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Abstract

Retinal gene therapy has had unprecedented success in generating treatments that can halt vision 

loss. However, immunogenic response and long-term toxicity with the use of viral vectors remain 

a concern. Non-viral vectors are relatively non-immunogenic, scalable platforms that have limited 

success with DNA delivery to the eye. Messenger RNA (mRNA) therapeutics has expanded the 

ability to achieve high gene expression while eliminating unintended genomic integration or the 

need to cross the restrictive nuclear barrier. Lipid-based nanoparticles (LNPs) remain at the 

forefront of potent delivery vectors for nucleic acids. Herein, we tested eleven different LNP 

variants for their ability to deliver mRNA to the back of the eye. LNPs that contained ionizable 

lipids with low pKa and unsaturated hydrocarbon chains showed the highest amount of a reporter 

gene transfection in the retina. The kinetics of gene expression showed a rapid onset (within 4 h) 

that persisted for 96 h. The gene delivery was cell-type specific with majority of the expression in 

the retinal pigmented epithelium (RPE) and limited expression in the Müller glia. LNP-delivered 

mRNA can be used to treat monogenic retinal degenerative disorders of the RPE. The transient 

nature of mRNA-based therapeutics makes it desirable for applications that are directed towards 

retinal reprogramming or genome editing. Overall, non-viral delivery of RNA therapeutics to 

diverse cell types within the retina can provide transformative new approaches to prevent 

blindness.
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INTRODUCTION

The posterior eye contains the retina, a multi-layered tissue, comprised mostly of neurons 

and one layer of epithelial cells. Each retinal cell type plays an important role in visual 

processing and retinal maintenance. When proteins within these cells are dysfunctional, 

retinal function and health can be disturbed resulting in retinal degeneration [1]. Currently, 

retinal degeneration, arising from advanced glaucoma, atrophic macular degeneration, 

advanced diabetic retinopathy, and inherited retinal degenerations, affects millions of people 

worldwide. Gene-therapy based approaches have been widely investigated for the treatment 

of these disorders [2,3]. Recently, an adeno-associated virus (AAV)-based gene therapy, 

Vortigern Neparvovec (Luxturnatm) was approved by the FDA for the treatment of Leber 

Congenital Amaurosis (LCA), making subretinal delivery of AAV the new gold standard [4]. 

Despite these advances, AAVs have safety concerns associated with mutagenic integration 

and immune activation, limiting repeated administration [5]. In addition, their inability to 

deliver large transgenes (>5kb) restricts their broader application. There is a need to develop 

delivery systems that overcome these limitations and expand the utility of gene therapy for 

retinal degeneration.

Nanoparticle-based gene delivery to the eye has garnered attention as a potentially safer and 

highly modular alternative to viral gene delivery. Nanoparticles have evolved into various 

forms such as polyplexes, lipoplexes, lipid-nanoparticles (LNPs), dendrimers, inorganic 

nanoparticles, and hybrid nanoparticles [6,7]. They allow immense flexibility regarding 

engineering to achieve desirable physicochemical characteristics such as size, shape, surface 

chemistry, charge, interfacial properties, and hydrophobicity. As a consequence of the 

extensive varieties of chemical structures offered by nanoparticles, they can be specifically 

designed to overcome biological barriers such as cell entry and endosomal escape [8–12]. 

They make ideal carriers for the delivery of transgenes due to low immunogenicity and the 

ability to deliver large transgenes (>5kb). Their biodegradability can be optimized to reduce 

toxicity while maintaining efficacy [13–15]. The nanoparticle surface can also be decorated 

with targeting ligands for cell-specific delivery [16–18]. Moreover, nanoparticles are 

relatively cheaper to produce and easy to scale up for large-scale formulation.

