


Reviewer #2 

(Remarks to the Author) 

Dear Editor, 

Overall, the manuscript describes a clever utilization of sphingomyelin (SM) in the presence of cholesterol(Chol) within
standard 4-component LNPs and how tunning the ratios between Bilayer-forming components (SM+Chol) and a MC3
analogue can improve blood circulation time and extrahepatic transfection of a surrogate NanoLuc mRNA compared to
Onpattro LNP composition. 

The research borrows the concept from previous long-circulating liposomes which had demonstrated some levels of
extrahepatic accumulation. Further, it builds well on their group’s previous paper (Kulkarni et. al., Nanoscale, 2019), where
they had explored the role of helper lipid and Chol in the formation and stability of siRNA-encapsulated LNPs. 

Yet, the concepts of extrahepatic delivery of mRNA via combination of helper lipid and/or ratio alterations have been
explored by other researchers such as Whitehead’s group (LoPresti et.al., J Control Release, 2022) or Dahlman’s group
(Radmand et. al., NanoLetters, 2023) in different forms.Nevertheless, similar concepts. Therefore, while the study has come
up with a few LNP conditions at N:P 6 and 1.5% PEG-lipid as long circulating carriers for NanoLuc mRNA, it perhaps lacks
the novelty factor to be reported in Nature Communication. My humble recommendation for this report is to perhaps be
considered for more specialized Journals. 

In addition, the present manuscript could benefit from some revisions as below: 

1. Unfortunately, I could not locate the LNP formulation section under “Materials and Methods” on how they have formulated
mRNA(808 nt) with their different lipid blends. I would recommend including detailed enough LNP formulation method. 

2. Unknowing about the formulation method, I find it interesting that Onpattro benchmark LNP with 808nt Luc mRNA has
resulted in ~ 40nm(Fig 1C) particle size at N:P 6! Done several times by my group and several other credible researchers,
Onpattro composition typically results in ~ 50-80 range with encapsulated siRNA or mRNA, using microfluidic micromixing
followed by gentle dialysis. Given that the study reports the values as diameter, I would recommend doing n=5 independent
formulations of Onpattro with and without their mRNA and report statistical analysis and PDI. 

3. Given the role of i-lipid molar ratio on the resulting final particle size, I wonder wouldn’t the authors anticipate larger
changes in ultimate size as a function drastic variations in i-lipid ratio from 10%-70%? Although qualitative and
representative, yet some of the TEM images in Fig 1E do not well support the reported DLS data, e.g. R b/I = 0.43. This
strengthens the skepticism on the accuracy of the reported sizes. 

4. Given that electrostatic binding of ionizable cationic lipid with mRNA backbone plays the key role in encapsulation of
mRNA into the final LNP particle, how would the author explain ~85% EE for 10% i-lipid compared to 60% EE for 70% i-
lipid? Also, wouldn’t one expect to see change in EE as a function of change in i-lipid ratio between 10%-70%?(Fig 1B) 

5. Could the authors explain why N:P 6? I would recommend a systematic supplementary data on explaining why the
authors have come up with 6? 

6. Since the suggested extrahepatic delivery approach has only been tested for Luc mRNA, would this be only specific to
Luc mRNA or it could be applier for other types of mRNA regardless of translation to secreted or membrane-bound protein? 

Reviewer #3 

(Remarks to the Author) 
The interesting study by Miffy et al. supports some of the previous findings from Pieter Cullis’ laboratory. Namely, that
increasing the proportion of the helper lipid component in LNP formulations lead to the formation of liposomal LNPs and that
these LNP structures exhibit longer circulation time and higher transfection potency. In addition to provide supportive data to
this LNP formulation concept, they also look into the potential mechanisms driving these attractive attributes. 
Based on the mechanistic studies, including their novel warhead-model describing the interaction between the endosomal
membrane and the liposomal LNPs, I believe this work could be suitable for publication in Nature Communication. However,
some additions and adjustments to the manuscript, which are highlighted below are in my opinion needed before the
manuscript is ready to be published. 

