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Formulation methods for peptide-modified lipid nanoparticles

Katelyn Miyasakia,*, Sangwoo Hana,*, Olivia Cartona, Rebecca M. Kandella, Jonathan 
Gunna, Ester J. Kwona

aDepartment of Bioengineering, University of California, San Diego, La Jolla, CA, 92093, USA

Abstract

Lipid nanoparticles (LNPs) are a promising non-viral gene carrier, but one significant unmet 

challenge is cell-specific delivery in extrahepatic organs. Peptides are one class of targeting ligand 

that have been used to target nanoparticles, including LNPs. Herein, we compared two formulation 

approaches that use the polyethylene glycol (PEG)-lipid to display targeting peptides: (1) post-

conjugation targeted (PCT), in which LNPs were formulated with PEG-lipid with chemical 

handles and subsequently modified with peptides, and (2) in-line targeted (ILT), in which peptide-

PEG-lipid conjugates were directly used in LNP formulation. We observed that PCT and ILT 

LNPs had similar physicochemical properties, but ILT LNPs aggregated when formulated with a 

large peptide. Using cyclic RGD as a model ligand, we observed that while binding and uptake 

of LNPs in cultured cells were similar between approaches, PCT LNPs led to higher activity. 

Systemic administration revealed that LNPs formulated with both methods led to shifts in organ 

biodistribution compared to untargeted LNPs, but PCT resulted in higher transfection compared 

to ILT. Finally, analysis of cell tropism showed that the transfection activity of cRGD LNPs was 

shifted toward endothelial cells in multiple organs. We conclude that while PCT LNPs required 

more processing steps over the ILT LNPs, they led to superior formulations that led to active 

peptide targeting.
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INTRODUCTION

Lipid nanoparticles (LNPs) are currently the most clinically advanced non-viral gene 

therapy carrier.1 Due to the flexibility of LNPs to carry a large diversity of nucleic acid 

payloads, including transiently-acting siRNA, miRNA, and mRNA as well as plasmid DNA 

and Cas9-guide RNA ribonucleoproteins, potential applications are abundant.2–4 The first 

Correspondence should be addressed to E.J.K. (ejkwon@ucsd.edu), 9500 Gilman Drive, La Jolla, CA 92093-0412.
*These authors contributed equally.
AUTHOR CONTRIBUTIONS
KM: Conceptualization, formal analysis, funding acquisition, investigation, methodology, writing — initial draft, and writing — 
review & editing. SH: Conceptualization, investigation, methodology, and writing — review & editing. OC: Conceptualization, 
investigation, and methodology. JG: Resources and writing — review & editing. RK: Investigation. EJK: Conceptualization, funding 
acquisition, methodology, project administration, resources, supervision, and writing — review & editing.

DECLARATION OF INTERESTS
The authors declare no competing interests.

HHS Public Access
Author manuscript
J Control Release. Author manuscript; available in PMC 2025 October 22.

Published in final edited form as:
J Control Release. 2025 September 10; 385: 114030. doi:10.1016/j.jconrel.2025.114030.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LNP drug used in humans, Onpattro (patisiran), was approved by the FDA in 2018 for 

the systemic delivery of siRNA against transthyretin to treat hereditary amyloidosis.5 It 

has been shown that the efficient gene transfer to hepatocytes is due to the adsorption 

of apolipoprotein E present in the blood onto the LNP surface, leading to engagement of 

LDL receptors.6 There is an outstanding need to develop LNPs for cell specific delivery to 

extrahepatic organs.

The physicochemical properties of LNPs are known to have important roles in their 

pharmacokinetics and pharmacodynamics. For example, larger LNPs often have higher 

transfection, but are limited in their spread in tissues compared to smaller particles.7,8 

The Siegwart group has demonstrated that the addition of charged lipids into the LNP 

formulation can lead to what they have described as selective organ targeting (SORT), 

with significantly increased activity in the lungs or the spleen, noting that LNP pKa 

correlated strongly with the organ biodistribution and transfection.9,10 In addition to the 

passive targeting dictated by the physicochemical properties of nanoparticles that largely 

determines organ level biodistribution, nanoparticles can be modified with specific ligands 

to achieve active targeting. For example, LNPs have been targeted with antibodies to 

increase cargo delivery to T cells,11,12 lymphatic endothelial cells,13 and lung endothelial 

cells.14 As an alternative to antibodies, peptides are potentially attractive ligands because 

they are relatively inexpensive to synthesize and are more stable, but can still represent 

a large diversity of bioactive binding motifs.15 The low unimolecular affinity of peptides 

can be overcome by multivalent presentation on the nanoparticle surface.16 Studies 

have demonstrated the use of peptide targeted LNPs to achieve cell tropism, including 

hematopoietic progenitor cells in the bone marrow,17 photoreceptors in the eye,18 hepatic 

stellate cells in the liver,19 and cystic fibrosis lung epithelium.20 As it stands, studies have 

used several different methods to produce peptide targeted LNPs, including incorporation 

of peptide-lipid conjugates fed directly into the formulation,19–21 insertion of peptide-

lipid conjugates after LNP formulation,17,22 and peptide conjugation onto LNPs after 

formulation.18

Considering the importance of peptides as a class of targeting ligands, our goal was 

to compare two methods for the incorporation of peptides into LNP formulations: (1) 

post-conjugation targeted (PCT) formulation, in which we formulated LNPs with chemical 

handles on the PEG-lipid that were subsequently modified with peptide post-formulation, 

and (2) in-line targeted (ILT) formulation, in which we synthesized peptide-PEG-lipid 

conjugates that were directly used for LNP formulation (Fig. 1A). The PCT formulation 

requires more processing steps and therefore is more cumbersome and may introduce 

batch-to-batch variation in manufacturing; however, since peptides are reacted after LNP 

formulation, they are less likely to impact internal LNP structure and more likely to be 

displayed on the LNP surface for receptor engagement. Conversely, peptide incorporation in 

the ILT formulation can be done in a single formulation step and the peptide amount can 

be set by the input feed, offering a simple method for peptide-modified LNP manufacture. 