The recent success of the LNPs in the clinic has made it the premier nanoparticle system for 

nucleic acid delivery. Many clinical trials are underway for RNA delivery using LNPs for 

the treatment of myriad disorders [19–21]. While many nanoparticles have been evaluated in 

the retina, to the best of our knowledge, few have shown potent nucleic acid delivery [22–

26]. Current nanoparticle-based gene delivery in the eye has focused on using DNA as the 

therapeutic of choice. However, DNA delivery using nanoparticles is inherently inefficient 

due to the nuclear entry requirement in post-mitotic retinal cells. There is a pressing need to 

develop potent non-viral vectors which can generate therapeutic levels of transfection 

efficiency and protein production. The emergence of in vitro transcribed (IVT) mRNA has 
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substantially expanded our ability to achieve high gene expression. These IVT mRNA are 

chemically modified to prevent activation of immune response and stabilize the mRNA for 

improved half-life. mRNA-based gene delivery eliminates the possibility of unintended 

genomic integration and associated safety concerns. The presence of the translational 

machinery in the cytoplasm erases the nuclear entry barrier faced by DNA, thus allowing 

higher efficiencies and rapid protein synthesis [27–29]. Its relatively short half-life makes 

mRNA uniquely suitable for applications which require transient protein expression, as in 

the case of endo/exonucleases for genetic manipulation or transcription factors for 

regenerative applications [28–30]. These characteristics have propelled mRNA to the 

forefront of pharmaceutical research with abundant preclinical and clinical investigations 

underway for applications including protein replacement therapy, immunotherapy, cancer, 

and infectious disease vaccines, gene editing, and tissue engineering [19,31– 42].

LNPs are nanostructures that are composed of a combination of different classes of lipids 

such as a cationic or ionizable lipid (CIL), structural lipids (phospholipid and sterol lipid) 

and PEG-conjugated lipid (PEG-lipid). These lipids self-assemble into LNPs under 

controlled microfluidic mixing with an aqueous phase containing the nucleic acids [43]. The 

most critical component of LNP, the CIL is responsible for electrostatically binding with the 

nucleic acids and encapsulating them. These CILs are also responsible for facilitating the 

endosomal escape of the nucleic acids [44–46]. PEG-lipids prevent aggregation, 

degradation, and opsonization of the LNPs, while the structural lipids promote the stability 

and integrity of the nanoparticle. Herein, we have screened several known CILs to determine 

the cell specificity of gene transfection in the retina and to gain a better understanding of 

their function and efficacy for the delivery of mRNA to the back of the eye.

METHODS

Materials

Dlin-MC3-DMA (MC3) and Dlin-KC2-DMA (KC2) were custom synthesized. 1,2-

dioleyloxy-3-dimethylaminopropane (DODMA), 1,2-dioleoyl-3-trimethylammonium-

propane (chloride salt) (DOTAP), N-(4-carboxybenzyl)-N,N-dimethyl-2,3-

bis(oleoyloxy)propan-1-aminium (DOBAQ), 1,2-di-O-octadecenyl-3-trimethylammonium 

propane (chloride salt) (DOTMA), Dimethyldioctadecylammonium (Bromide Salt) (DDAB), 

1,2-distearoyl-sn-glycero-3-ethylphosphocholine (chloride salt) (18:0 EPC), 1,2-dioleoyl-sn-

glycero-3-ethylphosphocholine (chloride salt) (18:1 EPC), 1,2-distearoyl-3-

dimethylammonium-propane (18:0 DAP), 1,2-stearoyl-3-trimethylammonium-propane 

(chloride salt) (18:0 TAP), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)were 

acquired from Avanti Polar Lipids. Cholesterol and 1,2-dimyristoyl-rac-glycero-3-

methoxypolyethylene glycol-2000 (DMG-PEG2k) was purchased from MP Biomedicals and 

NOF America Corporation, respectively. Pierce D-Luciferin was purchased from Thermo 

Fisher Scientific. Firefly luciferase (L-7202), EGFP (L-7201), and mCherry (L-7203) 

mRNA were obtained from Trilink Biotechnologies.
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Animals

Albino BALB/c mice were either bred in-house or purchased from The Jackson Laboratory 

(Bar Harbor, ME, USA). Both male and female mice aged 1 to 4 months were used in 

experiments. All the experimental procedures followed the protocols approved by the 

Institutional Animal Care and Use Committee at Oregon Health & Science University and 

were in adherence to the Association for Research in Vision and Ophthalmology (ARVO) 

Statement for the Use of Animals in Ophthalmic and Vision Research.