Major comments: 

1. Re. LNP composition: Previous studies by some of the authors have shown that B:I ratios of 4.2 (Kulkarni et al. ref. 17,
based on DSPC and siRNA payload) and 2 (Chander et al. ref. 13, based on ESM and mRNA payload) give rise to solid
core encapsulated liposome-like LNPs with increased circulation time and increased transfection potency in extrahepatic
organs/tissues compared to their spherical solid LNP counterpart based on the standard B:I ratio of ~1. 
Hence, the authors need to present some arguments for why it is relevant to evaluate a wide range of B:I ratios. They should



also provide some rational/context as to why they decided to use ESM and nor-MC3 (contains two methylene groups less in
the lipid tails than the clinical relevant MC3) instead of the standard DSPC and MC3 helper and ionizable LNP lipids. Maybe
it could also be relevant to discuss the high cholesterol content in the high B:I ratio LNP formulations. Further, why are the
authors not using dihydrosphingomyelin (DHSM) instead of ESM taken into account the attractive pharmacokinetics of
DHSM compared to ESM as highlighted in ref.9. 

2. Re. LNP biodistribution/transfection potency: The authors should discuss the biodistribution/transfection data in more
detail so that the reader understand whether the increased transfection potency of the liposomal LNPs in extrahepatic
tissues is driven by an overall enhanced transfection potency across organs, a organ-selective transfection potency, or is (for
the most part) driven by its extrahepatic delivery capabilities when compared to the “Onpattro” formulation. 
Based on a visual look at Figure 2C, it looks like the liposomal LNP-mediated transfection in the liver is more than 5x10^6,
while for “Onpattro” the corresponding value is 3x10^6 RLU/g, while their corresponding 111In-radiolabeled LNP
biodistribution data show similar distribution to the liver for the two different LNP formulations. These data combined
suggests a higher transfection potency of liposomal LNPs compared to “Onpattro” in the liver. Maybe the ratio of the
luminescence values and the ID%/g numbers could be a useful measure in a discussion about the different transfection
potency across torgans/issues. As part of this discussion, I suggest the authors to discuss why the biodistribution (Figure S8)
and transfection level (Figure S3) are not highly correlated. 
That said, I greatly appreciate the data shown in Figure 2C and E, as I find these data more quantitative than the IVIS
imaging-based data (which are associated with large error bars as shown in Fig. S3). Maybe, the authors could also discuss
the differences between the data/methods presented in Figure 2C and E and the IVIS-data presented in the Supplementary
Material. 

3. Re. the biomolecular corona (BCM) studies: From the BCM data presented in Figure S11A, which include large error bars,
I find it difficult to understand the significance of the stated two-fold increased biomolecular corona on “Onpattro” relative to
the liposomal LNPs. How each of the single technical replicates compare (protein per ~lipid(DID) content wise) with each
other would be valuable information. Further, why are the retention volume of the void fraction different in the “Onpattro”
samples compared to the liposomal LNP samples? Comparing the total protein content from the pooled 3-10 fractions
across the “Onpattro”, Liposomal LNP, and bare plasma (no LNP) samples could also provide some understanding of the
significance of the amount of plasma proteins that are shifted toward the void volume due to their adsorption to the LNPs.
Maybe such comparison is difficult due to the different void retention volumes for each of the systems? Interestingly, the data
presented in Figure S11A also highlights to some extent that the liposomal LNPs are more stable (in terms of particle/DiD
integrity) in plasma than the “Onpattro” formulation according to the long and rather intense DiD fluorescence tail in the
chromatograms of “Onpattro” compared to the liposomal LNP formulations. Maybe that is worth highlighting? 

4. Re. the mechanism of endosomal escape: Regarding the “Mechanism of action for mRNA loading and intracellular
delivery by liposomal LNPs” including Figure 4 A and B: Why do the authors not highlight the high degree of liposomal LNP
aggregation at low pH observed in the cryo-TEM data in addition to the observed ‘warheads’. I would expect that the
observed LNP aggregation supports the notion that liposomal LNPs are efficient in interacting with lipid membranes (in this
case independent on the negatively charged endosomal lipids). Any complementary data that supports the warhead-
mechanism would indeed increase the impact of this manuscript, as this part is in my mind novel. 

5. Re. mRNA stability: In a previous study (https://onlinelibrary.wiley.com/doi/10.1002/adma.202303370) by some of the
authors, they highlight that the stability of mRNA in bleb (bilayer/liposome-like) structures compared to mRNA encapsulated
in spherical solid LNP structures resulted in an increased transfection potency. It would be highly relevant to discuss
whether the increased transfection potency of the liposomal LNPs is also in part due to the increased stability of mRNA. I
suggest the authors to evaluate where the mRNA is located (likely present in the large ‘bleb’/aqueous core in the liposomal
LNP structure) and the stability of the mRNA in the liposomal and spherical solid LNPs like they do in the study highlighted
above. Evaluating each of the different identified positive LNP attributes would increase our understanding of which and
how much each attribute contributes to (in this case) the increased transfection potency. 