However, there is little control on the surface presentation of peptides. We did not consider 

the post-insertion method, as in our hands, the quantitative amount of peptide-lipid insertion 

was difficult to control. First, we compared the physicochemical properties of LNPs using 

five different peptides that represent various lengths and physicochemical properties and 
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observed both methods yielded LNPs with similar sizes, with the exception of the largest 

31 amino acid peptide which led to aggregation of ILT formulated LNPs. Furthermore, we 

also observed greater size instability and lower yield for ILT LNPs. We then used cyclic 

RGD (cRGD) as a model peptide to compare LNP binding and transfection efficiency in 
vitro and LNP biodistribution and activity in vivo. While we observed similar LNP binding 

and uptake between the two conjugation methods, PCT LNPs mediated a two-fold greater 

expression of cargo mRNA compared to ILT LNPs. After systemic administration in vivo, 

we observed that both PCT and ILT LNPs led to changes in biodistribution and activity 

compared to untargeted LNPs. Most notably, cRGD targeting led to elevation of expression 

in the lungs and spleen and decreased expression in the liver compared to untargeted LNPs. 

We delivered mRNA encoding Cre recombinase in Ai9 mice to observe a cell tropism shift 

towards endothelial cells with cRGD targeting. Our results indicate that post-modification of 

LNPs with targeting peptides leads to more controlled LNP size and improved transfection 

efficiency while altering organ and cell-level tropism of LNPs.

RESULTS

Characterization of in-line and post-conjugation peptide LNPs

Peptides chosen for conjugation include linear RGD, cyclic RGD, CGKRK, VCAM-1, 

and RVG. These peptides represented a range of lengths from 4–31 residues (Table 1). 

Linear and circular peptides with the motif “RGD” are frequently used to target cancer 

cells that overexpress integrins.23 CGKRK is a peptide identified by phage display known 

to bind to tumor stroma and neovasculature.24 VCAM-1 peptide was also identified 

by phage display25 and binds to upregulated VCAM-1 on inflamed endothelium.26,27 

RVG is a peptide from rabies virus glycoprotein used to target neurons.28,29 Peptides 

were synthesized with a cysteine for conjugation chemistry and a carboxyfluorescein 

(FAM) label. For ILT LNPs, PEG-lipid conjugates were prepared through reaction of 

DSPE-PEG-maleimide and cysteine-bearing peptides and purification by size exclusion 

chromatography. PEG-lipid peptide conjugates were dissolved in ethanol and were fully 

soluble prior to formulation. In order to formulate PCT and ILT LNPs, we used as a 

base the Onpattro formulation with a lipid composition of 50:10:38.5:1.5 of DLin-MC3-

DMA:DSPC:cholesterol:PEG-lipid (Fig. S1).4,30 Of the 1.5 mole% PEG-lipid, we used 1 

mole% DMG-PEG. The remaining 0.5 mole% was composed of DSPE-PEG-maleimide for 

PCT LNPs and 0.35 mole% DSPE-PEG-maleimide and 0.15 mole% DSPE-PEG-peptide 

conjugate for ILT LNPs (Fig. 1A). LNPs were formulated at a lipid/RNA mass ratio of 

20.7 using polycytidylic acid (polyC) RNA using a microfluidic staggered herringbone 

mixer, as described previously.31,32 An additional 0.6 mole% of the lipophilic dye 1,1’-

Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI) was included to label 

LNPs and approximate yield. For PCT LNPs, formulations were reacted with 0.15 mole% of 

peptide for 2 hours and free peptides were purified via diafiltration.

We compared physicochemical properties (hydrodynamic diameter, polydispersity, zeta 

potential) of LNPs (Fig. 1B–D). For most peptides, PCT and ILT formulated LNPs resulted 

in LNPs of similar size, although the ILT LNPs yielded slightly larger nanoparticles 

with higher polydispersity indices (Fig. 1B–C). ILT formulation was unsuitable for larger 
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peptides; there was clear aggregation of RVG ILT LNPs, possibly due to the larger peptide 

causing destabilization of the LNP structure. As expected, zeta potential measurements 

corresponded between formulations for a given peptide (Fig. 1D), indicating that changes 

in surface potential measurements were likely due to peptide modification. We measured 

the ratios of peptide/LNP, peptide yield, and LNP yield through absorbance measurements 

of FAM-labeled peptides and DiI, with the assumption that DiI was representative of 

the total RNA content of our formulation (Fig. 1E–G). Using DiI as a proxy for lipid 

content in LNPs is supported by a previous study that showed that theoretical N/P 

closely matched measured N/P ratios, indicating that DiI should be proportional to the 

RNA content.33 The peptide/LNP ratios were similar across different peptides, indicating 

successful incorporation of peptides at similar quantities for both methods. While volumes 

and processing steps varied between PCT and ILT LNPs, total DiI yields were similar across 

formulations with the exception of ILT RVG LNPs that showed aggregation by DLS (Fig. 