Nanoparticle Formulation and Characterization

LNPs were formulated via microfluidic mixing of one-part ethanol phase (containing the 

lipids) and three parts aqueous phase (containing the mRNA). The ethanol phase contains 

the ionizable/cationic lipid, DSPC, DMG-PEG2k, and cholesterol at a molar ratio of 

50:10:1.5:38.5, respectively. The aqueous phase consists of the mRNA in 50 mM Citrate 

buffer pH 4. Following microfluidic mixing, the nanoparticle solution was subjected to 

buffer exchange with PBS (pH 7.2) and concentrated using Amicon Ultra-4 100k MWCO 

(EMD Millipore) centrifugal filters. The nanoparticles were stored at 4°C and used within 

24 h of formulation. The LNPs remain stable for more than a year [47,48]. The various 

LNPs were characterized for hydrodynamic radius and polydispersity index (PDI) using 

dynamic light scattering (DLS) (Zetasizer Nano ZSP (Malvern Instruments)) and mRNA 

encapsulation efficiency using a modified Quant-iT RiboGreen RNA reagent (Life 

Technologies)[9].

Injections

Prior to subretinal injections, mice were topically administered 0.5% proparacaine, 1% 

tropicamide, and 2.5% phenylephrine and anesthetized with ketamine (100 mg/kg)/xylazine 

(10 mg/kg). To initiate the injection, 2.5% hypromellose was placed over the eye and a 30-

gauge needle was used to make an incision in the limbus. A glass coverslip was then placed 

over the eye to allow for visualization of the retina. Going through the scleral incision in the 

limbus, using a Hamilton syringe with a 33-gauge blunt needle, 1 μL of PBS or LNP-

Luciferase (200 ng mRNA/injection for initial screen, 400 ng mRNA/injection for MC3-

LNP expression kinetics), LNP-EGFP (200 ng mRNA/injection) or LNP-mCherry (400 ng 

mRNA/injection) was delivered to the subretinal space. Each mouse received LNP in one 

eye and PBS (control) in the contralateral eye. A 2% fluorescein solution was added to the 

PBS and LNPs so retinal detachment could be observed and documented. For most 

injections, scleral incisions in the limbus were created nasally and PBS or LNPs were 

delivered temporally.

In vivo Bioluminescent Imaging and Quantification

Mice were injected intraperitoneally with 150 mg Luciferin/kg body weight according to 

manufacturer’s protocol. Bioluminescent imaging was conducted on the IVIS Spectrum In 
vivo Imaging System (PerkinElmer). Image analysis for region of interest (ROI) 

measurement was performed on Living Image Software (PerkinElmer) and was reported as 

average radiance (the sum of the radiance from each pixel inside the ROI/number of pixels 

or super pixels (photons/sec/cm2/sr)). Statistical analysis comparing average radiance 

Patel et al. Page 4

J Control Release. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between each LNP at each time point was performed using an unpaired multiple t-test in 

GraphPad Prism. Statistical analysis for MC3 kinetic profile was performed using Ordinary 

one-ay ANOVA with Tukey’s multiple comparison test in GraphPad Prism. A p value < 0.05 

was considered significant.

Immunohistochemistry

At specified time points, mouse eyes were enucleated and fixed in 4% paraformaldehyde 

(pH 7.4) overnight at 4 °C. To create retinal sections both cryopreservation and paraffin 

embedding were used. For cryopreservation, posterior eyecups were dissected and incubated 

in 30% sucrose solution for 2 h prior to embedding in OCT media. Retinal cryosections 

were sectioned 12 °m thick. For paraffin embedding, after fixation eyes were placed in 

cassettes and stored in 70% ethanol at room temperature. Orientated eyes were processed 

and embedded for sectioning (Tissue-Tek VIP®6, Tissue-Tek® TEC™ 5, Sakura Finetek 

USA, Inc., California). Sections were cut with a microtome to a thickness of 4 microns. 

