retinal 

degenerative diseases. PPARα activation has potent anti-inflammatory activities. The 

activation of NLRP3 inflammasome plays a pivotal role in the development and progression 

of inflammatory diseases including ocular diseases such as DR, AMD, glaucoma and dry 

eye 44. Fenofibrate, a PPARα agonist, improves the endothelial precursor cell function 45 

and protects retinas from neuroinflammation via downregulating the activity of NLRP3 46. 

Fenofibrate has potent therapeutic effects on diabetic microvascular complications in 

patients 17–18, and displays anti-inflammatory and anti-angiogenic activity on DR and 

neovascular AMD in animal models, through the activation of PPARα 19–20.

Fenofibrate exhibits low oral bioavailability because of its high lipophilicity 47. In order to 

enhance the drug solubility and increase the oral bioavailability, attempts were made to 

formulate fenofibrate nanocrystals 48, and fenofibrate-encapsulated solid lipid NP 49–50. 

Polyvinylpyrrolidone, hydroxypropyl-β-cyclodextrin and gelatin were applied to prepare 

fenofibrate-encapsulated polymeric NP as potential oral formulations to enhance the 

bioavailability of fenofibrate by increasing the drug dissolution 51. Fenofibrate-loaded 

PLGA microparticles were prepared for treating ischemic stroke, and the drug release only 

lasted for 7 days 52. None of these formulations would be suitable for IVT administration for 

treating DR and AMD to provide sustained efficacy up to a few months. Fenofibrate could 

also be potentially formulated as a drug crystal suspension for IVT injection, but drug 

suspensions typically exhibit uncontrollable drug dissolution profiles. Here, we 

Qiu et al. Page 11

Mol Pharm. Author manuscript; available in PMC 2020 May 06.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



demonstrated that a biodegradable NP platform with high drug loading and sustained release 

of fenofibrate effectively alleviated choroidal and retinal NV in rats through a single IVT 

injection, which avoided repeated injections.

The Feno-NP formulations can be further optimized in terms of drug loading and drug 

release profiles by changing polymer composition and process parameters 53. When PLGA 

polymers with the same terminal carboxyl groups and LA:GA ratio, lower molecular weight 

PLGA (e.g. PLGA 5kDa) are less hydrophobic than higher molecular weight PLGA (e.g. 

PLGA 54kDa). Thus, more hydrophobic PLGA 54kDa could achieve higher drug loading of 

7.9% than the less hydrophobic PLGA5kDa (only 1.1%). Sustained release of fenofibrate 

from Feno-NP is likely a result of both the gradual degradation of PLGA and diffusion of 

fenofibrate through the PLGA matrix. The degradation of PLGA is influenced by the degree 

of polymer crystallinity, which is affected by the LA:GA ratio, and higher content of PGA 

leads to quicker degradation 54. An exception is that PLGA(50:50) is amorphous with fast 

hydration and exhibits the fastest degradation. PLGA with acidic terminal groups 

demonstrated faster degradation than ester-terminated PLGA. PLGA(50:50) with carboxyl 

terminal groups can degrade fast, and the nano-sized NP will facilitate water penetration into 

NP matrix allowing quick hydrolysis. Therefore, we observed a steady drug release profile 

without a significant lag phase following the initial rapid drug release, unlike typical PLA/

PLGA microspheres 54. Lower molecular weight PLGA 5kDa NP typically degrades quickly 

and exhibits a fast drug release profile (all drug released within 1 week in vitro), and the 

higher molecular weight PLGA 54kDa NP degrades much slower with sustained drug 

release lasting for more than 2 months in vitro. We can further increase the drug loading and 

prolong the drug release by increasing the particle size or using more hydrophobic and less 

degradable PLGA/PLA.

Feno-NP were manufactured with components that are classified as GRAS materials by the 

FDA for various uses and have a long history of use in pharmaceutical products, including 

ophthalmic formulations. PLGA is known to form natural metabolites (lactic and glycolic 

acids) and is eliminated from the body, offering the advantage of safety 34. However, 

cytotoxicity is still a potential concern in nanoparticle-mediated drug delivery. In this study, 

we have evaluated the potential toxicity of Feno-NP and Blank-NP in the retina in normal 

rats. Analyses of the ERG response, retinal morphology and retinal vasculature indicated 

that Feno-NP had no detectable side effects on retinal structure and function. The present 

study suggests that Feno-NP are safe to the normal retina for intraocular administration at 

the dose used. We noticed an increased trend of permeability in diabetic rats treated with 

blank-NP, but this increase had no statistical significance. The IVT injection procedure is a 

known insult to the retina which may cause retinal inflammatory responses, leading to high 

permeability.

