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Abstract

Complete encapsulation of nucleic acids by lipid-based nanoparticles (LNPs) is often thought to 

be one of the main prerequisites for successful nucleic acid delivery, as the lipid environment 

protects mRNA from degradation by external nucleases and assists in initiating delivery 

processes. However, delivery of mRNA via a preformed vesicle approach (PFV-LNPs) defies 

this precondition. Unlike traditional LNPs, PFV-LNPs are formed via a solvent-free mixing 

process, leading to a superficial mRNA localization as identified in cryoTEM imaging. While 

demonstrating low encapsulation efficiency in the RiboGreen assay, PFV-LNPs improved delivery 

of mRNA to the retina by up to 50% compared to the LNP analogs across several formulations 

containing benchmark ionizable lipids, suggesting the utility of this approach regardless of the 

lipid composition. Successful mRNA and gene editors’ delivery was observed in the retinal 

pigment epithelium and photoreceptors and validated in mice, non-human primates, and human 

retinal organoids. This is the first report showing LNP-mediated transfection in the human retinal 

organoids. Deploying PFV-LNPs in gene editing experiments resulted in a similar extent of gene 

#Corresponding author ryals@ohsu.edu. *Corresponding author sahay@ohsu.edu.
†Equal author contribution
Author contributions
Y.E., R.C.R., and G.S. conceptualized the study and research strategy. Y.E. performed formulation and characterization, cryoTEM 
acquisition, FFT analysis, in vivo imaging, writing, review, and revisions; M.I.H. performed formulation and characterization, 
cryoTEM acquisition, cell studies, in vitro and in vivo imaging, confocal imaging, and initial writing; R.C.R., A.C., and G.L.N.S. 
performed subretinal injections and image acquisition; A.C. and G.L.N.S. performed eye sections preparation, processing, and 
analysis; K.R.C. generated human retinal organoids, performed their transfection and IF imaging; J.S. and R.R. performed NHP IF 
sample preparation, image acquisition and analysis; A.J. performed intravenous injections; Y.E. and R.C.R. revised the manuscript 
with input from other authors; R.C.R., M.N. and A.K.L. directed retinal studies; G.S. directed research, writing, review, and funding 
acquisition.

Conflicts of Interest
G.S. is a co-founder of EnterX Bio and RNAvax Bio, and has an advisory role to Rare Air Inc. and Serina Tx. Y.E. has stock options 
and an advisory role to EnterX Bio. Other authors have no conflicts to declare.

HHS Public Access
Author manuscript
Small. Author manuscript; available in PMC 2025 September 01.

Published in final edited form as:
Small. 2024 September ; 20(37): e2400815. doi:10.1002/smll.202400815.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



editing compared to analogous LNP (up to 3% on genomic level) in the Ai9 reporter mouse 

model; but, remarkably, retinal tolerability was significantly improved for PFV-LNP treatment. 

The study findings indicate that the LNP formulation process can greatly influence mRNA 

transfection and gene editing outcomes, improving LNP treatment safety without sacrificing 

efficacy.
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Introduction

The eye is one of the high-priority targets for developing gene therapies to halt irreversible 

vision loss caused by ocular genetic diseases.1 The posterior segment of the eye comprises 

the retina, with neuronal and epithelial cells essential for healthy vision. Currently, the 

subretinal route of administration allows for direct delivery of therapeutics to the retina. The 

FDA has approved only one treatment for inherited retinal disease, Luxturna (voretigene 

neparvovec-rzyl), which consists of an adeno-associated virus (AAV) subretinal treatment 

for Leber congenital amaurosis due to mutations in RPE65.2 Non-viral carriers such as 

lipid nanoparticles (LNPs) have also achieved success in retina-oriented preclinical studies3 

and could be advantageous for delivery to the eye compared to AAVs as LNPs exhibit a 

low immunogenic profile, allow for repeated dosing, and do not possess cargo size limit.4 

Despite these successes, non-viral nucleic acid delivery to the eye remains in its infancy and 

there is a need for innovative approaches to the engineering of non-viral delivery systems.5

LNPs have been successfully employed for delivery of siRNA,6,7 mRNA,8–10 and gene 

editors,11 aiming to treat and prevent a wide range of diseases. LNPs usually consist of an 

ionizable lipid, structural lipids, and a polymer-conjugated lipid (e.g., polyethylene glycol 

(PEG)-lipid). Typically, LNP formulation involves a method of rapidly mixing lipid and 

nucleic acid phases, followed by nanoprecipitation and growth of LNPs, removal of an 

organic solvent such as ethanol, and, finally, purification and concentration.12 The tunability 

of lipid-nucleic acid interactions allows efficient cargo encapsulation and fine-tuning of the 

carrier properties either by adjusting the formulation or the manufacturing processes.13–15 

High encapsulation efficiency, arising from electrostatic interaction between nucleic acids 

and ionizable lipids, is universally thought to be a major requirement for the robust delivery 

of therapeutic cargo and for protecting the nucleic acid from degradation by the nucleases.

Previously, Kulkarni et al. reported solvent-free preparation of LNPs containing siRNA.16 

In contrast to a standard, single-step microfluidic mixing of lipid solution in ethanol with 

acidic siRNA solution to form LNPs, their method consisted of first generating empty 

lipoplexes (later termed preformed vesicles, or PFVs), removing the organic solvent by 

dialysis against acidic buffer, and then mixing the acidic PFV suspension with siRNA 

(the product of which is further termed PFV-LNPs). These siRNA PFV-LNPs were 

virtually indistinguishable from those made via standard two-phase mixing. This fascinating 

observation suggests that nucleic acid encapsulation occurs independently of nanoparticle 
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formation since nanoparticle formation and growth rely on hydrophobic forces12. However, 

a possible limitation to this hypothesis is the size of the nucleic acid, since siRNA typically 

consists of <100 nucleotides and may be able to diffuse into the LNP. Messenger RNA, on 

the other hand, typically comprises >1000 nucleotides and potentially has more accessible 

phosphate groups compared to siRNA due to its single-stranded nature. Therefore, we 

thought to investigate the application of this solvent-free process to mRNA delivery.

In this work, we investigated whether the solvent-free mixing approach applies to 

encapsulation of mRNA and gene editors in PFV-LNPs. We anticipated that this mixing 

process would lead to significant deviations in size, architecture, and lipid density at the 

lipid membrane-nucleic acid interface compared to conventional LNPs. We chose DLin-

MC3-DMA, SM-102, ALC-0315, and LP01 ionizable lipids in their respective formulations 

for our studies since these ionizable lipids are currently used in LNP-based clinical products. 

We found that PFV-LNPs display a perceived drop in mRNA encapsulation efficiency which 

is the result of blebbed nanoparticle morphology and not poor mRNA loading as evident 

from cryoTEM imaging. Since the lipid core formation and electrostatic mRNA binding are 

separated into different steps, we anticipated that mRNA encapsulated in PFV-LNPs may 

be less stable due to the higher diffusion barrier for much longer mRNA chains to enter 

the lipid space. On the other hand, this could provide a faster release profile, beneficial for 

delivery in local targets. Indeed, we have found that the PFV-LNPs were unable to transfect 

organs from systemic administration as efficiently as their LNP counterpart; however, the 

blebbed PFV-LNP morphology has proven to be beneficial in subretinal administration 

in terms of improving transfection efficiency and retinal health. These findings bring to 

attention the importance of cargo packing for future non-viral retinal therapeutics.

Results and Discussion

Preformed vesicle and nanoparticle preparation and properties.