Paraffin-embedded retinal sections were dipped in 100% Xylene, 100% ethanol, 95% 

ethanol, 80% ethanol, running water and deionized water to deparaffinize the tissue prior to 

staining. All retinal sections were then washed with PBS, permeabilized with 0.3% Triton 

X-100 for 10 min and blocked with 1% BSA for 1 h. Cryopreserved retinal sections were 

incubated with an anti-RPE65 or anti-glutamine synthetase antibody (1:1000, mouse, Cat# 

NB100-355 & Cat# 610517) and an anti-GFP antibody (1:1000, chicken, Cat# ab13970) 

overnight at 4°C. The next day, sections were washed with PBS and incubated in secondary 

antibody (goat anti-chicken Alexa 647, 1:800, Cat#A21449 and donkey anti-mouse Alexa 

594, 1:800, Cat#A21203, Life Technologies, Eugene, OR). Paraffin-embedded sections were 

incubated with the same anti-RPE65 antibody (1:1000, mouse, Cat#NB 100-355) and an 

anti-mCherry antibody (1:500, rabbit, Cat#NBP2-25157) overnight at 4°C. The next day, 

sections were washed with PBS and incubated in secondary antibody (goat anti-mouse 

Alexa 647, 1:800, Cat#A21235 and donkey antirabbit Alexa 594, 1:800, Cat#A21207, Life 

Technologies, Eugene, OR). Images were obtained with either the TCS SP8 X (Leica 

Microsystems, Buffalo Grove, IL) or the ZEISS LSM 880 with Airyscan (Carl Zeiss 

Microscopy, Thornwood, NY) laser scanning microscope. Z-stacks (spanned 10 μm with 1 

μm interval) were collected using a 40X objective, and maximum intensity projections were 

made for further analysis. For panretinal images, stitched Z-stacks (spanned 9 μm with 1.5 

μm interval) were collected using a 20X objective, and maximum intensity projections were 

made for further analysis.

Image Analysis

IHC images that were captured with the same exposure settings were analyzed for 

fluorescence intensity using ImageJ (version 1.45; National Institutes of Health, Bethesda, 

MD). First, the retinal pigment epithelium (RPE) layer was outlined. Then, ImageJ 

calculated the pixel intensity (averaging 1,023 points) and area. The pixel intensity was 

divided by the area and plotted. Three images were analyzed for each condition. Using 

GraphPad Prism, an Ordinary one-way ANOVA Tukey’s multiple comparisons test was used 

to compare pixel intensity/area between each condition. A p value < 0.05 was considered 

significant.
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Cryo-Transmission Electron Microscopy

400 mesh Cu grids with thin carbon film supported by lacey carbon substrate (Ted Pella) 

were glow discharged and administered with 5 μI of sample. The sample was allowed to 

settle on the grid for 10 sec before blotting for 3 sec and plunging into liquid ethane using a 

Vitribot Mark IV (FEI) set to 22 °C and 100% humidity. Grids were imaged on a Talos 

Arctica microscope (FEI) operated at 200 kV, with movie stacks recorded using a K2 

Summit camera (Gatan) in counting mode. MotionCor2 was used to gain normalize, align, 

and sum movie frames, using 5×5 patches with dose weighting.