It was reported that up to 50 μm particles can be injected with 27G needles. The 250 nm size 

of Feno-NP will allow IVT injection in both animals and patients in the future through fine 

gauge needles (e.g. 30G). The emulsification method used to prepare Feno-NP is a scalable 

procedure 35, 55, and it will facilitate the large-scale manufacturing. In the future clinical 

translation, safer solvents (e.g. ethyl acetate and benzyl alcohol) can replace the DCM at the 

emulsification procedure to manufacture Feno-NP. These PLGA NP were found to be 
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noninflammatory after IVT administration to healthy rats. Clinic trials demonstrated that the 

IVT dexamethasone PLGA implant, Ozurdex®, can sustain the release of dexamethasone in 

the vitreous cavity to provide therapeutic effects up to 6 months in patients with diabetic 

macular edema, and showed no obvious retinal toxicity caused by PLGA itself even after 

repeated applications 56. Our previous study showed that one single IVT injection of 

plasminogen kringle 5 loaded PLGA NP (K5-NP) decreased CNV area in a laser-induced 

CNV rat model for up to 2 weeks 57, as well as reduced retinal NV in the ischemia-induced 

retinal NV rat model for at least 4 weeks 58.

Fenofibrate has potential anti-inflammatory activities, which may contribute to its protective 

effects against microvascular impairment and neuronal cell death in many diseases 42. In this 

study, our results also demonstrated that Feno-NP attributed to its anti-inflammatory effects 

by reducing the retinal leukostasis, downregulating the overexpression of VEGF and 

ICAM-1, and attenuating retinal vascular leakage in STZ-induced diabetic rats, consistent 

with our previous study on free fenofibrate in the OIR rat model and STZ-induced diabetic 

rat model 19. In addition, the present study showed a novel finding that Feno-NP rescued 

retinal dysfunction in STZ-induced diabetic rats, which has not been reported previously. 

These results suggest that Feno-NP, similar to free fenofibrate, has beneficial effects on DR. 

Free fenofibrate after IVT dosing, the active drug levels will decline quickly and disappear 

in less than 1 week 19. However, compared with fenofibrate free drug, Feno-NP is more 

clinically important due to the sustained effects lasting for at least 8 weeks after one single 

injection (30 μg fenofibrate for rats and 9 μg for mice), which provided continuous effective 

fenofibric acid level in the eye and had the great potential to reduce injection frequency. In 

order to achieve similar efficacy in the same animal models, a frequent and high systemic 

dosing for a long period would be required through either daily i.p. injection at ~25 μg/g/day 

for 2 weeks (5 mg/day per rat and 0.5 mg/day per mouse) 20, or daily oral administration at 

~120 μg/g/day for 7 weeks (24 mg/day per rat) 19. IVT injection of Feno-NP significantly 

reduced the total dose by ~2000 times and ~40,000 times in comparison to the i.p. and oral 

route, respectively. Also, the overall effect of Feno-NP in the present study showed a similar 

efficacy in comparison to fenofibrate administrated systemically in diabetic rats and laser-

induced CNV rats. Therefore, the local IVT delivery of Feno-NP has advantages over 

fenofibrate solution, not only lowering the drug dose of fenofibrate, but also reducing the 

frequency of more invasive IVT injections, subsequently decreasing the incidence of high-

dose fenofibrate induced nephrotoxicity 24 and the risks associated with frequent IVT 

injections 11. Feno-NP formulations can be further modified to achieve increased drug 

release duration ≥ 6 months. Ultimately, we would expect potentially IVT dosing of patients 

with AMD and DR only once to twice per year IVT dosing of patients with AMD and DR.

Diabetic stress results in the over-production of inflammatory factors including VEGF and 

ICAM-1 41, 59 in the retina. ICAM-1 mediates leukostasis 59, and VEGF increases retinal 

leukostasis and vascular permeability 60. Increased retinal vascular leukostasis leads to 

retinal capillary closure, causing nonperfusion of vessels, damages the retinal endothelium 

and promotes vascular leakage 40, leading to macular edema and NV which are responsible 

for vision loss 61. Our previous study demonstrated that fenofibrate exerts its beneficial 

effects on DR via activation of PPARα 19. Therefore, it is possible that fenofibric acid 

activates PPARα, resulting in the downregulation of VEGF and ICAM-1 expression, which 
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in turn inhibits retinal leukostasis, decreases retinal microvasculature impairment, reduces 

vascular leakage, and ultimately protects retinal dysfunction in DR. Although numerous 

studies have shown retinal vascular leakage or increased vascular permeability in STZ-

diabetic rats, actual retinal edema has not been demonstrated in this model. Using OCT, the 

present study demonstrated the increase of retinal thickness in STZ-diabetic rats, which have 

been reported only by a few studies 62–63, suggesting retinal edema is present in this model. 