In this report, we utilize the following nomenclature: PFV – preformed vesicles, pure 

lipid-based vesicles without mRNA; PFV-LNPs – preformed vesicles loaded with mRNA; 

LNP – standard, two-phase (organic + aqueous) microfluidic mixing of lipid nanoparticles 

with mRNA. The formulation process for PFV-LNPs has more steps than a standard 

LNP manufacturing process, as illustrated in Figure 1A. Initial preformed lipid vesicles 

(PFVs) are prepared by microfluidic mixing at a 3:1 volumetric ratio of aqueous to organic 

solutions, respectively. The organic phase contained an ionizable lipid DLin-MC3-DMA 

(MC3), DSPC, cholesterol, and DMG-PEG-2000 (50:10:38.5:1.5 molar ratios) dissolved in 

pure ethanol, and an aqueous phase consisting of 50mM citrate buffer (pH 4). To remove 

the solvent post-mixing, PFVs were dialyzed against citrate buffer for 24 hours. Then, PFVs 

underwent a second, single-phase microfluidic mixing at a 3:1 volumetric ratio between 

aqueous PFV and mRNA solutions to yield PFV-LNPs. Subsequently, PFV-LNPs were 

dialyzed against phosphate buffer saline (PBS, pH 7.4). LNPs were prepared via a standard 

protocol where the aqueous phase included mRNA (Figure 1A; from step 1 directly to step 

4); these nanoparticles were used as a formulation control. Depending on the experiment, the 

mRNA encoded either Firefly luciferase (FLuc), Cre recombinase (Cre), or enhanced green 

fluorescent protein (EGFP).
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Characterization of hydrodynamic sizes by dynamic light scattering (DLS) revealed that 

LNPs and PFVs possessed similar diameter and size distribution (ca. 100 nm) while 

the PFV-LNPs nearly doubled in size regardless of the cargo (Fig. 1B and S1A). The 

polydispersity index (PDI) did not change significantly and the LNP population remained 

fairly monodisperse (PDI < 0.2; Fig. S1A). Unloaded PFVs had a true neutral surface 

charge, as indicated by zeta potential (ZP) of ca. 0 mV (Fig. 1C). Among traditional 

LNPs, Cre LNP had a stronger surface charge (ZP ca. −15 mV) while FLuc and EGFP 

LNPs had ZP < −5mV. When these mRNAs were incorporated in PFV-LNPs, the surface 

charge was strongly dependent on the mRNA. Fluc PFV-LNP became significantly more 

negative (ZP ca. −15 mV), EGFP PFV-LNP remained roughly the same, and Cre PFV-LNPs 

had a reduced negative charge (ZP ca. −10mV). This change in ZP could be a result 

of sequence-specific packing of mRNA inside LNPs and adhesion or penetration of the 

lipid surface, e.g. due to the secondary structure of mRNA sequences.17 The hypothesis 

of superficial mRNA localization is supported by the results of a modified RiboGreen 

encapsulation efficiency assay, as PFV-LNPs internalized ca. 50% of RNA while LNPs 

yielded nearly complete mRNA encapsulation (Fig. 1D). The mRNA in PFV-LNPs was also 

highly susceptible to enzymatic degradation as demonstrated by the RNAse protection assay 

(Fig. S1B), suggesting that mRNA is not sufficiently shielded by the lipid environment in 

PFV-LNP nanoparticle format. This may indicate an inferior stability of the PFV-LNPs, 

since lipid-based nanocarriers tend to protect mRNA from degradation in this assay.18,19

mRNA localization may be associated with lipid membrane reorganization; therefore, we 

employed a Laurdan assay to determine the differences in lipid membrane hydration 

and packing (Fig. 1E).20–22 Laurdan is a hydrophobic fluorescent dye commonly used 

to investigate cellular membrane properties and microscale packing, and this assay was 

previously used to characterize the changes in lipid membrane hydration in response to pH 

for siRNA and mRNA LNPs.21,22 As the pH becomes more acidic, ionizable lipids acquire 

a positive charge and solvate with water, which causes a decrease in generalized polarization 

(GP) and indicates looser packing of the lipid bilayer or higher water content. MC3 LNPs 

possess pKa of ca. 6.4,23 and, indeed, we observe a characteristic GP drop at pH < 6.5 from 

0.4 to 0.2. PFVs demonstrated overall lower GP compared to LNPs, and the magnitude of 

pH response was identical to LNPs. This could be the result of a larger quantity of available 

cationic groups in the absence of mRNA. PFV-LNP samples, however, had a much smaller 

magnitude of GP change with pH and had the highest GP values in the series, suggesting the 

tightest lipid membrane packing in the series.

Cryo-TEM micrographs of PFV-LNPs revealed a distinctive morphology containing 

superficial electron-dense pockets of mRNA (Fig. 1F), which explains the results of the 

RiboGreen assay and ZP measurements. The controlled manufacturing of blebbed mRNA 

nanostructures is not common but can be achieved by introducing lipids that may change 

the overall hydrophobicity of the nanoparticle24 or by manipulating the ionic strength of 

the acidic buffer.25 LNPs, on the other hand, were generally uniform and amorphous, and 

PFVs produced a range of lipid structures – homogenous, onion-like, and other organized 

structures that did not persist after mRNA was introduced. Furthermore, unlike PFV-LNPs, 

PFVs produced some highly ordered structures at pH 4. To investigate the potential 

crystal structure of PFVs, we performed high-resolution TEM (HRTEM) image analysis. 
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The micrographs revealed lamellar and hexagonal packing with approximate d-spacing of 

ca. 2.5 and ca. 5.2 nm, respectively (Fig. S2). The formation of lamellar structures is 

frequently observed for LNPs;24,26 yet, there are limited reports capturing the properties 

of the hexagonal phase in LNPs.27–29 The formation of an inverse hexagonal phase is 

thought to correlate with fusogenicity with intracellular membranes.30,31 The formation of 

the hexagonal phase has been previously observed only in the presence of mRNA and 

ascribed to the encapsulation of mRNA into stacked aqueous channels at both acidic and 

neutral pH,27 but our results indicate that the formation of the hexagonal phase may be 

characteristic of the lipids, independently of the nucleic acid. Since mRNA is localized 

superficially in PFV-LNPs, the core of PFV-LNPs is likely only affected by the pH. The 

PFVs then rearranged upon pH neutralization and lost the hexagonal structure in favor of 

lamellae upon pH neutralization (Fig. 1F), similar to other reports.27–29

Considering the increased negative charge and superficial localization of mRNA pockets, 

observation of tight lipid membrane packing seems counterintuitive but plausible if the lipid 

components reorganize – e.g., shuttling of ionizable lipid to lipid-mRNA interface from 

the exterior lipid membranes. A similar observation of lipid reorganization (although upon 

exposure to protein) has been reported by Sebastiani and colleagues.32 Indirect evidence 

of the lipid reorganization is a potential thinning of the outermost lamellae (ca. 2.5 nm 

compared to the ca. 3 nm we have previously reported for LNPs24).

In vitro transfection and endosomal escape assessment.

Next, we evaluated the transfection and endosomal escape capabilities of PFV-LNPs 

containing FLuc mRNA. Our group previously observed that LNP morphology can 

influence transfection and endosomal trafficking,21,24,33,34 and so we were curious to 

see how PFV-LNP could affect transfection. Four cell lines – HeLa (human cervical 

epithelial cell line), ARPE19 (human retinal pigmented epithelial cells), 661w (murine 

photoreceptors), and Gal9-GFP HEK293T/17 (human embryonic kidney cell line engineered 

to produce GFP-fused galectin 9 to visualize endosomal escape21,35) – were dosed with 

PFV-LNPs and LNPs and assayed after 24 hours. The dose was calculated as the total 

mRNA concentration regardless of the encapsulation efficiency to avoid the discrepancies 

from the reduced encapsulation efficiency of PFV-LNPs. Cell viability was maintained at 

>95% for all treatment groups, suggesting that there are no adverse effects due to the 

PFV-LNP structure (Fig. S3). Transfection ability appeared cell-specific, as PFV-LNPs 

produced 2-fold more efficient transfection in HeLa cells compared to standard LNP, 

whereas ARPE19 yielded no statistically significant differences and 661w yielded 2-fold 

lower transfection efficiency for PFV-LNPs compared to LNPs (Figure S3). Imaged-based 

analysis of Gal9 recruitment after 200 ng mRNA treatment for 24 hours showed a 2-fold 

increase for PFV-LNPs compared to LNPs (Fig. 1G). The results for 50 ng treatment, 

however, were not significantly different, which may be due to the limitations of assay 

sensitivity (higher doses may result in a greater number of particles present and a higher 

degree of cellular uptake).
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Intravenous mRNA delivery.