RESULTS

The CILs utilize their amphiphilicity and positive charge to bind and encapsulate mRNA 

into organized LNP structures. Besides the CIL, LNPs also contain structural lipids (DSPC 

and cholesterol) and PEG-lipid (DMG-PEG2k) (Fig. 1a). We grouped CILs based on the 

cationic or ionizable nature as determined by its polar head group or saturation of the 

hydrocarbon tails (Fig. 1b). These two regions of CILs have been implicated in the efficacy 

of LNPs by playing a role in encapsulation and endosomal escape. Group I (MC3, KC2, 

DODMA) represent ionizable lipids with a tertiary amine and unsaturation in the 

hydrocarbon chains. Group II (DOBAQ, DOTMA, 18:1 EPC, DOTAP) consists of cationic 

lipids with a quaternary amine and unsaturated hydrocarbon chains. Group III (DDAB, 18:0 

EPC, 18:0 DAP, 18:0 TAP) includes cationic or ionizable lipids which possess a tertiary or 

quaternary amine but no unsaturation in the hydrocarbon tails. Eleven LNPs were 

formulated using microfluidic mixing of the lipids and mRNA. These LNPs were subjected 

to characterization based on hydrodynamic size, polydispersity index, and mRNA 

encapsulation efficiency (Fig. 1c). Group I and II CILs showed good LNP characteristics 

(diameter < 200 nm, encapsulation efficiency > 90%, PDI < 0.2), with few exceptions. 

DOBAQ showed low encapsulation (67.5%) and high PDI (0.42). DOTMA formed LNPs 

with a high PDI (0.39) and relatively large size (242 nm). Finally, 18:1 EPC also exhibited a 

high PDI (0.36). These were all tested nonetheless to investigate their characteristics in the 

retina. Group III lipids failed to formulate into LNPs and as such, were eliminated from 

further studies.

Seven LNPs (Group I and II) were injected into mouse eyes via subretinal injections, and 

luciferase protein expression was imaged every day for up to 5 days (Fig. 2a; Supplementary 

Fig. 1). The images were analyzed to measure the average radiance per eye (Fig. 2b, 

Supplementary Fig. 2). We observed the highest expression from MC3 and KC2 followed 

closely by DODMA. At the 24 h time point, MC3 and KC2 expression was 2.8- and 3.2-fold 

higher than DODMA expression, respectively. Overall Group I had statistically higher 

luciferase expression compared to Group II at the 24 h time point (Supplementary Fig. 2b, p 
< 0.05). All LNPs in Group I followed a similar trend in expression kinetics with the 

maximum signal at 24 h which deteriorated daily over the 120 h. Moreover, each LNP in 

Group II had a different expression kinetics profile. DOBAQ’s peak expression persisted for 

72 h before deteriorating swiftly. On the other hand, DOTMA reached peak expression at 72 

h post-injection, which persisted up to 120 h. 18:1 EPC reached peak expression at 48 h, 

which remained stable up to 96 h and then diminished by 120 h post-injection. Lastly, 
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DOTAP demonstrated the lowest signal out of the seven LNPs. At the 24 h time point, 

expression was approximately 200- and 10-fold lower than average Group I and II 

expression, respectively. Its expression persisted for 72 h before deteriorating.

We further tested Group I and II LNPs to determine their localization in the retina. Reporter 

mRNA encoding EGFP was encapsulated in LNPs and delivered subretinally. Encapsulation 

efficiency, hydrodynamic size, and PDI of these nanoparticles were characterized and are 

reported in Supplementary Fig. 3. At 48 h post-injection, immunohistochemistry with 

antibodies specific to RPE (retinal pigment epithelium) 65, a retinoid isomerohydrolase, and 

glutamine synthetase (GS), an enzyme that facilitates nitrogen metabolism, were used to 

distinguish localization of expression in the RPE and Müller glia, respectively. Group I 

LNPs, namely MC3, KC2, and DODMA exhibited a strong EGFP signal co-localized with 

RPE65 demonstrating expression in the RPE layer (Fig. 3a, b). However, EGFP expression 

was not detected above background staining for the Group II LNPs (Fig. 3a, b). MC3-based 

LNPs showed significantly higher signal in the RPE compared to all other LNPs (Fig. 3b, p 
≤ 0.05). Although most of the EGFP expression observed was localized to the RPE, amongst 

Group I lipids, both MC3 and KC2 also facilitated limited expression in Müller glia (Fig. 