IVT Feno-NP significantly reduced retinal thickness in diabetic rats to non-diabetic levels. 

This observation is consistent with reduced retinal vascular leakage and reduced levels of 

ICAM-1 and VEGF in diabetic retinas, suggesting Feno-NP alleviate diabetic retinal edema. 

The beneficial effects of Feno-NP in neovascular AMD were also demonstrated by showing 

that IVT Feno-NP reduced vascular leakage and attenuated the formation of CNV in both 

laser-induced CNV rat model, a commonly used CNV model, and Vldlr−/− mice, a genetic 

model of intra-retinal and sub-retinal NV. These results are consistent with our previous 

study of systemic administration of fenofibric acid on neovascular AMD animal models 20. 

Taken together, Feno-NP offer an innovative strategy for delivery of fenofibrate by IVT 

injection, and this delivery system might be a potential therapeutic approach for macular 

edema and NV in DR and AMD.

Despite the positive efficacy observed, some limitations exist which remain to be addressed 

in the future studies. The sink conditions do not exist for the local drug delivery in the 

vitreous chamber, and a more relevant in vitro release experiment set-up is required to reflect 

the IVT drug delivery environment. We have not performed the PK of free fenofibrate in 

DMSO solution at the same time and made a comparison PK between free fenofibrate and 

Feno-NP. Feno-NP retained and released therapeutically relevant amounts of drug for at least 

8 weeks in the eye. The effective drug loading of Feno-NP and release kinetics may need to 

be optimized. Degradation rates of PLGA and accompanying release profiles of drugs can be 

controlled by the polymer’s physicochemical properties, such as molecular weight, 

hydrophilicity, and the ratio of lactide to glycolide. The drug release from PLGA NPs could 

be further prolonged by increasing the polymer molecular weight, the lactide ratio, or the 

particle size. Key next steps in development include pharmacokinetics and safety testing in 

larger animals, such as rabbits.

In conclusion, Feno-NP have been successfully formulated using the emulsification method, 

and these conferred sustained therapeutic effects in both DR and neovascular AMD. Feno-

NP showed desired physiochemical characteristics and sustained release profiles. A single 

IVT injection of the Feno-NP displayed promising therapeutic potential for the treatment of 

DR and neovascular AMD with prolonged drug release and potentially reduced injection 

frequency. In addition, Feno-NP are safe for administration to the retina. Further studies are 

warranted to further explore therapeutic applications of Feno-NP in patients with ocular NV 

including DR and neovascular AMD.
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Figure 1. 
Characteristics of Feno-NP. (A) Representative transmission electron microscope image of 

Feno-NP (PLGA 34kDa) and (B) the in vitro drug release profile of Feno-NP made of 

different polymers. The insert shows expanded drug release profile during the first 3 days.
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Figure 2. 
Pharmacokinetics of Feno-NP in the eyecup tissue containing vitreous, retina, choroid, and 

sclera. Means ± SEM (n = 4).
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Figure 3. 
Effect of Feno-NP on retinal function with ERG in STZ-induced diabetic rats. (A) 

Representative waveforms of ERG in normal rats, untreated diabetic rats, Blank-NP treated 

diabetic rats, Feno-NP treated diabetic rats. (B, C) Quantification of amplitude of a wave (B) 

and b wave (C) on scotopic ERG. Mean ± SEM (n=10–12/group). Two-way ANOVA 

followed by Bonferroni post hoc test. ** P < 0.01, versus normal rats; *** P < 0.001, versus 

normal rats. # P < 0.05, versus untreated diabetic rats; ## P < 0.01, versus untreated diabetic 

rats; ### P < 0.001, versus untreated diabetic rats, δδ P < 0.01, versus Blank-NP treated 

diabetic rats; δδδ P < 0.001, versus Blank-NP treated diabetic rats.
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Figure 4. 
Effect of Feno-NP on retinal vascular leakage and retinal edema in STZ-induced diabetic 

rats. Retinal edema was evaluated by total retinal thickness using OCT 2 and 4 weeks after 

Feno-NP treatment, and retinal vascular leakage was measured by permeability assay 8 

weeks after Feno-NP treatment. (A) Representative images of OCT; (B) Quantification of 

total retinal thickness (n=12/group) on OCT; (C) Quantification of permeability (n=12/

group). TRT: total retinal thicknesses; RPE: retinal pigment epithelial layer; RNFL: retinal 

nerve fiber layer; ONH: optic nerve head. Mean ± SEM. Two-way ANOVA followed by 
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Bonferroni post hoc test. ** P < 0.01, versus normal rats; *** P < 0.001, versus normal rats. 