1B). Total yields of peptide were more varied (Fig. 1G), indicating potential peptide-specific 

differences in reaction efficiency for PCT LNPs or incorporation efficiency for ILT LNPs. 

LNP size remained stable for all formulations over 1 week of storage at 4 °C (Fig. S2).

In vitro transfection efficiency, binding, and uptake

Active targeting was evaluated between both formulation methods using the peptide cyclic 

RGD (cRGD). We chose cRGD as a model peptide to demonstrate peptide-mediated LNP 

targeting due to the wealth of existing studies that have established the specificity of RGD 

targeting on nanoparticles, knowledge of its receptors, and the availability of established in 
vitro and in vivo models.23 The RGD motif is known to bind a number of integrin receptors, 

most notably ɑVβ3, ɑVβ5, and ɑ5β1, that have upregulated expression in many physiological 

settings including inflammation and cancer, but also may be expressed at low levels in 

healthy tissues.23,34–37 We selected cRGD because it is known to more stably bind than 

linear RGD;38,39 one study showed a thousand-fold lower IC50 for cyclized RGD compared 

to linear RGD for platelet aggregation.40

We investigated whether cRGD targeting would mediate increased transfection activity 

of LNPs. First, we determined the physicochemical properties of LNPs formulated 

with different amounts of cRGD. After formulation of LNPs with 1 mole% DSPE-PEG-

maleimide, we split the batch into 4 parts and titrated cRGD at 0, 0.17, 0.3, and 0.5 mole%. 

These levels of peptide modification were selected based on previous peptide-targeted LNP 

studies. The Sahay group observed effective transfection in the retina at 0.15 and 0.3 mole% 

peptide, and the Heidenreich group observed increased LNP accumulation in the bone 

marrow with 0.1 mole% peptide.17,18 The Mitchell group used 0.15 mole% in targeting 

LNPs to the brain.41 One group used 2% peptide-PEG-lipid, but with 5 mole% total PEG-

lipid compared to our 1.5 mole% PEG-lipid.19 cRGD LNPs at all mole% had similar sizes 

and PDIs (Fig. 2A–B). Zeta potential decreased with increasing cRGD mole% (Fig. 2C), 

indicating increasing cRGD surface modification. The amount of peptide conjugated was 

estimated, as in Fig. 1E, via the absorbances of FAM and DiI, and increased mole% of 

peptide led to higher peptide to LNP ratios (Fig. 2D). LNP activity was evaluated in MDA-

MB-435 cells (Fig. 2E), a human cancer cell line that highly expresses ɑVβ3 integrin.42 

We observed increases in transfection efficiency with increasing peptide amounts, up to 
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21-fold over untargeted with 0.5 mole% cRGD. When we performed a similar study with 

linear RGD, we did not observe improvements in transfection efficiency with increasing 

peptide amounts (Fig. S3), consistent with the increased binding affinity of cRGD over RGD 

reported by others.38,39

Since 0.5 mole% cRGD PCT LNPs exhibited the highest transfection, we next compared 

PCT and ILT LNPs with 0.5 mole% of cRGD. PCT LNPs were formulated with 1 

mole% DMG-PEG and 0.5 mole% DSPE-PEG-maleimide, then reacted with cRGD at a 

1.2-fold excess. ILT LNPs were formulated with 0.5 mole% DSPE-PEG-cRGD. LNPs 

were formulated with FLuc mRNA and DiI to visualize particles. The properties of cRGD 

LNPs formulated with FLuc mRNA and 0.5 mole% cRGD (Fig. 2A–D) were similar to 

nanoparticles formulated with polyC (Fig. 1B–E, Fig. S4A–D). We observed that cRGD 

LNP properties were generally consistent across experiments, including formulations with 

different nucleic acid cargo and diafiltration steps. However, we also observed that at 

0.5% peptide, some formulations of ILT LNPs had a greater propensity to aggregate over 

untargeted or PCT LNPs when stored at 4 °C (Fig. S4E). We also observed a significant 

loss of RNA yield in ILT LNPs compared to PCT LNPs at 0.5 mole% peptide (Fig. S4F). 

Despite similar physicochemical properties (Fig. 1), PCT LNPs mediated more than double 

the expression over ILT LNPs, which showed similar expression compared to untargeted 

LNPs (Fig. 2F).

In order to understand the increased transfection efficiency of PCT LNPs over ILT LNPs, 

we investigated LNP binding and uptake with the same 0.5 mole% cRGD LNPs. We 

first evaluated binding by incubating LNPs with cells at 4 °C to halt energy dependent 

internalization. DiI-labeled LNPs were incubated with MDA-MB-435 cells at 4 °C for 

3 hours and cells were imaged via fluorescence microscopy. We observed relatively low 

binding of untargeted LNPs and image quantification revealed an 8- to 12-fold increase in 

binding when both PCT and ILT LNPs were targeted with cRGD (Fig. 3A–B). We also 

performed this study with analysis by flow cytometry to quantitate association on a per cell 

basis and observed similar results (Fig. 3C). After confirming similar degrees of binding to 

cells at 4 °C, we compared binding and uptake at 37 °C with flow cytometry (Fig. 3D). 