3c). This is demonstrated through EGFP co-localization with GS and the distinct Müller glia 

expression pattern, which spans across the entire retina with end feet at the base of the 

ganglion cell layer and projections extending up to the top of the photoreceptor cell bodies.

We chose MC3 as our lead CIL for our LNPs as this formulation is an FDA-approved non-

viral nucleic acid carrier for the treatment of amyloidosis and had exhibited the highest RPE 

transfection (Fig. 3a, b) [49]. Moreover, it demonstrates potent transfection and high 

formulation reproducibility. Cryo-transmission electron microscopy (cryo-TEM) images of 

MC3-based LNPs exhibited spherical nanoparticles with electron dense cores (Fig. 4a). We 

conducted a more thorough kinetic study on these LNPs and found that gene expression 

ensues within 4 h and lasts for at least 168 h (Fig. 4b i, ii; Supplementary Fig. 4a). The 

luciferase expression significantly increases by ~13-fold from 4 to 24 h and subsequently 

drops ~36-fold by 96 h (Fig. 4b ii, p ≤ 0.05). The expression continued to decline from 24 to 

168 h. For retinal localization, reporter mRNA encoding mCherry was encapsulated and 

injected subretinally. mCherry expression was co-localized with RPE65 from 24 to 120 h 

post-injection (Fig. 4c, Supplementary Fig. 4b). Robust expression was maintained up to 72 

h and diminished at the 120 h time point. Subretinal delivery leads to the formation of a 

subretinal bleb detaching approximately 60% of the retina [50]. This commonly results in 

localized gene expression to the site of the bleb. However, in the case of LNPs, a pan-retinal 

expression of mCherry was observed throughout the retina up to 72 h after a single 

subretinal injection of MC3 based LNPs (Fig. 4d i, ii, Supplementary Fig. 4c).

DISCUSSION

The successful treatment of retinal degenerative disorders will likely require a combination 

of gene therapy, stem cell therapy, and neuroprotective approaches. Thus, optimizing gene 

delivery vehicles is one crucial part of therapy development. Nanoparticles, owing to their 

diversity and modularity, possess diverse characteristics and superior control over toxicity, 

carrier size, bioavailability, biodistribution, specificity, efficacy, and type of cargo, making 
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them an attractive therapeutic. In this study, we evaluated LNP systems with differing 

characteristics for enhanced transfection of the retina. LNPs that contained ionizable lipids 

with low pKa and unsaturated hydrocarbon chains showed the highest amount of reporter 

gene transfection in the eye after a subretinal injection. The kinetics of gene expression 

showed a rapid onset (within 4 h) that persisted for 96 h. The gene delivery was cell-type 

specific with the majority of expression in the RPE and limited expression in the Müller glia. 

Pan-retinal, RPE expression was sustained for 72 h and decreased by 120 h post-delivery.

The efficiency of Group I CILs is attributed to the unsaturation of the hydrocarbon tail and 

the pKa of the ionizable lipid headgroup, both properties which are thought to facilitate 

endosomal escape [45,46,51]. Unsaturation in the hydrocarbon chain has been demonstrated 

to enhance membrane destabilization to mediate endosomal escape [51]. The pKa of the 

lipids should be low enough to make the lipid neutral at physiological pH (pH 7.4) to avoid 

the mononuclear phagocyte system and toxicity, but high enough to allow protonation in the 

endosome (pH 5.5-6.5) to enable electrostatic interactions with the anionic membrane of the 

endosome leading to escape to the cytosol [45,52]. MC3 and KC2 both have pKa values 

around 6.4 and two double bonds on each hydrocarbon chain, while pKa of DODMA is 

around 7.0 and has one double bond on each hydrocarbon tail [45,46,51]. We hypothesize 

that the slightly higher transfection observed with MC3 and KC2 compared to DODMA 

may be due to better endosomal escape as previously described [45,46]. Group II consists of 

cationic lipids with one double bond on the hydrocarbon chains. It has been observed that 

ionizable lipids form LNPs with an amorphous electron-dense core, whereas, the cationic 

lipids tend to lack electron dense solid cores and possess a more bilayer system [53]. These 