Encouraged by in vitro results, we sought to investigate the potential differences between 

LNP and PFV-LNP in vivo. First, we evaluated transfection differences upon intravenous 

administration to mice, anticipating that the superficial localization of mRNA PFV-LNPs 

may compromise the particles’ ability to sustain efficient delivery upon exposure to 

the bloodstream due to the aggregation with serum proteins. We administered 1.5 

μg of FLuc mRNA in either LNPs or PFV-LNPs to Balb/c mice intravenously and 

monitored transfection efficiency by bioluminescent imaging. As mentioned above, the dose 

administered was calculated based on the total mRNA concentration found in the LNP 

or PFV-LNP samples, since the RiboGreen assay cannot differentiate between unbound 

and superficially localized or protruding mRNA. Indeed, we found that the transfection 

efficiency of PFV-LNPs was unremarkable – almost 2 orders of magnitude lower than that 

of LNPs at both 4 and 24-hour time points (Figure S4). The pattern of bioluminescence 

in all cases was indicative of liver transfection, typical for LNPs.23 The heterogeneity of 

PFV-LNPs likely triggered premature nucleic acid release from the aqueous pockets and 

compromised their ability to deliver mRNA. Notably, our findings do not agree with the 

recent report by Cheng et al.25 suggesting that blebbed LNP architecture is beneficial 

for intravenous mRNA delivery; however, their approach to blebbed LNP manufacturing 

involved varying the ionic strength of the solution and not the order of mixing steps, which 

may have entirely different consequences on the lipid packing and mRNA release.

mRNA delivery to the murine retina via subretinal injection.

After observing the decrease in transfection after systemic delivery, we hypothesized that the 

superficial mRNA localization may lead to the rapid release of mRNA from the PFV-LNP 

structure, which could be beneficial in local administration. To evaluate this hypothesis, we 

have chosen the subretinal route of administration. Previously, our group investigated the 

delivery of mRNA via LNPs to the retina and found that MC3 formulation successfully 

delivered mRNA to retinal pigment epithelium (RPE) and Müller glia.36,37 We expected 

to see similar cell specificity for MC3 PFV-LNPs. We used Cre recombinase-encoding 

mRNA in Ai9 mice experiments to evaluate cell specificity, and EGFP-encoding mRNA in 

129X1/SvJ mice experiments to measure the extent of protein expression.

Successful delivery of Cre recombinase in the Ai9 mouse model leads to the expression 

of tdTomato, which is a useful screening tool to evaluate cell specificity in various organs 

(Figure 2A).38 At 1 week post-subretinal administration of 400 ng Cre mRNA, both LNPs 

and PFV-LNPs induced tdTomato signal in mouse retina at significant levels compared to 

PBS control (Fig. 2B). Immunofluorescence (IF) of tissue sections showed that tdTomato+ 

signal was absent in retina sections of PBS-treated mice, while both LNP and PFV-LNP 

groups showed prominent transfection of retinal tissues (Fig. 2C). Notably, PFV-LNP 

treatment produced a more uniform tdTomato expression across the bleb, indicating a better 

spread through the retinal tissue compared to standard LNP. Both treatments transduced 

RPE, Müller glia, and few photoreceptors, but all were more pronounced in the case 

of PFV-LNP. While the mean tdTomato pixel signal intensity in RPE and outer nuclear 

layer (ONL) was 2–3 times higher in PFV-LNP group than LNP, the differences were 

not statistically significant (Fig. S5). This was expected as the tdTomato cassette is under 
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a strong ubiquitous promotor and thus the amount of Cre recombinase delivered is not 

proportional to the protein expression. No acute retinal toxicity (i.e., uveitis) was observed 

in fundus images; however, ONL and INL were more disrupted in the LNP-treated retina, 

suggesting that PFV-LNPs may have better retinal tolerability.

To quantify the extent of mRNA transfection efficiency and protein expression, we 

administered LNP and PFV-LNPs carrying EGFP mRNA subretinally to 129X1/SvJ mice. 

Fundoscopy at 48 hours post-injection of 200 ng EGFP mRNA revealed stronger GFP signal 

for the PFV-LNP group (Fig. 3A). Only RPE had a strong GFP-positive signal in the eye 

sections from both treatment groups, with more pronounced transfection for PFV-LNP group 

(Fig. 3B). Quantification of the GFP signal in fundus and IF images confirmed higher 

transfection by PFV-LNPs (Fig. 3C), with ca. 50% higher GFP signal in fundus images and 

ca. 20% higher in IF. The discrepancy is the result of autofluorescence in the fundus images. 

The “wispy” pattern seen in some sections of ONL revealed that PFV-LNP treatment 

reached photoreceptors, although in a small area (Fig. 3D). The increased retinal transfection 

efficiency observed with PFV-LNPs is remarkable, since it was achieved by a simple 

modification of the manufacturing process. Expression of target proteins both in the case 

of Cre and EGFP mRNA in RPE was consistent and expected due to the phagocytic nature 

of RPE. The discrepancies between cell specificity for Cre and EGFP mRNA nanoparticles 

are most likely due to the sensitivity of the Cre recombinase system, where very little 

Cre protein is needed to mediate robust levels of tdTomato. Additionally, this could be 

the result of the nanoscale changes in particle packing and other properties – for example, 

Cre nanoparticles were consistently more negatively charged than EGFP ones (Figure 1C), 

which we have shown to be desirable for efficient delivery to the photoreceptors.39

Intrigued by these results, we decided to investigate whether the potency and cellular 

targeting of PFV-LNPs in the retina is unique to MC3 formulations or if it could be extended 

to other lipids. For that, we compared PFV-LNP and LNPs containing two other potent 

ionizable lipids – SM-102 and ALC-0315, known for their use in COVID-19 vaccines. 

These ionizable lipids were incorporated in place of DLin-MC3-DMA with the same 

nanoparticle composition and formulation processes. The nanoparticles (both LNP and 

PFV-LNP) were formulated to include EGFP mRNA and administered to 129X1/SvJ mice. 

Indeed, we found that changing the manufacturing process enhanced retinal delivery. Again, 

the increase in EGFP signal was observed both in fundus and immunofluorescence images. 

The improvement in EGFP transfection for PFV-LNPs was consistent and significant (ca. 

30–50% higher on average; Fig. 3C), suggesting that the PFV-LNP approach leads to an 

improvement in mRNA transfection in the back of the eye.

mRNA delivery via subretinal injection of PFV-LNP in non-human primate.

Although mouse models are frequently used in the studies of inherited retinal disease, they 

are a poor indication for potential translation to humans due to the smaller size of the 

eye, large lens, and absence of macula, among other factors.40,41 Therefore, we evaluated 

whether MC3 PFV-LNPs, our ballpark formulation, retain the ability to transfect the retina 

and the photoreceptors in non-human primates (NHP).
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25 μg of EGFP mRNA in PFV-LNP was administered to a rhesus macaque (N = 1 eye) via 

subretinal injection. Fundus autofluorescence imaging of the retina 48 hours post-injection 

revealed a clear GFP signal (Fig. 4A). Optical coherence tomography (OCT) revealed 

retinal detachment (Fig. 4H), likely persisting from the subretinal injection procedure 

which involves creating a detachment of the photoreceptor layers from the RPE – similar 

detachment was also observed in the control saline injections (Fig. S6). Some accumulation 

of debris was noted in the subretinal space, but it is not clear whether this is the result of 

toxicity, accumulation of LNPs, or the mechanical stress of the injection. Staining the retina 

sections with cone arrestin, RPE65, and anti-GFP antibodies revealed good colocalization 

with GFP expression, confirming successful transfection of photoreceptors and RPE (Fig. 

4B–G). We deployed an image-based quantification approach and estimated that 29% of 

cones, 10% of rods, and 66% of RPE cells were EGFP-positive. Transfection was uniform 

across the treated bleb (Fig. 4I). IF imaging of CD3 and IBA1 -stained sections suggests 

some infiltration of the retina with T-cells and activated microglia/macrophages (Fig. 4J–L). 

This may indicate the need to reduce the dose or modify the treatment protocol to include 

an immunosuppressant treatment to negate the immune response to exogenous mRNA.42 

While we cannot draw a direct comparison between LNP and PFV-LNP in this experiment, 

GFP expression in photoreceptors was 1) markedly more pronounced in NHP than in mice, 

emphasizing the species-dependent differences in transfection efficiency and 2) lower in 

rods than in our previous study evaluating the subretinal delivery of mRNA with Thio-lipids 

(33% of rods at equivalent dose).42

mRNA delivery in human retinal organoids.