Uptake of all LNPs increased between 15 min and 30 min and plateaued at 60 min, and 

uptake was greater for both cRGD PCT and ILT LNPs compared to untargeted LNPs. A 

similar trend was observed when measuring uptake via the FITC-labeled cRGD peptides 

(Fig. 3E). We concluded that cRGD modification increases LNP binding and uptake in cells 

regardless of the formulation method.

We then performed competitive binding assays with free cRGD to confirm that the increase 

in LNP binding and transfection we observed with cRGD targeting was receptor specific. 

We preincubated MDA-MB-435 cells with free cRGD or equivalent amounts of DMF 

vehicle at 4 °C and analyzed the binding of cRGD LNPs made with 0.15 mole% peptide 

at 4 °C for 1 hour. In analysis through imaging,43 we observed that cRGD LNPs binding 

was significantly reduced in the presence of free cRGD (Fig. 4A–B). With 0.15 mole% 

cRGD and after 24 hours, PCT and ILT cRGD LNPs both exhibited increased transfection 

compared to untargeted LNPs in MDA-MB-435 cells (Fig. 4C). Similar to binding studies, 

we observed significant reduction of transfection activity in the presence of free cRGD in 
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a dose-dependent manner for both PCT and ILT cRGD LNPs (Fig. 4D). Minimal change 

was observed in the transfection efficiency of untargeted LNPs. In human umbilical vein 

endothelial cells (HUVECs), we also observed cRGD-dependent transfection of LNPs that 

could be competed with free cRGD in a dose-dependent manner, indicating cRGD targeting 

was relevant for multiple cell types (Fig. 4E–F).

We next evaluated LNP pharmacokinetics and activity in vivo. LNPs at 0.5 mole% 

cRGD were formulated with the near-infrared lipophilic dye 1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindotricarbocyanine Iodide (DiR) to aid in vivo imaging. LNP physicochemical 

properties were similar to previous cRGD formulations (Fig. S5). LNPs were injected 

intravenously via the tail-vein and blood was collected over 4 hours and organs collected 

at 6 hours (Fig. 5A). Blood half-lives of LNPs were calculated based on a one phase 

exponential decay44 and we observed that the addition of targeting ligand decreased the 

blood half-life of LNPs from 41.8 min for untargeted LNPs to 10.5 min for PCT and 12 

min for ILT LNPs (Fig. 5B). Our measured half-life was similar to previous reports of 

RGD-targeted liposomes, which decreased in blood half-life from ~102 min to ~9–10 min 

when the mole% of RGD was increased from 0.1 mole% to 1 mole%.45 In analysis of organ 

biodistribution, targeted LNPs showed a near order of magnitude greater accumulation in the 

lungs and spleen and a modestly decreased accumulation in the heart and kidney compared 

to untargeted LNPs (Fig. 5C–D). Untargeted LNPs had highest accumulation in the liver 

whereas cRGD targeted LNPs had highest accumulation in the spleen. Both PCT and ILT 

targeted LNPs displayed similar biodistribution.

We evaluated expression mediated by cRGD targeted LNPs through measurement of 

luciferase activity in homogenized organs. Expression in organs predominantly followed 

biodistribution results, with cRGD targeted LNPs displaying significantly increased 

expression in the lungs and spleen and decreased expression in the heart compared 

to untargeted LNPs (Fig. 5E). Conversely, despite unobservable differences in liver 

accumulation, liver expression was significantly decreased with cRGD targeting 6- to 8-fold.

Considering PCT formulated LNPs could achieve greater in vitro (Fig. 2F) and in vivo 
activity (Fig. 4E), as well as more uniform and stable nanoparticles with higher yields, 

we considered it a superior formulation over ILT formulated LNPs. Lastly, we investigated 

cell tropism mediated by the cRGD ligand using the PCT formulation method. LNPs were 

formulated with mRNA encoding Cre recombinase and administered systemically into Ai9 

mice (n=3). The cells of Ai9 mice express robust tdTomato protein when exposed to Cre 

recombinase,46 allowing us to observe the cell tropism of the LNPs. We analyzed organs 

by histology 1 week after LNP administration and selected representative images (Fig. 6A). 

We observed that cRGD targeting increased reporter tdTomato expression in endothelial 

cells in the heart and lungs (Fig. 6B–C), and decreased expression in cardiomyocytes in the 

heart (Fig. 6B). Quantification of tdTomato expression in whole organ slices using QuPath 

image analysis software revealed a modest decrease in the number of transfected cells in 

the heart and a ~20-fold increase in CD31 positive cells when LNPs were targeted with 

cRGD (Fig. 6D). In the lung, where the number of cells transfected by untargeted LNPs 

was low, there was an 8-fold increase in the number of tdTomato expressing cells/mm2 

that were 93% CD31 positive after cRGD LNP administration (Fig. 6E). This shift away 
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from cardiomyocytes towards endothelial cells may be the cause of decreased transfection 

efficiency observed in the heart (Fig. 5E). On the other hand, the increase in endothelial 

expression in the lungs likely accounts for the increase in transfection efficiency. The 

robust tdTomato expression observed in the spleen appears to be in endothelial cells and 

macrophages, although we were unable to confirm the specific cell types. The amount of 

tdTomato signal was lower in the liver overall, consistent with the organ-level luciferase 

expression. These results are corroborated by whole-organ scans of each non-brain organ 

(Fig. S6–7).