6. Re. liposome control: Would it add value to the study to evaluate a liposome formulation based on 40 ESM:40 Chol:1.5
PEG-DMG in some of the studies (e.g., the biodistribution/half-life study) to highlight the ESM-Chol-PEG-lipid surface
composition and liposomal nature of the liposomal LNPs? Or would the small proportion of the ionizable lipids at the
liposomal LNP surface and potential size differences make such simple comparison useless? 

Minor comments: 

7. Lines 23-24: Not sure whether this statement is correct, as several research groups have shown that negatively and
positively charged LNPs home to the spleen and lungs and I don't believe that these types of LNP formulations exhibit a
long circulation time. 

8. Lines 94-95: It is not clear what “1.5 mol ratio” (1.48) refers to in “maintaining the PEG-lipid content constant at 1.5 mol
ratio”. Consider writing “1.5 molar percentage” or “1.5 mol%” instead. 

9. Lines 117-118: “It may be noted that the oil droplet is located either in the centre of the LNP or associated with the
membrane bilayer”. Please explain why the solid core is not always associated with the LNP membrane (likely a statistical
argument). Keep in mind that the cryo-TEM provides two-dimensional projection images. Hence, the solid core observed in
cryo-TEM in the center of the liposomal LNPs could in principle also be associated with the LNP membrane. 



10. I am also missing a brief discussion about the data on “Onpattro” and the B:I = 1 data, as these LNP formulations are
based on roughly similar lipid type ratio but differs with respect to helper (ESM vs DSPC) and ionizable (nor-MC3 vs MC3)
lipid. 

11. The following text in the Figure 1 caption is a bit confusing: “If it is assumed that the cholesterol and DSPC reside
exclusively in monolayer or bilayer environments the RB/I for this 
formulation is 1.03”. I assume that the B:I ratio is independent on where the lipids are localized in the LNP – it is a bulk lipid
composition-based value. 

12. Figure 1D caption “D) The proportion of LNP surface area occupied by solid core, electron dense, morphology vs. the
total surface area of the LNP as determined from cryo-TEM micrographs.”. I believe according to the main text “The
properties of the system containing bilayer lipid to ionizable lipid ratios RB/I=4 are of particular interest as a large proportion
(~84%) exhibit a bilayer structure containing a solid core component that occupies approximately 30% of the interior (Fig.
1D).” that it is the percentage of LNPs with a visible aqueous compartment that is shown in Figure 1D (not the percentage of
solid core area, which is shown in Table S2). Please consider exchanging the y-label text “% Morphology” with something
that is more intuitively understandable. 
Please also show in the Supplementary Material how you did the segmentation (oil versus total area) using one cryo-TEM
image. 

13. Define the “Onpattro” formulation at the beginning of the main text. Consider using the term "Onpattro-like" of ""Onpattro""
because Onpattro relies on a specific siRNA cargo and another type of PEG-lipid (PEG-C-DMG). 

14. Line 154: Specify which lymph node(s) you analyzed. 

15. Line 171-: Please provide some context to why the authors’ decided to focus on lymphoid organs when studying in vivo
transfection on a cellular level. 

16. Adjust typos, incl: 
Line 37: "(i.v,)" 
Line 471: “Fluorescnece imaging …” 
Fig. S9: exchange “stained with STYO13” with “stained with SYTO 13” 
Fig. S11B: “Plamsa Size Exclusion …” 

17. Table S2 is very interesting! I expect it shows that the different lipids are localized differently in an LNP. Unfortunately, I
cannot figure out how the authors calculated the theoretical numbers. The authors should provide more details about the
calculation. 

18. Re. the text “Table S1. Liposomal LNP’s lipid composition, molar ratio of bilayer lipid to ionizable lipid (RB/I), lipid molar
ratio and N/P ratio.”: At low B:I ratios, the LNPs do not form liposomal LNPs. Hence, consider writing “LNPs’ lipid
composition…” instead of “Liposomal LNP’s lipid composition…”. 

19. Please provide some context to Fig. S2 about the different liver sizes and with and without liver in the figure caption. 