LNPs may lack the ability to effectively fuse and facilitate endosomal escape within the 

retina as well [51]. Moreover, their cationic charge may cause aggregation and dissociation 

in biological fluids. A high cationic charge can also lead to unintended toxicity [54]. The 

endosomal escape efficiency is further impacted by the presence of only a single double 

bond on each hydrocarbon tail [51], These factors are likely culpable in the low efficacy of 

these cationic systems. Finally, Group III failed to formulate, presumably due to the absence 

of unsaturation in the hydrocarbon chain preventing efficient packaging of mRNA into an 

LNP.

Group I and II LNPs mediated luciferase expression in the eye. However, only Group I 

LNPs showed protein expression that localized to the retina. To account for this discrepancy, 

whole eyes were sectioned and stained to determine if expression was localized to different 

portions of the eye. Group I LNPs have expression primarily limited to the RPE and we did 

not see expression in the anterior portion of the eye. Group II based LNP variants failed to 

show any localization in the retina even though we detected enzymatically driven luciferase 

expression due to relatively lower limit of immunofluorescence detection. Due to the local 

administration, we did not observe any systemic side effects associated with LNP delivery. 

MC3-mediated mCherry expression did not show signs of retinal toxicity up to 72 h post-

injection illustrated in Fig. 4. However, we did observe outer nuclear layer thinning in some 

retinas. When observed, it was most prominently associated with EGFP signal and mCherry 

signal after five days of expression. It is unclear if the retinal thinning observed was due to 

high reporter gene expression or LNP toxicity. Future studies will be performed to asses any 

LNP-related retinal toxicity.
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Ionizable LNPs (such as MC3, KC2, and DODMA) have been previously demonstrated to 

enter hepatocytes and neurons via the low-density lipoprotein (LDL) receptor in an ApoE-

dependent manner [16,55]. In a biological medium, the LNPs rapidly lose the surface PEG-

lipid allowing adsorption of ApoE, a ligand to LDL receptors. In the retina, ApoE is secreted 

from the Müller glia and can be internalized in both RPE and Müller glia via the LDL 

receptor [56–58]. Since the injection was performed subretinally, it is likely that the small 

pore size of the outer limiting membrane compartmentalized the LNPs in the subretinal 

space in close proximity to the epithelial layer, mediating robust RPE expression while 

preventing distribution [59]. The high concentration of LNPs sequestered near the RPE and 

presence of ApoE-based cellular targeting are perhaps responsible for the pan-retinal 

expression of the mRNA in the RPE. Achieving pan-retinal expression may be optimal for 

therapeutic gene delivery as it has the potential for maximal functional restoration.

Our ability to transfect RPE and Müller glia establishes a range of applications within our 

grasp. These nanoparticle systems could be used to treat RPE-specific inherited retinal 

degenerations, such as MERTK-RP, RPE65-LCA and LRAT-LCA [1]. Müller cells are 

resident glial cells responsible for supporting retinal function. Recent evidence points to the 

regenerative potential of Müller glia, thus presenting the possibility that these cells can be 

used to regenerate the neural retina in the event of damage or degeneration [60]. The 

differentiation, proliferation, and reprogramming of Müller glia could be favorably 

facilitated through the transient expression of transcription factors and signaling proteins 

using mRNA. LNPs could also mediate transient expression of transcription factors that up-

regulate neuroprotective pathways in the RPE, protecting RPE integrity and photoreceptor 

degeneration in age-related macular degeneration (AMD) and inherited retinal degeneration 

(IRD) models [61]. Moreover, the CRISPR-cas9 system has already been exploited for 

treating Retinitis Pigmentosa [62– 64], glaucoma [65] and LCA [66] using AAVs and 

lentivirus. Utilizing LNPs to transiently express Cas9 mRNA offers a safer approach for 

gene editing. Our future aim is to develop materials that would enable transfection of the 

neural retina after intravitreal delivery, which is less invasive and allows for repeated 

administration, to broaden the scope of therapeutic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Vision loss due to genetic abnormalities resulting in retinal degeneration is a 

global health problem.