DISCUSSION

Since the first FDA approvals of LNPs to treat liver disease and mRNA vaccines, there are 

numerous LNPs under clinical development. Targeted delivery to specific cell types would 

further broaden the scope of applications and greater on-target delivery would expand the 

therapeutic index. While several studies have examined the use of peptide targeted LNPs to 

improve tissue and cell specificity, no study has examined how different peptide conjugation 

methods may affect LNP properties or function. In our study, we compared formulation 

methods to incorporate peptide ligands through an in-line process using pre-conjugated 

peptide-lipids or in a post-conjugation process after formation of nanoparticles. We showed 

that while both methods for peptide incorporation into LNPs can yield nanoparticles with 

similar physicochemical properties and association in cells and organs, the method of 

peptide incorporation significantly impacted LNP functionality. Despite the advantages of 

increased simplicity and control of the in-line formulation process that make it appealing for 

manufacturing, post-conjugation was found to be a superior process for formulating peptide 

targeted LNPs because it was compatible with a larger diversity of peptides, formed more 

stable nanoparticles with higher yields, and led to LNPs with higher activity in vitro and in 
vivo.

We chose cRGD as a model ligand because it has been highly characterized as a targeting 

ligand in other nanoparticle platforms, allowing us to compare between studies. We observed 

elevations of cRGD-targeted LNPs in the spleen and lungs (Fig. 5D), consistent with the 

known expression of integrin ɑvβ3 in lung vasculature and on spleen mononuclear cells 

across multiple species.47 This result was somewhat consistent with studies of RGD-targeted 

liposomes, which have elevated accumulation in the spleen and liver.45,48 It is also known 

that RGD can bind to many other integrins in addition to ɑvβ3, including ɑvβ4, ɑvβ5, 

ɑ5β1, ɑvβ6,36,37 which may explain cRGD LNP transfection of healthy cells. We observed 

targeting decreased LNP blood half-life. The ~3- to 4-fold decrease in blood half-life 

of cRGD-targeted LNPs over untargeted LNPs (Fig. 5B) is likely due to the increased 

accumulation in the spleen and lungs. Similarly, cyclic RGD-targeted liposomes also had 

decreased blood half-life and an increased accumulation in spleen and liver.45 Furthermore, 

the method in which targeting peptides were incorporated impacted functionality. We 

hypothesize that PCT LNPs yielded higher activity compared to ILT LNPs despite similar 

cell and organ association because peptides were only displayed on the surface of the 

LNP, allowing for engagement of receptors but minimally impacting LNP formation. The 

internal structure of LNPs has been shown to influence LNP transfection efficiency, for 

example by modifying the stability of the mRNA cargo inside bleb structures.49 In another 
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study, linear RGD was incorporated into LNPs through covalent attachment to the ionizable 

lipid.21 While these RGD-LNPs carrying luciferase mRNA displayed an approximately 5- 

to 6-fold greater whole-body luminescence signal in live mice compared to an untargeted 

control, the source of elevated transgene expression was undetermined; livers and spleens 

were measured and neither appeared to be driving the elevated expression.

One challenge in studying LNP targeting is that biodistribution and activity are not perfectly 

correlated.8 For example, one study modeled the pharmacokinetic and pharmacodynamics 

of mRNA LNPs and separately characterized uptake and expression, observing that post-

inserting an IgG-PEG-lipid into LNPs reduced liver accumulation by ~2-fold in the liver, but 

reduced expression by ~7-fold.50 We observed a similar shift with our cRGD-targeted LNPs, 

which had similar accumulation in liver to untargeted LNPs but significantly less transgene 

expression (Fig. 5D–E). The non-linear correlation between biodistribution and activity 

was also observed in SORT LNPs, which achieve organ-specific accumulation driven by 

LNP pKa and the resulting serum protein interactions.9 Peptide conjugation influences both 

physicochemical properties like pKa and interactions with specific targets on cell surfaces, 

and therefore receptor-ligand interactions may not be independent of global changes in 

biodistribution. Nonetheless, cRGD targeting was clearly able to shift the cellular tropism 

of LNP-mediated transgene expression to endothelial cells in multiple organs after systemic 

delivery, supporting the use of peptide ligands for LNP active targeting.

CONCLUSION

While our study clearly demonstrated advantages of PCT formulation over ILT formulation, 

what remains to be understood is the specific mechanism for the differences in transfection 

efficiency. Further work could delineate whether peptide modification impacts LNP structure 

and/or protein corona formation. Also, it is likely that each peptide ligand requires 

individual optimization of parameters such as conjugation density and linker length due 

to unique ligand-receptor interactions and impact of peptide conjugation on physicochemical 

properties of the LNP as a whole. Future studies could also investigate a diversity of 

PEG-lipids used to anchor peptides to the LNP surface, including the length and saturation 

of the lipid anchor, length and structure of the PEG, and degradability.

MATERIALS AND METHODS

In vitro transcription of RNA

DNA templates for generating FLuc mRNA were linearized with XhoI from plasmids 

received from the Mali Lab at UC San Diego. DNA templates were purified using the 

PureLink PCR purification kit (Invitrogen). RNA products were then produced using the 

HiScribe T7 RNA Synthesis Kit (NEB), with the addition of supplemental ATP (TriLink) 

and CleanCap Reagent AG (TriLink). Furthermore, N1-methylpseudouridine (TriLink) was 

substituted for UTP. RNA products were treated with DNAse I (NEB) and purified via the 

Monarch RNA Cleanup Kit (NEB). IVT mRNA was quantified via NanoDrop.