20. You may find this new and interesting article (https://www.nature.com/articles/s41557-024-01584-z) relevant and worth
discussing in your manuscript. 

Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The authors addressed all of my questions satisfactorily. 

Reviewer #2 

(Remarks to the Author) 
With respect to the novelty factor, author argues that previous reports(exemplified by me on the initial review comments) use
cationic(DOTAP) or negatively charged lipids(PS) while this study uses uncharged lipid(ESM). Plus, author borrows from
previous studies to generally claim cationic lipids reduce circulation besides activating compliments. 

Yet, manipulation of helper lipid type (regardless of being uncharged or charged) and ratio with cationic and/or ionizable
lipids have been reported in different case scenarios. Besides authors own group(Kulkarni et. al., Nanoscale, 2019), other
reports have directly reported on how Sphingomyelin(SM)-modified lipid nanoparticles improve blood circulation as the main
factor for extrahepatic delivery. For instance, Webb et al (Br J Cancer, 1995, Oct:72(4): 894-904) has already shown
SM/Cholestrol offer higher blood circulation than DSPC/Cholestrol liposomes when injected I.V . Another example is the
most recent work by Wang et. Al. (Nat. Comm. (2024) 15:2073), where they show Cholestrol/SM lipid nanoparticles improve
blood circulation. 



Based on above two direct published works and my previously exemplified indirect works, I believe this research is a
derivative of those studies presented as an overall approach and does not justify the novelty factor for me. Perhaps, looking
at PK and PD of such nanoparticles in large animals, e.g. NHPs, would add the novelty factor. 

In terms of authors addressing my initial review comments: 

1. Authors has kindly included the Materials & Methods. 

2. For this comment, author has kindly provided the detailed data. Author tends to report the particle size in both number-
weighted and Z-average (cumulative intensity-weighted) distribution values. Suggested by their Z-average data, Onpattro
LNP with their RNA construct shows ~ 53.9nm which corroborates with my initial review suggestion and previous reports. I
strongly suggest that the author replaces Fig 1c with Z-average sizes as their provided Cryo-EM statistical data in their
revision for comment 3 matches significantly closer to their Z-average. As anticipated, given the assumptions for number-
weighted calculations, their mean numbers are off in comparison to their Cryo-EM and Z-average data. 

3. Author has kindly added some statistical Cry-EM data to shed light but they still have not explained why they do not
observe the effect of i-lipid molar ratio. 

4. Author offers a speculative argument which is a likelihood for the observed phenomenon. 

5. Author has attempted single lipid/RNA ratio at N:P6, based on previous studies. 

6. Author has not tried different mRNA constructs, yet study claims for all RNA delivery. 

Taking all above into account, this research does not get my recommendation to be published in a Nature-family journal,
rather a more specialized journal. 

Reviewer #4 

(Remarks to the Author) 
The authors present a highly interesting manuscript covering liposome-like LNPs which show improved extrahepatic
delivery of mRNA. As a fusion nanomedicine system (liposome-LNP) with compartmentalisation (i.e. a LNP bleb anchored
to the inner leaflet of a liposome bilayer) the research will be of considerable interest to the LNP and liposomal
nanomedicine communities. The results show promise in the system with improved in vitro transfection and a broader organ
biodistribution profile at the 24 h time point compared to clinically approved LNP this is argued to be linked to the improved
circulation time of the liposomal-LNPs due to the ESM/Chol liposome bilayer showing lower protein adsorption with
emphasis on immunoproteins. 

The authors provide extensive data around a number of key aspects (e.g. CT, IVIS, protein adsorption, nanomedicine
structure dynamics) and adequately address the comments of Reviewers 1 to 3. There are areas where the authors could
add further detail which is both scientifically interesting, does not require further experiments and would improve the
manuscript clarity. 

Comment 1: Reviewer 3's major comment 3 touches on the significance of the data presented in Fig.3, particularly in the
context of Fig.3A. The authors present an argument that the ESM/Chol shows reduced protein adsorption (Fig.3A and prior
literature) and highlight the reduced immuno protein levels on these bilayers compared to the monolayer surface of the
onpattro LNP. However, Fig.3A only presents limited significance (P-value *) with the protein heat-map data giving many
broad protein groups as almost identical between the 2 systems (e.g. other, complement, albumin, coagulation factors).
Equally, the authors do not discuss the differences in apolipoprotein levels between the 2 systems. 