## P < 0.01, versus untreated diabetic rats. δδ P < 0.01, versus Blank-NP treated diabetic 

rats.
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Figure 5. 
Effect of Feno-NP on retinal vascular leukostasis in STZ-induced diabetic rats. (A) 
Representative images of retinal vascular leukostasis. Arrows indicated adherent leukocytes. 

Scale bar: 50 μm. (B) Quantification of leukocytes adherent to retinal vasculature 8 weeks 

after Feno-NP treatment. Mean ± SEM (n = 7/group). Two-way ANOVA followed by 

Bonferroni post hoc test. *** P < 0.001, versus normal rats. ### P < 0.001, versus untreated 

diabetic rats. δδδ P < 0.001, versus Blank-NP treated diabetic rats.
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Figure 6. 
Effect of Feno-NP on the overexpression of VEGF and ICAM-1 in the retinas of STZ-

induced diabetic rat. The retinas were dissected for Western blot analysis 8 weeks after 

Feno-NP treatment. (A) Representative images of VEGF and ICAM-1 blots. (B) 
Quantification data of Western blot analysis. Mean ± SEM (n = 3/group). Two-way ANOVA 

followed by Bonferroni post hoc test. * P < 0.05, versus normal rats. # P < 0.05, versus 

untreated diabetic rats. δ P < 0.05, versus Blank-NP treated diabetic rats.
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Figure 7. 
Effect of Feno-NP on vascular leakage and the formation of CNV in laser-induced CNV rat 

model. Two weeks after Feno-NP treatment, vascular leakage was evaluated by FFA, and 

CNV evaluated by CNV area in choroidal flat mount. (A) Distribution of lesion grades and 

the incidence of Grade 3 lesions with FFA (n=6–12). Data were percentages (%) (n = 6–12) 

and analyzed by Chi-square test. * P < 0.05, versus untreated CNV rats. ## P < 0.01, versus 

Blank-NP treated CNV rats. (B) Representative images of choroidal flat mount. Red circles 

indicated CNV lesions. Scale bar: 50 μm. (C) Quantification data of CNV area on choroidal 
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flat mount. Mean ± SEM (n = 6–12). One-way ANOVA followed by Bonferroni post hoc 

test. *** P < 0.001, versus untreated CNV rats. ### P < 0.001, versus Blank-NP treated 

CNV rats.
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Figure 8. 
Effect of Feno-NP on vascular leakage measured with FFA and vascular permeability, 

formation of SRNV and IRNV evaluated by neovascular tufts in flat-mounted choroid and 

retina in Vldlr−/− mice one month after Feno-NP treatment. (A) Representative images of 

FFA. (B) Numbers of leakage spots in FFA. (C) Quantification of retinal vascular 

permeability. (D) Representative images of SRNV and IRNV in FFA. Scale bar: 1,000 μm. 

(E) Quantification of SRNV and IRNV in flat mounted choroid and retina. Mean ± SEM (n 
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= 8–16. One-way ANOVA followed by Bonferroni post hoc test. *** P < 0.001, versus 

untreated Vldlr−/− mice. ### P < 0.001, versus Blank-NP treated Vldlr−/− mice.
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Figure 9. 
Feno-NP or Blank-NP has no detectable toxicities to retinal function measured with ERG 

and morphology with FP, OCT and FFA in normal rats. (A) Representative waveforms of 

ERG. (B) Quantification of ERG. (C) Representative images of OCT. (D) Quantification of 

total retinal thickness in OCT. (E) Representative images of FP and FFA. Mean ± SEM (n = 

8–16). TRT: total retinal thicknesses; RPE: retinal pigment epithelial layer; RNFL: retinal 

nerve fiber layer; ONH: optic nerve head. One-way ANOVA followed by Bonferroni post 
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hoc test. No statistically significant difference was found among untreated normal rats, 

Blank-NP treated normal rats and Feno-NP treated normal rats.
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Table 1.

Evaluation of fluorescein leakage in CNV rats (grade 0–3), modified from 20.

Clinical parameter Grade

0 1 2 3

Leakage None Questionable Leaky Pathologically
significant
leaky

Hyperfluorescence intensity Faint or speckled No advancing increase Increase Increase

Hyperfluorescence size None No advancing increase Not significant increase, no 
definite leakage

Increase with definite leakage
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Table 2.

Physicochemical Properties of NP

Polymer Particle size
(nm) PDI ζ-potential

(mV)
Drug loading

(wt. %)
EE
(%)

PLGA 5kDa 224 ± 12 0.03 ± 0.02 −6 ± 4 1.1 6.6

PLGA 18kDa 250 ± 12 0.03 ± 0.01 −1.5 ± 0.5 4 24

PLGA 34kDa 265 ± 10 0.03 ± 0.01 −1.2 ± 0.1 6 36

PLGA 54kDa 252 ± 4 0.05 ± 0.03 −1 ± 0.2 7.9 47
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