Miyasaki et al. Page 8

J Control Release. Author manuscript; available in PMC 2025 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Synthesis of DSPE-PEG-peptides

Peptides were acquired from Lifetein (RGD, CGKRK, VCAM1) and CPC (cRGD, 

RVG). DSPE-PEG-Mal, MW 3.4k dissolved in PBS was reacted with peptides dissolved 

in dimethylformamide for 2 hr at RT. RVG was reacted with DSPE-PEG-Mal in 

dimethylformamide with additional 50 mM TEA. Conjugates were then purified via PD10 

column and lyophilized. DSPE-PEG-RVG was additionally purified on an ENrich SEC 

70 10 × 300 column (Bio-Rad). DSPE-PEG-peptides were reconstituted in ethanol and 

their concentrations measured via absorbance of the FAM label (Genesis UV-Visible 

Spectrophotometer). All DSPE-PEG-peptide conjugates appeared fully soluble in ethanol.

LNP formulation

(6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-tetraen-19-yl-4-(dimethylamino) butanoate 

(DLin-MC3-DMA) was purchased from BioFine International Inc. 1,2-distearoyl-

sn-glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene 

glycol-2000 (DMG-PEG-2000), and cholesterol were purchased from Avanti Polar 

Lipids. DSPE-PEG-Maleimide, MW 3.4k was purchased from Laysan Bio. 1,1′-
Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) was purchased from 

Sigma Aldrich and 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide (DiR) 

was purchased from ThermoFisher.

All mRNA LNPs were formulated with DLin-MC3-DMA : DSPC : cholesterol : PEG-lipid 

at a mole ratio of 50 : 10 : 38.5 : 1.5 and weight ratio of 20.7 lipids/RNA (N/P of ~5.6). 

To prepare LNPs, lipids in ethanol and oligonucleotides in 25 mM acetate buffer, pH 

4.0 were combined at a flow rate of 1 : 3 in a PDMS staggered herringbone mixer.31,32 

Lipophilic dyes in DMSO were also included in the lipid-ethanol mixture. Mixer channels 

were 200 by 100 μm, with herringbone structures 30 μm high and 50 μm wide. Immediately 

after formulation, 3-fold volume of PBS was added and LNPs were purified in 100 

kDa MWCO centrifugal filters to less than 0.5% ethanol. Peptides in dimethylformamide 

were added to PCT LNPs with maleimide and reacted at RT for 2 hours, after which 

the reaction was quenched with free L-cysteine (Sigma). Free peptide was purified from 

PCT LNPs via Microcon 30 kDa centrifugal filters (Millipore Sigma) or Nanosep 300 

kDa centrifugal filters (Pall). LNPs were stored in PBS at 4 °C for up to 1 month. 

LNP hydrodynamic diameter, polydispersity index, and zeta potential were measured by 

dynamic light scattering (Malvern NanoZS Zetasizer) in PBS. The RNA content and percent 

encapsulation were measured with and without Triton X-100 using a Quant-it RiboGreen 

RNA Assay (Invitrogen) according to the manufacturer’s protocol. Peptide quantification 

was measured via absorbance (Genesis UV-Visible Spectrophotometer).

For the comparison of physicochemical properties of PCT and ILT LNPs, polycytidylic acid 

potassium salt (Sigma) was used as a substitute for mRNA. PCT LNPs were formulated with 

1% DMG-PEG and 0.5% DSPE-PEG-maleimide (MW 3.4k) and reacted with 0.15 mole% 

peptide. ILT LNPs were formulated with 1% DMG-PEG, 0.35% DSPE-PEG-malemide, and 

0.15% DSPE-PEG-peptide. Free peptide was purified from PCT LNPs in 30 kDa MWCO 

centrifugal filters.
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For in vitro binding, uptake, and transfection studies, LNPs were purified in either 30 or 100 

kDa MWCO centrifugal filters.

For in vivo blood half-life, biodistribution, and transfection studies, DiR was added to LNPs 

at 1 mol% and LNPs were sterile filtered in a 0.22 μm syringe filter. DiR absorbance was 

measured via a NanoQuant plate on a Tecan Spark plate reader.

LNP activity in vitro

MDA-MB-435 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium 

(Corning) supplemented with 10% fetal bovine serum (GeminiBio). HUVECs (ATCC) were 

cultured in EGM-2 (Lonza). For characterizing in vitro transfection efficiency, cells were 

plated at 25,000 cells per cm2 in 96-well plates to reach ~30% confluency 24 hours later. 

LNPs formulated with FLuc mRNA at 0.1 and 0.05 μg mL−1 in PBS were added to cells in 

volumes not exceeding 10% of the media volume. After an additional 72 hours of culture 

time, cells were lysed with Cell Culture Lysis Reagent (Promega) and luciferase expression 

in the lysates quantified with the Luciferase Assay System (Promega).

For competition studies, MDA-MB-435 cells were plated at 37,500 cells per cm2 and 

HUVECs were plated at 17,500 cells per cm2 in 96-well plates. MDA-MB-435 cells reached 

~30–40% confluency and HUVECs reached ~70–80% confluency at the time of transfection 

24 hours later. Free cRGD dissolved in DMF and PBS or an equivalent concentration of 

DMF in PBS were added to cells and incubated for 1 hr. Cells were then treated with 

LNPs at 100 ng/well, cultured for an additional 24 hours, then lysed with Cell Culture Lysis 

Reagent (Promega) and luciferase expression in the lysates quantified with the Luciferase 

Assay System (Promega).