Retinal organoids generated from induced pluripotent stem cells (iPSCs) offer an insight into 

human retina development and may be used in the discovery of new retinal therapies.43 

These cells spontaneously self-organize in three-dimensional cell culture and develop 

structures naturally present in the eye, including an ONL with rod and cone photoreceptors, 

and, sometimes, a cluster of retinal pigment epithelium. We evaluated the transfection 

of patient-derived retinal organoids with EGFP PFV-LNPs to investigate the translational 

potential of the PFV-LNP treatment. To do so, we administered EGFP mRNA via MC3 PFV-

LNPs to mature (D200–400) retinal organoids (Fig. 5A).44 EGFP signal, which is indicative 

of successful transfection and mRNA expression, was observed in the photoreceptor (PR) 

layer after dosing the organoids with 2μg EGFP mRNA (Fig. 5B). Notably, both LNPs and 

PFV-LNPs could transfect the RPE layer of retinal organoids with high efficiency (Fig. 5C) 

after 10μg EGFP mRNA treatment, although we could not draw quantitative comparison of 

transfection efficiency in this system under the tested conditions. To a small extent, cone 

photoreceptors could also be transfected with PFV-LNPs (Fig. 5D). No clear dose response 

emerged upon treating the retinal organoids with up to 15μg of EGFP-mRNA in PFV-LNPs 

(Fig. S7A). Overall, these findings allude to PFV-LNP having the potential for efficient 

delivery in human patients, especially for the treatment of retinal degenerative diseases 

where RPE is implicated.

PFV-mediated subretinal delivery of gene editors.

Lastly, we evaluated whether the PFV-LNP manufacturing process is compatible with the 

delivery of gene editors. To do so, we prepared LNPs and PFV-LNPs containing ionizable 
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lipid LP01 and 1:1 wt/wt Cas9 mRNA and sgRNA targeting the loxP stop codon in Ai9 mice 

(sgAi9).39 Lipid LP01 is engineered to deliver the gene editing systems with high efficiency 

and is currently evaluated in the clinics as a part of the NTLA-2001 gene editing treatment. 

We also prepared PFV-LNPs containing the non-targeting sgRNA (sgGFP) in place of sgAi9 

as a negative control. The formulation composition and purification process were the same 

as reported originally for LP01 LNPs.45 Unlike previous experiments, LP01 lipid was more 

efficient at capturing and absorbing nucleic acids, leading to 98% encapsulation efficiency, 

the same as for standard LNP (Figure 6A). LP01 LNPs were also slightly larger than 

PFV-LNPs (ca. 120 nm vs ca. 90 nm for PFV-LNPs) and less negatively charged (ca. −9 

mV vs −15 mV for PFV-LNPs). 200 ng of total nucleic acid was administered subretinally 

to Ai9 mice, and their eyes were harvested 7 days after injection. Since we anticipated 

the majority of the editing events to occur in RPE based on the mRNA experiments, the 

eyes were processed into RPE flatmounts according to a previously published protocol.46 

The extent of gene editing and the amount of intact RPE cells was then quantified through 

image-based analysis of treated bleb and whole flatmounts. We have found that there was 

an increased fraction of transfected RPE (ca. 20% for LNP vs 37% for PFV-LNP within the 

treated areas) (Figures 6B,C); however, the extent of editing found by the next-generation 

sequencing (NGS) was very similar between treatments (approx. 3% in RPE) (Figure 6E). 

Unexpectedly, there was a higher amount of intact RPE cells present, which indicates a 

better tolerability of PFV-LNP treatment compared to LNP (ca. 94% vs 85%, respectively, 

of total RPE after sgAi9 treatment and ca. 90% vs 81% for sgGFP treatment; data shown 

in Figure 6D). This change is remarkable, suggesting that a simple reorganization of LNP 

components may benefit the safety profile of LNP-based ophthalmic therapies.

Discussion

Despite numerous efforts dedicated to the improvement of lipid chemistry47 or 

formulations,14 LNP architecture is not a topic that is often raised in the discussion of 

transfection potential. However, it is increasingly clear that upstream and downstream LNP 

formulation processes (i.e., adjustment of buffers and excipients21,25,48,49) may influence 

transfection efficiency. Harnessing the power of self-assembly to rearrange the lipid 

components into a more potent structure may provide an opportunity to engineer potent 

LNPs without navigating the vast chemical space of lipid structures.50

Controlled and reproducible manufacturing of nucleic acid-encapsulating nanoparticles has 

become a routine practice through the ubiquitous use of rapid mixing approaches like 

microfluidics. Homogenous (core-shell) and lamellar morphologies are the most commonly 

observed architectures of LNP, although cubic morphologies can also be manufactured.50 

Heterogeneous structures, on the other hand, are typically seen as undesired byproducts 

since they may be indicative of the aggregation and imminent loss of mRNA.51 However, 

enhanced mRNA transfection by heterogeneous blebbed LNPs in vitro24 and in vivo25 

contradicts this narrative.

In a normal LNP evaluation process, blebbed structures like the PFV-LNPs would fail a 

quality control check since they possessed a remarkably low encapsulation efficiency (ca. 

50% as determined by the RiboGreen assay) despite containing a significant amount of 
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mRNA. The superficial mRNA localization comes at the high price of being susceptible 

to enzymatic degradation, which renders them significantly less active upon intravenous 

administration. This is a stark contrast to the report by Cheng et al., where blebbed LNPs 

had >90% encapsulation efficiency, enhanced in vivo transfection, and preserved mRNA 

integrity even after 24h incubation in serum.25 However, to generate the blebbed LNPs, they 

used an elevated acidic buffer concentration (300 mM), which may cause reorganization of 

the lipids throughout the particle. We speculate that while these blebbed LNPs may appear 

similar, the lipid membrane interface may possess dramatically different lipid packing and 

contain different lipid composition, which could impede the penetration of the RiboGreen 

dye. For example, our Laurdan assay data suggests that PFV-LNPs have significantly 

less water content at the surface compared to their LNP counterpart, which could make 

the resulting lipid nanomaterials more “brittle” in aqueous suspensions. With the help of 

cryoTEM, we were able to capture how the fine structure of PFVs evolves from hexagonal 

at pH 4 (Fig. S2) to somewhat lamellar at pH 7.4 (Fig. 1F). The lamellar architecture in the 

lipid core is lost upon incorporation of mRNA in favor of bleb formation in PFV-LNPs (Fig. 

1F), once again suggesting lipid reorganization at the nanoparticle interface.

While PFV-LNPs may be susceptible to enzymatic degradation, they performed well in 

the back of the eye where exposure to the RNAses, typically abundant in blood plasma, 

is not a major concern. PFV-LNPs improved EGFP mRNA transfection in mouse retina 

by up to 50% in DLin-MC3-DMA, SM-102, and ALC-0315 formulations compared to 

LNP. When administered to the NHP retina, we observed high transfection efficiency in 

RPE (66%) and lower transfection in photoreceptors (29% of cones and 10% of rods). 

Preference for RPE was maintained in the human retinal organoid culture experiments. 

Although we could not compare transfection efficiency between LNP and PFV-LNP in a 

quantitative manner in NHP and retinal organoids, PFV-LNPs overall had a more favorable 

toxicity profile compared to our previous findings in non-human primates; however, the 

transfection efficiency in photoreceptors was lower compared to Thio-lipids established in 

our lab.42 PFV-LNP treatment presented similar RPE gene editing efficacy, but a better 

tolerability profile compared to LNP. We acknowledge that more work is needed to compare 

transfection efficiency and long-term tolerability between LNP and PFV-LNP in both NHP 

and retinal organoid models in a quantitative manner. Overall, PFV-LNPs present as a facile, 

easy to implement approach to improve tolerability of retinal treatments where RPE is the 

cellular target. This is critical, since human retinal cells do not regenerate and any treatment-

associated damage may outweigh the potential benefits for retinal therapies and have lasting 

consequences on vision. Although it is not entirely clear what yields this advantage, we offer 

a following hypothesis. Since the number of electrostatic interactions between the lipids 

and the mRNA is more limited in the PFV approach than in the standard LNPs due to the 

available surface area, there is a lower probability of formation of lipid-mRNA adducts that 

can introduce unintended impurities and compromise translational competency of mRNA.52

Conclusion

In this report, we investigated whether “wrapping” a preformed lipid nanoparticle core with 

mRNA in a single-phase mixing process offers an advantage compared to traditional LNPs 

in cell and animal models. The PFV-LNP approach described herein appears to produce 
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a sustained benefit in local administration to the back of the eye, especially in terms of 

treatment tolerability. The extension of this approach to other local delivery routes, including 

vaccine applications, would be an interesting future direction. The PFV approach may have 

a tremendous utility in the LNP discovery pipeline, where a large batch of PFVs could be 

split, mixed with a small quantity of various genetic cargos, and evaluated in a respective 

target or application. Our findings present a strong case for considering the nanoparticle 

assembly process and resulting architecture in the development of gene therapies.