• Lipid nanoparticles and mRNA are at the forefront of non-viral gene therapy.

• Ionizable lipids with unsaturated hydrocarbon tails demonstrate the best 

efficacy at mRNA delivery to the retinal pigment epithelium and Müller glia.

• Gene expression following mRNA delivery using the best performing lipid 

nanoparticle persists for up to 5 days.

Patel et al. Page 15

J Control Release. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Lipid nanoparticle variants and their characterization.
a) Schematic representation of an LNP made up of 4 different categories of lipids and 

mRNA encapsulated in its core, b) Chemical structures of the CILs utilized in the study 

categorized by head group protonation state and fatty acid chain saturation. Group I and 

Group II consists of ionizable and cationic lipids, respectively, with unsaturated hydrocarbon 

chains. Group III is made up of cationic or ionizable lipids without unsaturated hydrocarbon 

tails. c) Table representing the mRNA encapsulation efficiency, hydrodynamic size, and 
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polydispersity index of the tested Luciferase-LNPs containing different cationic or ionizable 

lipids. Group I LNPs – blue, Group II LNPs – green, Group III – red.
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Figure 2. LNP screen for mRNA delivery to the eye.
a) Representative images of bioluminescent imaging showing luciferase expression in mouse 

eyes at 24 h post-subretinal injections of 7 different cationic/ionizable lipids at a dose of 200 

ng luciferase mRNA per injection, b) Bar graph showing luciferase expression (average 

radiance) as a function of time for each of the 7 CIL LNPs. n = 3-7; mean ± SEM. Group I 

LNPs – blue, Group II LNPs – green.
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Figure 3. Localization of mRNA expression in the retina.
Nanoparticles were injected subretinally at 200 ng mRNA/injection. Eyes were harvested at 

the 48-h time point, sectioned and stained for EGFP, RPE65 and GS. a) Representative 

confocal images showing RPE transfection. RPE cells - green, and EGFP - red b) Plot 

showing the fluorescence intensities of RPE transfection quantified from confocal images of 

EGFP IHC. Group I LNPs – blue, Group II LNPs – green. MC3-based LNPs showed 

significantly higher signal in the RPE compared to all other LNPs. n = 3; mean ± SEM. *p ≤ 

0.05. c) MC3 and KC2 demonstrated an ability to transfect Müller glia. Nuclei - blue, RPE 
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cells - green, GS - green, and EGFP - red. GS-glutamine synthetase, GCL-ganglion cell 

layer, INL-inner nuclear layer, ONL-outer nuclear layer, RPE-retinal pigment epithelium.
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Figure 4. Expression kinetics of MC3 based LNPs.
a) CryoTEM image of MC3 LNPs exhibiting spherical nanoparticles with electron dense 

cores, b) i) Representative bioluminescent images at 24 and 168 h showing localization of 

luciferase expression to the eye and ii) Bar graph showing the quantified expression (average 

radiance) at each time point following subretinal injections of MC3 LNPs at a dose of 400 

ng mRNA per injection, n = 5; mean ± SEM. ** p ≤ 0.01, *** p ≤ 0.001. c) IHC sections of 

mouse retina showing RPE localization of mCherry expression which persists for up to at 

least 120 h. Nuclei - blue, RPE cells - green, and mCherry - red. d) Pan-retinal expression of 
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mCherry at (i) 48 h and (ii) 72 h following subretinal injection of MC3-LNP. Nuclei – blue 

and mCherry - red. GCL - ganglion cell layer, INL - inner nuclear layer, ONL - outer nuclear 

layer, RPE - retinal pigment epithelium, ONH – optic nerve head.
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