LNP binding and uptake in vitro

MDA-MB-435 cells were cultured to 70–90% confluency before use in binding and uptake 

experiments. For binding and imaging, cells were plated at 42,000 cells per cm2 in 24 well 

plates on glass coverslips treated with 0.05 mg mL−1 poly-D-lysine for 1 hr at 37°C. Cells 

were washed once with cold OptiMEM serum-free media, then incubated with LNPs at ~360 

ng mRNA per well in OptiMEM. LNPs were dosed by DiI, thus the mRNA dose varied 

slightly. LNPs were placed on a rocker at 4 °C for 3 hrs. LNPs were then washed 3x with 

PBS and fixed for 10 min at RT in 4% paraformaldehyde. Images were obtained on a Nikon 

Eclipse Ti2 (Nikon Instruments Inc.) at 20x magnification and analyzed in Fiji.51

For cRGD binding competition studies, cells were plated at 50,000 cells per cm2 in a 

glass-bottomed 96-well plate treated with 0.1 mg mL−1 poly-D-lysine for 1 hr at 37°C. 

Cells were washed once with cold OptiMEM, preincubated with free cRGD for 0.5 hr, then 

incubated with LNPs at ~100 ng mRNA per well at 4 °C for 1 hrs. LNPs were then washed 

3x with PBS and fixed for 10 min at RT in 4% paraformaldehyde. Images were obtained on 

a Nikon Eclipse Ti2 (Nikon Instruments Inc.) at 20x magnification and analyzed in Fiji51 

and QuPath43.

For binding measured by flow cytometry, cells were plated at 50,000 cells per cm2 in a 96-

well plate. Cells were washed once with cold OptiMEM serum-free media, then incubated 
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with LNPs at ~60 ng mRNA per well. LNPs were dosed by DiI, thus the mRNA dose varied 

slightly. LNPs were placed on a rocker at 4 °C for 3 hrs. Cells were then washed 3x in cold 

PBS and trypsinized. Samples were then combined (two wells for each sample) in a 96-well 

U-bottom plate, pelleted, and resuspended in staining buffer (2% FBS + 0.5 mM EDTA in 

PBS) with Sytox Blue live/dead stain (Invitrogen). Cells were analyzed on a NovoCyte flow 

cytometer (Agilent).

For uptake, cells were plated at 50,000 cells per cm2 in a 96-well plate. LNPs at ~60 ng 

mRNA per well was added to cells via media change. LNPs were dosed by DiI. LNPs were 

incubated at 37 °C for 15, 30, or 60 min. Cells were then washed 3x in PBS and trypsinized. 

Samples were then combined (two wells for each sample) in a 96-well U-bottom plate, 

pelleted, and resuspended in staining buffer (2% FBS + 0.5 mM EDTA in PBS) with 

Sytox Blue live/dead stain (Invitrogen). Cells were analyzed on a NovoCyte flow cytometer 

(Agilent).

Pharmacokinetics and expression of LNPs after systemic administration

All animal experiments were performed in accordance with the University of California’s 

Policy on the Use of Animals in Research and Teaching and are approved by the University 

of California San Diego Institutional Animal Care and Use Committee (IACUC), PHS 

Assurance Number D16-00020. LNPs formulated with 1% DiR were injected via the 

tail vein in 8-week-old female C57BL/6J mice (Jackson Labs 000664) and allowed to 

circulate for 6 hours. Blood was collected from the tail at 5, 15, 30, 60, 90, 120, 180, 

and 240 minutes for blood half-life analysis. Six hours post-administration, mice were 

perfused with PBS and organs were harvested for imaging analysis. Fluorescent signal 

from DiR-labeled LNPs in blood and organ samples was imaged with a LiCor Odyssey 

fluorescence scanner and quantified in ImageJ. Harvested organs were lysed through 3 

freeze/thaw cycles and homogenized with a Tissue-Tearor handheld homogenizer Reporter 

Lysis Buffer (Promega) until homogeneous. Supernatants of homogenates were measured 

with a Luciferase Assay System (Promega) following manufacturer protocols. Protein 

content of supernatants was determined with a BCA assay following standard protocols. 

Statistical analysis was performed in GraphPad Prism.

Cellular tropism of LNPs after systemic administration

UT and PCT cRGD LNPs were formulated with Cre mRNA and injected via the tail vein in 

11-week-old female Ai9 mice (Jackson Labs 007909). One week post-administration, mice 

were perfused with 10% formalin and organs were collected. Necropsied organs were further 

fixed in 10% formalin at 4 °C overnight. Organs were washed in PBS, transferred to 30% 

w/v sucrose-PBS overnight, then frozen in OCT (Tissue-Tek). Tissues were cryosectioned 

into 10 um slices, then stained using conventional protocols. Briefly, tissues were rehydrated 

in PBS. For troponin T staining, tissues were washed in PBS with 0.2% Tween 20 for 

1 hr at RT and permeabilized in 0.5% Triton-X for 15 minutes, then blocked with 5% 

BSA, 10% goat serum, and 0.5% Triton-X in PBS for 2 hr at RT. Other tissues were 

blocked with 2% BSA, 5% goat serum, and 1% Triton-X in PBS for 1 hr at RT. Primary 

antibody incubations were done in blocking buffer overnight at 4 °C. The following primary 

antibodies and dilutions were used: 1:200 CD31 (BD 553370), 1:200 troponin T (BD 
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565744). Where applicable, secondary antibodies (Jackson Labs) were applied and cells 

were counterstained with 10 μg/mL Hoechst in 2% BSA in PBS for 30 min to 1 hr at RT. 