Materials and Methods

Materials

Ionizable aminolipid [(6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-tetraen-19-yl] 4-

(dimethylamino) butanoate (DLin-MC3-DMA) was custom synthesized by BioFine 

International (Blaine, WA). Ionizable aminolipids SM-102 (9-heptadecanyl 

8-{(2-hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino}octanoate) and ALC-0315 ([(4-

hydroxybutyl)azanediyl]di(hexane-6,1-diyl) bis(2-hexyldecanoate)) were purchased from 

BroadPharm (San Diego, CA). 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) was 

purchased from Avanti Polar Lipids, Inc (Alabaster, AL). CleanCap Firefly luciferase 

(L-7202), EGFP (L-7201), Cre (L-7211) and Cas9 (L-7606) mRNA were purchased from 

TriLink Biotechnologies. All preformed vesicles and lipid nanoparticles were prepared 

using Nanoassemblr Benchtop microfluidic mixer (Precision Nanosystems, Vancouver, BC). 

Nanoparticle characterization for size, polydispersity, and zeta potential was performed 

on Malvern Zetasizer ZS (Malvern Panalytical Inc., Westborough MA). Paraformaldehyde 

and lacey carbon grids for cryo-TEM imaging were purchased from Electron Microscopy 

Sciences (Hatfield, PA). Millipore Sigma Amicon® ultracentrifugal concentrators, 

cholesterol, and 1,2-dimyristoyl-rac-glycero-3-methoxy polyethylene glycol-2000 (DMG-

PEG2k) were purchased from Millipore Sigma (Millipore Sigma, Burlington, MA). Laurdan 

dye, sodium citrate dihydrate, citric acid, sodium hydroxide, phosphate buffer saline, 

ethanol, and Slide-A-Lyzer™ G2 dialysis cassettes, Quant-it™ RiboGreen RNA reagent, 

CellTiter-Fluor™ Cell Viability and ONE-Glo™ Luciferase assay kits, and all cell culture 

reagents were purchased from ThermoFisher Scientific (Federal Way, WA). Triton™ X-100 

was purchased from Acros Organics. Fluorescence was acquired using a Tecan Infinite 

M200 Pro multimode microplate reader (Tecan Trading AG, Switzerland).

Animals

All mouse experiments were completed at Oregon Health & Science University and 

abided by the Institutional Animal Care and Use Committee (IACUC: TR01_IP00001707 

and TR02_IP00000610) and the Association for Research in Vision and Ophthalmology 

(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. Albino 

BALB/c (Cat#000651), Ai9 (Cat#007909), 129X1 (Cat#000691) mice were either bred 

in-house or purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Ai9 mouse 

model is a Cre reporter tool designed with a loxP-flanked STOP cassette restricting 

transcription of red fluorescent (tdTomato) protein. Cre-mediated recombination in Ai9 mice 

leads to the expression of tdTomato. SVJ-129 (Cat# 002448) were used for eGFP expression 

experiments. Both male and female mice aged 1 to 5 months were used in experiments.
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One adult rhesus macaque was involved in this study (aged 10 years old). All protocols 

involving NHPs were approved by OHSU IACUC (Protocol TR02_IP00000768) and were 

in adherence to the Institutional Biosafety Committee at the Oregon National Primate 

Research Center. The macaque was cared for daily, and all experimental procedures abided 

by the Association for Research in Vision and Ophthalmology (ARVO) Statement for the 

Use of Animals in Ophthalmic and Vision Research. All guidelines outlined in the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals were rigorously 

followed.

Preformed vesicle and nanoparticle formulation and characterization

All formulations were generated through microfluidic mixing using the Nanoassemblr 

Benchtop mixer. Two phases were used to prepare either standard LNPs or PFVs. The 

organic phase contained an ionizable lipid, DSPC, Cholesterol, and DMG-PEG-2000 in 

ethanol at 50:10:38.5:1.5 molar ratio and total lipid concentration of 5.5 mM, and the 

aqueous phase contained 50 mM sodium citrate buffer (pH 4) with RNA (for LNP) or 

without RNA (for PFV). The ethanol phase containing all lipids dissolved was rapidly 

mixed with aqueous phase at 1:3 volumetric ratio, respectively, at 9 mL/min total flow rate. 

Following microfluidic mixing, the resulting suspension was immediately transferred to 10 

kDa molecular weight cut-off (MWCO) cassettes and dialyzed against at least 300-fold 

volume of buffer overnight. For LNPs, the buffer used was 1x PBS; for PFVs, the buffer 

was pH 4 50mM sodium citrate. Following dialysis, the particles were concentrated using 

Amicon® Ultra centrifugal filter units with a 10 kDa MWCO at 3000g.

To prepare PFV-LNPs, RNA solution was prepared at identical volumes as for an 

equivalent batch of LNPs, and PFVs were diluted with citrate buffer to achieve 

3:1 volumetric ratio between RNA:PFV mixtures. For gene editing experiments, 1:1 

wt/wt Cas9 mRNA:sgRNA were added to pH 4.5 50mM acetate buffer. Two guide 

RNAs were used with the following sequences: 1) sgAi9 (sgRNA targeting loxP 

cassette in Ai9 mice): AAGUAAAACCUCUACAAAUG; 2) sgGFP (non-targeting 

sgRNA): CUCGUGACCACCCUGACCUA. Similarly, two solutions underwent secondary 

microfluidic mixing at 9 ml/min, the resulting suspension was purified by dialysis against 

PBS overnight and collected as described above.

Nanoparticles were characterized for hydrodynamic size, polydispersity index, and surface 

zeta potential with a Zetasizer Nano ZS (Malvern Panalytical Inc., Westborough, MA). For 

Zetasizer analysis, nanoparticles were diluted 200-fold in PBS and triplicate measurements 

were obtained. mRNA encapsulation efficiency and concentration were quantified utilizing a 

modified Quant-it™ RiboGreen RNA (Invitrogen, Waltham, MA) protocol and a multimode 

microplate reader (Tecan Trading AG, Switzerland). The dose was calculated using the total 

concentration of mRNA found in samples. For RNAse degradation assay, RNase A was 

added to the samples before conducting the RiboGreen assay.

Membrane fluidity (Laurdan) assay

A Laurdan hydration assay was performed as described previously.21 Laurdan dye was 

diluted to 100 μM in dimethylformamide (DMF). Citrate and phosphate buffers were titrated 
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to achieve the desired pH and prewarmed at 37°C for 15 minutes before use. Nanoparticle 

solutions were diluted to reach a final lipid concentration of 50 μM (estimated from mRNA 

concentration and assuming w/w lipid-mRNA ratio of 20). Samples were thoroughly mixed 

with buffers and Laurdan in a black 96-well plate and incubated for 30 minutes at room 

temperature in the absence of light. Generalized polarization (GP) enables measurement of 

the differences in emission shift from a (gel) packed phase (440 nm) to a (liquid) disordered 

phase (490 nm). The GP was calculated as

GP = I440 − I490 / I440 + I490 ,

where I – intensity at respective wavelengths. Each assay contained three technical 

replicates.

Cryo-electron microscopy and Fast Fourier Transform analysis

Cryo-transmission electron microscopy (cryo-TEM) was performed at 200kV using FEI 

Titan Glacios equipped with a Gatan K3 camera. 2–3 μL of nanoparticle sample was 

deposited on a plasma-cleaned grid (lacey carbon, 300 Cu mesh; plasma cleaning at 15 

mA for 60 seconds using a Pelco EasiGlow 91000 Glow Discharge Cleaning System). 

After 10s rest time at 85–100% relative humidity, grids were blotted for 1 second and 

rapidly plunged into liquid ethane. The frozen grids were then checked for visible defects, 

assembled into cassettes under liquid nitrogen, and imaged. Sample images were acquired 

at −2.5 micron target defocus height. Crystallinity and lamellarity of PFV samples were 

assessed by extracting the ROI from high magnification images and applying Fast Fourier 

Transform (FFT) to uncompressed, unmodified images in ImageJ/Fiji.