The authors should add more detail here as they have good data (1000+ proteins) that would provide further clues as to why
the ESM/Chol bilayer extends circulation time. If there is an argument that part of the mechanism of hepatocyte uptake of
LNPs is linked to apolipoprotein coverage then why (given the proportional increase in apolipoprotein coverage for
liposomal-LNPs) do liposomal-LNPs not get cleared quickly? I can see arguments associated with increased saturation of
hepatocytes allows a larger % of liposomal-LNPs to circulate in the blood, arguments associated with actual number of
these proteins/liposomal-LNP etc. but the authors should discuss this briefly. Equally, given the role of complement proteins
in PEG immune responses it would be interesting to explore whether these were different between the 2 systems. 

Comment 2: As a technical point, the main manuscript repeatedly does not define which lymph node the authors were
analysing. In the supporting information we find in Fig. S9 that it is the inguinal lymph node. However, the authors do not
discuss why the choice of this lymph node and what the biodistribution data means when this lymph node is significant (e.g.
2-10% of injected dose etc.). The authors should explain their decision here. 

Comment 3: As another technical point, for many captions in the main manuscript and the supporting information it is not
clear how many animals, organs, samples were used and in the case of organs or samples whether these come from the
same or different mice. As I can see from the figures, the IVIS data shows 3 mice (Fig.2A) and Fig S11 mentions that the CT
images represent 3 mice. This is on the low number of mice. I would expect for most exploratory biodistribution data to be
use 5-6 mice per group. The authors should acknowledge potential limitations in biodistribution data if mice numbers are



low. 

Version 2: 

Reviewer comments: 

Reviewer #4 

(Remarks to the Author) 
The authors have adequately addressed my comments and the manuscript should be published in Nature Communications. 
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]llnktei]pahu amqeikh]n haraho kb _dkhaopankh. Hp eo aooajpe]h pk _kil]na pdaoa bkniqh]pekjo (CROB ro.

DRL) pk aild]oeva pda hkjc-_en_qh]pejc lnklanpu ]bbkn`a` ^u pda DRL-_dkhaopankh bkniqh]pekj ej pdeo

skng.

Response: Regarding the reviewer’s concerns, we have demonstrated in a recently published patent,

the utility of the liposomal LNP system for mRNA using different ionizable lipids (MF019) and helper

lipids (DSPC). These formulations have liposomal morphologies and enhance extrahepatic delivery.1,2

In Chander et al’ s manuscript3, we demonstrated that the helper lipid ratio of ESM/MC3/Chol/PEG-lipid

40:33:25.5:1.5 mol/mol can increase the circulation lifetime. In the present work we used a different

ratio (ESM/nor-MC3/Chol/PEG-lipid 40:20:40:1.5 mol/mol). This is a more rational ratio to use given the

equimolar association of cholesterol with ESM. We have used ESM in preference to DSPC as previous

studies by Webb et al4, have directly compared liposome formulations consisting of SM/Chol vs.

DSPC/Chol and show that SM/Chol systems exhibit longer circulation times. As in our present study

this can be attributed to significantly lower protein adsorption (data from Webb study shown below).

3. Oha]oa h]^ah pda knc]jo ej Eecqna 2A, sde_d _qnnajphu hkkgo _kjbqoejc. @hok, _h]nebu pda hk_]pekj ej

ie_a sdana iqo_ha peooqao sana _khha_pa`.

Response: In response to the reviewer’s suggestion, we have included labels of the organs in Figure

2B and clarified in the caption that the muscle tissues were collect from the left flank.

4. Sda 3C naj`ana` RODBS/BS ei]cejc qoa` pk opq`u ^ek`eopne^qpekj (Eecqna 2D) `kao jkp odks

oecjebe_]jp `ebbanaj_ao ej atpn]dal]pe_ `aheranu _kil]na` pk Njl]ppnk. Oha]oa nareoa pdeo becqna ]j`

ej_hq`a ] op]peope_]h _kil]neokj kb %HC/c ej a]_d knc]j.

Response: A more detailed version of the result from Figure 2E is in Figure S8 where statistical

comparison has been performed. A sentence indicating where to find the statistical analysis has been

included in Figure 2E’s caption.