Tissues were washed in PBS with 0.1 to 0.2% Tween 20 and mounted with Fluoromount-G 

(Southern Biotech). Tissue sections were imaged on a Nikon Eclipse Ti2 microscope with a 

Hamamatsu Orca-Flash 4.0 digital camera. Images of each organ type were collected using 

the same exposure and intensity settings for direct comparison. For unbiased quantification 

of number of tdTomato cells per area and percent CD31 positive cells, whole slice scans 

of the heart and lung were acquired from three animals and analyzed using QuPath v0.6.0 

software.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Formulation of peptide targeted LNPs through in-line or post-modification with five 
different peptide ligands
(A) Schematic of the in-line targeted and post-conjugation targeted formulation methods. 

(B) Hydrodynamic diameters, (C) polydispersity indices, (D) zeta potentials, (E) absorbance 

ratios of FAM-labeled peptides and DiI on LNPs. (F) Yield of LNPs calculated by 

absorbance of DiI and (G) yield of targeting peptides calculated by absorbance of FAM.
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Figure 2. Activity of peptide LNPs created through inline or post-modification
PCT LNPs were formulated with 1 mole% DSPE-PEG-maleimide and conjugated with 

varying amounts of cRGD peptide. (A) Hydrodynamic diameters, (B) polydispersity indices, 

(C) zeta potentials, and (D) absorbance ratios of FAM-labeled peptides and DiI. (E) LNPs 

were formulated with FLuc mRNA and transfection efficiency of LNPs was measured 

in MDA-MB-435 cells 72 hours after treatment. (F) Transfection efficiency of PCT and 

ILT LNPs with 0.5 mole% cRGD compared to untargeted LNPs (UT). (n=3, mean ± SD; 

One-way ANOVA with Tukey’s post-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001.)
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Figure 3. Binding and uptake of ILT and PCT cRGD LNPs
(A) Imaging and (B) quantification of DiI-labeled untargeted and cRGD-targeted LNPs 

binding to MDA-MB-435 cells after 3 hours of incubation at 4 °C (blue, DAPI; red, DiI. 

Scale bar = 100 μm). (C) Quantification of LNP binding by flow cytometry after 3 hours of 

incubation at 4 °C (MFI = median fluorescence intensity). Quantification of LNP uptake in 

cells by flow cytometry after incubation at 37°C, measured by (D) DiI and (E) FITC-labeled 

peptide MFI. (n = 3, mean ± SD; one-way ANOVA with Tukey’s post-test, *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001.)
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Figure 4. Binding and transfection of cRGD targeted LNPs is ligand specific.
(A) Imaging and (B) quantification of DiI-labeled untargeted and cRGD-targeted LNPs 

binding in MDA-MB-435 cells at 4 °C in the absence and presence of free cRGD (blue, 

DAPI; red, DiI. scale bar = 50 μm). Transfection activity of untargeted, PCT, and ILT cRGD 

LNPs modified with 0.15 mole% peptide in MDA-MB-435 cells (C) without and (D) with 

the presence of competing free cRGD peptide. Transfection activity of untargeted, PCT, and 

ILT cRGD LNPs in HUVECs (E) without and (F) with the prescence of competing free 
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cRGD peptide (n=3, mean ± SD; One-way ANOVA with Tukey’s post-test, *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001).
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Figure 5. Comparison of pharmacokinetics and activity in healthy mice
(A) Schematic of experiment. (B) Targeted cRGD LNP blood half-life as measured by 

DiR labeled LNPs. (C) Representative targeted cRGD LNP organ biodistribution and (D) 

quantification as measured by fluorescence surface imaging of DiR labeled LNPs. (E) 

Transfection of targeted cRGD LNPs. (n=6, mean ± SD; one-way ANOVA with Tukey’s 

post-test within each organ type, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ND 

not detected.)
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Figure 6. Cell tropism of cRGD PCT LNPs
(A) Reporter transgene expression in the heart, lung, spleen, liver, and kidney in Ai9 mice 

systemically administered untargeted and cRGD targeted LNPs carrying Cre recombinase 

mRNA (blue, DAPI; red, tdTomato, scale bar = 200 μm). (B) Reporter transgene expression 

and CD31 or troponin T staining (green) in heart (scale bar = 50 μm). (C) Reporter transgene 

expression and CD31 staining (green) in lung (scale bar = 50 μm; n=3, representative 

images). Quantification of number of tdTomato+ cells/mm2 and percent of tdTomato+ cells 
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that were CD31+ in analysis of whole organ slices of the (D) heart and (E) lungs (n=3, 

*p<0.05, **p<0.01, Welch test).
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Table 1. Peptides used in formulations.
FAM, carboxyfluorescein; Ahx, aminohexanoic acid.

Peptide Sequence Residue Charges Length (AA) MW (Da) GRAVY

RGD (FAM)Ahx-CRGD +1, −1 4 920.96 −1.48

cRGD +1, −1 8 1197.3 −0.68

CGKRK (FAM)CGKRK +3 5 949.06 −2.04

VCAM-1 VHPKQHRGGS(K-FAM)GC +2 13 1747.2 −1.27

RVG C(K-FAM)YTIWMPENPRPGTP CDIFTNSRGKRASNG +4, −2 31 3856.3 −0.93
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