Cell culture and in vitro transfection

HeLa, Gal9-GFP HEK293T/17 and ARPE19 cell lines were obtained from ATCC 

(Manassas, VA) and 661W cell line were a kind gift from Dr. Muayyad Al-Ubaidi 

(University of Oklahoma Health Sciences Center, Oklahoma City, OK). HeLa and Gal9-GFP 

HEK293T/17 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented 

with 10% heat-inactivated fetal bovine serum (Hyclone Laboratories Inc., Logan, UT) and 

1% penicillin/streptomycin (Thermo Fisher, Federal Way, WA). ARPE19 cells were cultured 

in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 supplemented with 10% 

heat-inactivated fetal bovine serum and 40 μg/ml gentamicin (Thermo Fisher, Federal Way, 

WA). 661W cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 

10% heat-inactivated fetal bovine serum, 40 μg/L hydrocortisone, 40 μg/L progesterone, 32 

μg/L putrescine, 1% penicillin/streptomycin, and 40 μL/L beta-mercaptoethanol (Thermo 

Fisher, Federal Way, WA). All cultures were grown in 37°C incubators with a maintained 

5% CO2 according to suppliers’ instructions.

For in vitro transfection studies, HeLa cells were plated at 4,000 cells per well, and ARPE19 

and 661W cells were plated at 50,000 cells per well in 96-well plates and allowed to adhere 

overnight. Then, lipid nanoparticles encapsulating firefly luciferase mRNA were diluted 

with PBS to the appropriate concentration and added to the cells. To measure cell viability 

and luciferase expression, CellTiter-Fluor™ and ONE-Glo™ Luciferase assays were used 
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(Promega, Madison, WI). Fluorescence and luminescence measurements, respectively, were 

taken at 24 hours post-treatment with a microplate reader. Cell viability was determined 

by dividing the fluorescent signal of treated cells by the signal in PBS-treated cells. The 

luminescent signal (relative luminescence units, RLU) was normalized by the fluorescent 

signal (relative fluorescence units, RFU) to yield normalized transfection efficiency.

Visualization of Gal9-GFP recruitment in HEK293T/17 cells

HEK293T/17 Gal9-GFP reporter cells were developed as previously described.21 Only 

cells within 10–25 passages were used. First, Ibidi 8-well chamber slides (Fitchburg, WI) 

were coated with poly-D lysine (Thermo Fisher, Federal Way, WA) and rinsed three times 

with PBS prior to reporter cell seeding at 60,000 cells per well in complete media. After 

allowing reporter cells to adhere overnight, LNPs or PFV-LNPs were diluted in PBS and 

added dropwise onto the media for a final concentration of 50 ng or 200 ng mRNA per 

well and incubated for 24 hours. Following incubation, the media from each well was 

gently aspirated, and reporter cells were carefully rinsed twice with PBS and fixed with 

4% paraformaldehyde diluted in PBS for 10 minutes at room temperature. Upon fixing, 

wells were gently washed twice more with PBS to remove excess 4% paraformaldehyde. 

4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher, Federal Way, WA) was then diluted 

at 1:1000 in PBS and added to each well for nuclear staining. Reporter cells were then 

washed twice more and mounted with a coverslip using ProLong Diamond Antifade for 

the mountant (Thermo Fisher, Federal Way, WA). A confocal microscope Leica DMi8 

(Leica Microsystems) was used to visualize GFP-positive puncta under a 40x oil immersion 

objective.

Quantification of Gal9-GFP puncta was performed using ImageJ software, where confocal 

image z-stacks were preprocessed using maximum intensity projection and a radius of 

1 for Gaussian smoothing. The Find Maxima function with a prominence of 75 was 

used for GFP+ puncta counting. Nuclei counts were collected during analysis with 

standard segmentation procedures (automatic thresholding and watershed), and normalized 

recruitment of Galectin-9 was reported as the number of GFP puncta divided by the number 

of cells.

Intravenous injections and in vivo imaging

Female BALB/c mice aged 5–8 weeks were administered 1.5 μg (or 0.06 mg/kg 

dose) of standard LNPs or PFV-LNP encapsulating FLuc mRNA intravenously via 

retroorbital injection. At 4-hour and 24-hour time points post-injection, mice were 

anesthetized with isoflurane and injected with 150 mg of D-luciferin/kg body weight 

intraperitoneally according to the manufacturer’s protocol (Gold Biotechnology, Olivette, 

MO). Bioluminescent imaging was conducted on IVIS Lumina XRMS (PerkinElmer, 

Waltham, MA) and image analysis was performed in Living Image Software (PerkinElmer, 

Waltham, MA).

Subretinal administration

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 
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(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 incision in the 

limbus, 1 μL of PBS or LNP material was delivered to the subretinal space via a Hamilton 

syringe with a 33-gauge blunt needle. Each mouse received LNP or PFV-LNP treatment in 

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

to the treatment solutions so retinal detachment could be easily observed and documented. 

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

delivered temporally.

Fundus photography in mice

Live, in-vivo retinal imaging was performed with the Micron IV (Phoenix Research 

Laboratories, Pleasanton, CA). Bright-field images were acquired to observe general retinal 

health. A 534/42 nm BrightLineⓇ single-band bandpass filter (Semrock, Rochester, NY) 

was used to capture tdTomato signal, and a 475/534 nm BrightLine® filter was used for 

EGFP imaging. Light intensity, exposure and gain were kept consistent across all RFP and 

GFP images. ImageJ software (National Institutes of Health, Bethesda, MD) was used to 

compare reporter expression across fundus images.

Immunofluorescence (IF) sample preparation

Mice were sacrificed immediately after fundus imaging, and a superior corneal burn mark 

was made to ensure proper orientation following whole globe enucleation. Harvested eyes 

were immediately placed in 4% paraformaldehyde (PFA) and designated for cryosectioning 

or flatmounting.

For cryosection imaging (Cre recombinase and EGFP), whole globes were incubated in 

4% PFA overnight at 4 °C. The next day, whole globes were incubated in 30% sucrose 

in PBS for 2 hours at 4 °C before embedding in cryostat compound (Tissue-Tek O.C.T. 

Compound, code # 4583). The embedded eyes were snap-frozen in a dry ice bath. Eyes were 

sectioned at 12 μm on a cryostat (Microtome HM550; Walldorf, Germany). Samples were 

stored at −20 °C until staining. Frozen cryosections were incubated at room temperature 

for at least 30 minutes and rehydrated in 1X PBS. Sections from 129X1/SvJ mice were 

permeabilized and blocked for 1 hour in a 1% bovine serum albumin (BSA)/0.3% Triton 

mixture and were treated with an anti-GFP antibody (1:500, chicken, ab13970) diluted in 

the same mixture overnight at 4 °C. Sections were washed the following day with PBS and 

incubated in a secondary antibody (goat anti-chicken Alexa 488, 1:500, Cat#A11039) for 

1 hour at room temperature and counter-stained with DAPI for 5 minutes in the dark at 

room temperature. Sections from Ai9 mice were rehydrated and washed with 1X PBS and 

similarly counter-stained with DAPI. After a final rinse, retinal sections were mounted in a 

Fluoromount-G, and cover-slipped.

Eyes designated for flatmount imaging were fixed in 4% PFA for 30 minutes at 4°C in the 

dark, then incubated in sucrose overnight at 4°C in the dark, and dissected according to a 

previously published protocol.46 Leica M60 microscope was used for flatmount dissections. 

During dissection, the cornea was cut off, the superior side of the eye cup was marked by 
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cutting a triangular notch at the burn mark, and the whole neural retina was removed before 

making 4 symmetrical radial cuts in the remaining eye cup to the optic nerve head. RPE was 

placed on a labeled slide with the superior petal at the top of the slide. Immunostaining with 

a ZO-1 polyclonal rabbit primary antibody at a dilution of 1:50 (Invitrogen, 61–7300) was 

performed on the RPE flatmounts using a 0.5% BSA/2.5% donkey serum blocking buffer 

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

in an Alexa Fluor™ Plus 488 goat anti-rabbit secondary antibody at a dilution of 1:800 

(Invitrogen, A32731), and DAPI (0.5 μg/mL) for 2 hours at room temperature in the dark. 

After immunostaining, RPE flatmounts were mounted on Prolong Diamond mounting media 

(Invitrogen, P36961) and coverslipped.

Murine retina imaging and EGFP image analysis

Retinal sections were analyzed by the TCS SP8 X (Leica Microsystems, Buffalo Grove, IL) 

confocal microscope. All the images were captured with identical exposure settings at 40x 

magnification using Z-stacks. Z-stacks (spanned 10 μm with 1 μm interval) were collected 

using a 40X objective, and maximum intensity projections were reported. IF images were 

analyzed for fluorescence intensity using ImageJ.

For quantification of GFP fluorescence in fundus and IF images, the region of interest was 

selected and pixel intensity was quantified in ImageJ (version 1.53t; National Institutes 

of Health, Bethesda, MD). Average pixel intensity of the ROI was calculated along the 

Mean Gray Scale (%) where 0% indicates black pixels and 100% indicates white pixels, 

and this intensity measurement was reported as a Mean Gray Value (MGV). All fundus 

and IF images of PBS injected control eyes were converted to 16-bit grayscale to calculate 

background MGVs used to establish a threshold for GFP expression. The entire retinal 

area of fundus control images was included when obtaining these background MGVs. For 

IF images, the background MGV measurements were taken by adjusting the selection of 

the control images to include only the retinal tissue. Then, the MGVs of GFP expression 

for all LNP-injected fundus and IF images were calculated by setting the threshold to 

only calculate the MGV using intensity values above the background MGVs previously 

established from the corresponding PBS control images.

Quantification of gene editing

To calculate the editing events in the RPE flatmounts, images across the entire RPE 

flatmounts were taken at 10x magnification and stitched together using a Keyence BZ-X710 

All-in-One Fluorescence scanning Microscope. The total flatmount area was defined using 

the polygon selections tool, subtracting the area for the optical nerve head. To identify the 

area of the injection site, the regions of tdTomato expression within the flatmount RPE 

were initially traced by automatic Otsu thresholding in the tdTomato channel, and corrected 

manually using the polygon selections tool. Then, the expression of tdTomato was measured 

as the total area of tdTomato+ pixels within the treated area or the total flatmount area. To 

assess the damage, RPE was stained with a ZO-1 membrane stain. Regions with disrupted 

cell membrane morphology within the injection site were considered damaged, and their 

area was measured using the polygon tool. The total percent of intact cells was reported as a 

percentage of the intact area within the injection site relative to the total area of the treated 
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bleb or to the total flatmount. An unpaired t-test in GraphPad Prism was used to calculate 

statistics. Quantification of gene editing via next-gen sequencing (NGS) was performed 

identically to our previously published work.39

NHP in vivo delivery and imaging

On the day of surgery, pupils were dilated to a minimum of 8 mm using phenylephrine 

(2.5%; Bausch and Lomb, Rochester, NY, USA) and tropicamide (1% tropicacyl; Akorn, 

Lake Forest, IL, USA) eye drops. PFV-LNPs were administered into the subretinal space 

through a 27G/38G subretinal cannula (#5194, Microvision, Redmond, WA, USA) using 

an Alcon Constellation vitrectomy machine and a pars plana transvitreal approach. A 50 

μl subretinal bleb was generated with either saline as control or PFV-LNPs at 500 ng/μl 

EGFP mRNA. After the injection, dexamethasone (0.5 ml and 10 mg/ml) and cefazolin 

(0.5 ml and 125 mg/ml) were administered subconjunctivally. There were no complications 

noted during surgery. The animal received comprehensive multimodal retinal imaging 

before injection (baseline) and at 48 hours after injection. For each imaging session, 

the animal was anesthetized by an intramuscular injection of Telazol (1:1 mixture of 

tiletamine hydrochloride and zolazepam hydrochloride, 3.5 to 5.0 mg/kg) and maintained 

with ketamine (1 to 2 mg/kg) as required. Heart rate and peripheral blood oxygen saturation 

were monitored by pulse oximetry. Rectal temperature was maintained between 37.0° and 

38.0°C by water-circulating heated pads. For image acquisition, the animal was positioned 

prone with the head supported by a chinrest; the pupils were dilated to a minimum of 8 mm 

using phenylephrine (2.5%; Bausch and Lomb, Rochester, NY, USA) and tropicamide (1% 

tropicacyl; Akorn, Lake Forest, IL, USA) eye drops. A speculum was inserted to hold the 

lids open, and custom contact lenses were placed on the cornea to maintain hydration and 

improve image quality. Imaging included fundus autofluorescence and SD-OCT (Spectralis, 

Heidelberg, Franklin, MA). Following imaging, contact lenses and eyelid specula were 

removed, and erythromycin ointment was applied to each eye.

NHP immunofluorescence imaging

Following humane euthanasia by a veterinary pathologist, eyes were collected and 

immersion fixed in 4% paraformaldehyde in PBS for 24 hours. Fixed eye cups were 

cryoprotected in 10%, 20% and 30% sucrose solutions, embedded in OCT compound, 

and sectioned using a Leica cryostat (CM1850, Leica, Wetzlar, Germany) at 16μm. Every 

slide was visualized for native GFP expression to identify the borders of each bleb. For 

quantification of LNP expression, primary antibodies consisted of anti-GFP (ab290, Abcam, 

Cambridge, UK), anti-cone arrestin, and anti-rod arrestin (generously provided by W.C. 

Smith at UF). Secondaries included a combination of Alexa Fluor 488 (GFP), Alex Fluor 

568 (rods) and Alexa Fluor 633 (cones), which were used at 1:300 dilution. All slides were 

counterstained with DAPI.

NHP Photoreceptor quantification

10 representative 20x confocal microscope images were collected with uniform laser 

intensity settings for EGFP, cone arrestin, and RPE fluorescence. For each image, total 

cone, total rod, total RPE, and GFP+ cone, rod, and RPE counts were generated by manual 
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counting. The GFP+ cell counts were divided by the respective total cell counts to generate a 

% transfected cones and % transfected rods, respectively.

Generation of human retinal organoids

The human iPSCs used in this study were generated from healthy control patient blood 

samples, which were collected after informed consent. This work was approved by the 

Institutional Review Board (IRB# 2735) at Oregon Health & Science University. Retinal 

organoids were generated using a previously published protocol.53 Briefly, human induced 

pluripotent stem cells (iPSCs) were grown on Corning® Matrigel® Basement Membrane 

Matrix-coated plates (354234 - Corning®, Corning, NY) in mTeSR Plus medium, which 

was exchanged every other day. To start differentiating the iPSCs, cells were rinsed with 1x 

Dulbecco’s phosphate-buffered saline (DPBS) before applying EDTA (1:1000 in 1x DPBS) 

to the cells for 2–3 minutes. EDTA was then aspirated and cells were given fresh mTeSR 

Plus medium before colonies were gently lifted using a cell lifter. Colonies used to make 

retinal organoids were carried through the differentiation protocol as previously described. 

Phase images of the retinal organoids were captured using a Leica DMI3000B inverted 

microscope.

Human organoid transfection and immunolabeling

Retinal organoids were grown for 240–400 days in culture using a previously described 

procedure.53 30 min prior to transfection, organoids (and any associated RPE clusters) were 

transferred to a 96-well tissue culture-treated U-bottom plate (Corning, 3799) in Opti-MEM 

medium (ThermoFisher, 31985062). To transfect the organoids or RPE cells, the OptiMEM 

media was removed from each well and the appropriate volume of LNPs (to achieve 2μg, 

5μg, 10μg, or 15μg of mRNA) or PBS (negative control) was slowly applied directly on 

top of the organoids. After incubating the organoids with LNPs at room temperature for 

10 minutes, 100μL of OptiMEM was slowly applied to each well, and the organoids were 

returned to the 37°C incubator. At 4 hours post-transfection, 100μL of retinal organoid 

medium (3D-RDM) was applied to each well.

To analyze transfection output, retinal organoids were collected at 48 hours post-transfection 

and fixed for 30 minutes in 4% paraformaldehyde. Tissue cryosections were stained with 

anti-GFP (1:100, Abcam ab13970) or anti-green/red cone opsin (G/RCO; 1:100, gift 

from Jeremy Nathans Lab) antibodies. Nuclei were counterstained with 4′,6-diamidino-2-

phenylindole (DAPI, 1 μg/mL; Roche, 10236276001) for 3 minutes, and the sections were 

imaged on a Leica SP8 confocal microscope.

Statistical Analysis

The data were analyzed using GraphPad Prism and expressed as a mean ± standard 

deviation (mean ± SD). Unless stated otherwise, statistical analysis was performed via 

one-way or two-way analysis of variance (ANOVA) tests with post hoc Tukey’s multiple 

comparison test. P-values less than 0.05 were considered statistically significant (*p ≤0.05, 

**p ≤0.01, ***p ≤0.001, ****p ≤0.0001). Values p > 0.05 were considered not statistically 

significant (ns). Where applicable, outliers were removed via ROUT method (Q=1%). For 

characterization and in vitro assays, data were collected with at least 3 technical replicates 
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and reproduced in at least three different experiment sets. In vivo data in mice for EGFP 

and Cre recombinase mRNA were collected from 3–4 independent study samples (3 mice 

per group in intravenous injection studies or 4 eyes per group in subretinal injection studies), 

with EGFP analysis for MC3 LNPs and PFV-LNPs reproduced twice. Flatmount and NGS 

analysis were performed with n=7–9 eyes each. Non-human primate and retinal organoid 

data used N=1 replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of lipid nanoparticles (LNP).
(A) Formulation workflow of pre-formed vesicle (PFV) intermediates and mRNA-loaded 

PFV-LNPs. (B) Representative shift in size distribution for PFV-LNPs compared to unloaded 

PFV. (C) Zeta potential for PFV, LNP, and PFV-LNP formulations (n=3). (D) Encapsulation 

efficiency in mRNA-loaded LNPs and PFV-LNPs (n=3). PFV-LNPs consistently have <50% 

encapsulation efficiency; therefore, the dose is calculated by total mRNA found in sample. 

(E) Laurdan hydration assay of LNP, PFV, and PFV-LNP formulations, where generalized 

polarization (GP) is indicative of changes in lipid packing (higher = tighter lipid packing; 
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n=3). (F) Representative cryo-TEM micrographs of standard LNPs, PFV, or mRNA loaded 

LNPs with two distinct cargos (FLuc or EGFP mRNA respectively). Gold boxes highlight 

typical PFV or PFV-LNP morphologies. Scale bars are 50 nm. (G) Gal9 recruitment in 

modified HEK293T/17 cells treated with LNPs at 24 hours after 50 ng or 200 ng treatment 

with LNPs. Images presented at maximum intensity projection, DAPI – blue and Gal9-GFP 

- green. Scale bars represent 50 μm. Quantification includes normalizing Gal9 puncta 

counts by the number of cells present (from DAPI; n=6). Data are presented as means ± 

standard deviation. Statistical analyses were performed using ANOVA with Tukey multiple 

comparison test. n.s.: not significant; *: p < 0.05; **: p < 0.01; ****: p < 0.001. PFV – 

preformed vesicles approach, no cargo; PFV-LNP – preformed vesicle approach, loaded with 

mRNA; LNP – standard microfluidic mixing, loaded with mRNA
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Figure 2. Localization of tdTomato expression after Cre mRNA delivery in Ai9 murine retina.
Nanoparticles were administered via subretinal injection at 400 ng mRNA. Eyes were 

harvested at the 7-day post-injection and stained with DAPI. (A) Mechanism of Cre-

mediated recombination. (B) Representative brightfield (top) and tdTomato (bottom) fundus 

images for each treatment groups (n=4 eyes each). (C) Representative immunofluorescence 

images showing tdTomato expression in the RPE and ONL. Gold box indicates the area of 

photoreceptor transfection. Scale bars represent 75 μm. RPE: retinal pigment epithelium; 

ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer.
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Figure 3. EGFP expression after EGFP mRNA LNP or PFV-LNP treatment in 129X1/SvJ 
murine retina.
Nanoparticles were administered via subretinal injection at 200 ng mRNA. Eyes were 

imaged via fundoscopy and harvested at the 48 hours post-injection and processed for 

IF and imaging. (A) Representative bright field (top) and GFP (bottom) fundus images 

for each treatment group 48 hours post-injection. (B) Representative immunofluorescence 

images demonstrate GFP expression in the RPE for LNP groups. (C) Quantification of 

GFP expression in fundus images (n=4) and in immunofluorescence images (n=4 eyes, with 

3–4 individual images per eye). (D) Representative confocal images of IF with showing 

GFP expression in the RPE and ONL for PFV-LNP group. Data are presented as means ± 

standard deviation with statistical significance reported using an ordinary one-way ANOVA 

test. n.s.: not significant; *: p < 0.05; **: p < 0.01; ****: p < 0.001. GFP: green fluorescent 

protein; RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: inner nuclear 

layer; GCL: ganglion cell layer.
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Figure 4. EGFP expression after EGFP mRNA PFV-LNP treatment in non-human primate 
retina.
Nanoparticles were administered via subretinal injection at 25μg total mRNA dose. NHP 

eye (N=1) was harvested at the 48 hours post-injection and processed for IF imaging. 

(A) Representative fundus autofluorescence image 48 hours post-injection indicates 

prominent EGFP signal (area of the injection bleb highlighted by the dashed circle). (B-

D) Representative IF images highlighting transfection in ONL. Transfection of the cone 

photoreceptors can be confirmed by colocalization of EGFP and cone arrestin signal. (E-G) 

Representative IF images highlighting transfection in RPE; transfection of RPE can be 

confirmed by colocalization of EGFP and RPE65 signals. Gross retinal health is visualized 

by OCT (H; the scanning plane is shown in panel A by yellow line and the bracket 

demonstrates the area of the injection bleb). (I) DAPI and EGFP composite IF image 

demonstrates the transfection through the entire injection bleb, with stronger signal observed 

in RPE. (J-L) Mild immune infiltration through RPE and ONL was observed, as suggested 

by the CD3 and IBA staining of the retina sections. GFP: green fluorescent protein; RPE: 

retinal pigment epithelium; ONL: outer nuclear layer.
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Figure 5. EGFP delivery to human iPSC-derived retinal organoids and RPE cells.
(A) The schematic and brightfield images provide an overview of the differentiation process 

going from iPSCs to mature retinal organoids. (B) Native EGFP expression (green) is 

shown in a live control retinal organoid, with and without brightfield overlay, at 48 hours 

post-PFV-LNP transfection with 2μg EGFP mRNA. At 48 hours post-transfection with 

LNPs or PFV-LNPs carrying EGFP mRNA, retinal organoids were fixed, cryosectioned, 

and immunolabeled. (C) Representative images of organoids or RPE cell clusters after 

immunolabeling of GFP (green) shows abundant signal in RPE for standard LNPs and 
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PFV-LNPs. Immunolabeling with antibodies targeting G/RCO (white) shows sparse labeling 

in cone photoreceptors in retinal organoids (D) transfected with 10μg EGFP mRNA 

in PFV-LNPs. Nuclei are counterstained with DAPI (blue). Panel ii. is the magnified 

area highlighted in Panel i. GFP: green fluorescent protein; OS: outer segment; PR: 

photoreceptor; RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: inner 

nuclear layer; G/RCO: green/red cone opsin. Scale bars = 50μm.
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Figure 6. Comparison of gene editing outcomes after PFV-LNP and LNP treatments in Ai9 mice.
(A) Comparison of LP01 PFV-LNP and LNP nanoparticle characteristics. LNPs were 

administered subretinally at 200 ng total nucleic acid (1:1 wt/wt Cas9 mRNA:sgRNA) 

and the eyes were harvested 7 days after injection for flatmount and NGS analysis; n 

= 7–9 in each group. (B) Representative RPE flatmount images (green: ZO-1 staining, 

red: tdTomato; background removed for visual clarity). Dashed red circles indicate the 

transfected area. Image-based quantification of gene editing efficiency (C) and retinal health 

(D) was performed within whole RPE flatmounts and the injection site and presented 

as % of area. (E) Next-generation sequencing results; some outliers were removed via 
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ROUT method (Q=1%). No outliers were noted in image-based analysis. Data are presented 

as means ± standard deviation. Statistical significance reported using ANOVA for image 

analysis of the whole flatmounts and NGS data, and Welch’s t-test for image analysis within 

the treated areas. n.s.: not significant; *: p < 0.05; **: p < 0.01; ****: p < 0.001. RPE: 

retinal pigment epithelium, EE: encapsulation efficiency, PDI: polydispersity index, ZP: zeta 

potential, RPE: retinal pigment epithelium, sgGFP: non-targeting sgRNA, sgAi9: targeting 

sgRNA.
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