5. Sda ]qpdkno _h]ei pd]p na`q_a` lh]oi] lnkpaej ]`oknlpekj eo ]ppne^qpa` pk pda DRL-_dkhaopankh

helkoki]h bkniqh]pekj. Sk oq^op]jpe]pa pdeo, KMOo sepd kpdan ekjev]^ha hele`o (RL102, @KB0315) odkqh`

^a ejraopec]pa` ej l]n]hhah pk `aikjopn]pa sdapdan pda DRL-_dkhaopankh helkoki]h bkniqh]pekj _]j

cajan]hhu na`q_a lh]oi] lnkpaej ]`oknlpekj.

Response: To demonstrate that the reduced protein adsorption was a consequence of the membrane

properties arising from ESM/Chol, we formulated SM-102 and ALC-0315 in the liposomal formulation

and examined their protein corona profile. The data showed similar profile where both ionizable lipids

formulated under the RB/I=4 with resulted in reduced protein adsorption. This new dataset has been

incorporated as Fig. S15 in the SI.







Lejkn Hooqao

1. Hj Eecqna R9, okia cnaaj ]j` na` oecj]ho ]na reoe^ha ej pda qjpna]pa` _kjpnkh cnkql. Oha]oa atlh]ej

pdeo.

Response: Under the same imaging and image analysis parameters, there is a small amount of auto

fluorescence observed in the green channel for the lymph node tissue, but in comparison to the treated

mice the green signal is much lower.

2. Hj pda helkoki]h KMO ouopai (Eecqna 1@), sdu eo pda iQM@ hk_]pa` ej pda ]mqakqo ld]oa kb

helkoki]h KMOo n]pdan pd]j ej pda ekjev]^ha okhe` _kna, ]o oaaj ej pule_]h KMOo?

Response: Previous work has shown that the ionizable lipid phase separates into a hydrophobic oil

droplet at pH 7.4.7 It is very unlikely that a negatively charged, highly hydrophilic molecule such mRNA

resides in the hydrophobic environment provided by the neutral form of the ionizable lipid.

3. Ekn pda RODBS/BS na_kjopnq_pa` ei]cao (Eecqna 2C ]j` Eecqna R6), ep eo na_kiiaj`a` pk qoa pda

o]ia RTU n]jca ^]n pk b]_ehep]pa pda _kil]neokj kb oecj]h opnajcpdo ^apsaaj cnkqlo. @``epekj]hhu, pda

lkoepekjo kb okia knc]jo, oq_d ]o ge`jauo, hqjco, ]j` ^kjao, ]na `ebbe_qhp pk `eo_anj ej pdaoa becqnao.

Sdqo, dks _]j pda oecj]h opnajcpd kb pdaoa knc]jo ^a _]h_qh]pa` ]__qn]pahu ^]oa` kj pda becqnao?

Response: In response to the comments, we have revised the SPECT/CT reconstructed images to

show the same SUV scale bar for better comparison. The SPECT/CT contouring was done based on

the CT images of the individual organ rather than through SPECT alone. Each organ was located

through the sagittal, the transverse and coronal planes of the CT images. The signal strength for CT

was sufficient to identify the organs with perspective ROIs. This methodology has been well established

and documented for SPECT/CT imaging of nanoparticles.8,9 To validate the SUV value, we have also

cross validated with ex vivo gamma counting at 24h endpoint and have observed comparable %ID/g

using the following equation (the description of the validation step has been included in Method):

=
FD

V
Á

X\Y* PRaXbXad À CE

cTXVWa* P\X[PZ À LNO
À 655=

Dt rerk c]ii] _kqjpejc (%HC/c) RTU r]he`]pekj (%HC/c)

Njl]ppnk Kelkoki]h KMOo Njl]ppnk Kelkoki]h KMOo

Keran 21.83x1.23 20.32x0.78 19.80x1.35 18.74x0.85

Rlhaaj 13.57x1.00 15.10x1.17 12.89x1.82 15.61x0.10

4. Sdana ]na i]ju pulkcn]lde_]h annkno ej pda i]jqo_nelp; lha]oa nareoa pdai. Ekn at]ilha: Keja 109:

|sa d]ra odksj pd]p pd]p pda lnklknpekj kb KMO pd]p ]na okhe` _kna _]j ^a ik`ahha` ^u ]ooqiejc pd]p

pda pnekhaej kn (jaqpn]h) ekjev]^ha hele` ateopo ej ] du`nkldk^e_ ajrenkjiajp oqnnkqj`a` ^u ] hele`

ikjkh]uan sepd ] hele` ^eh]uan lnkpnq`ejc bnki ep.}

Keja 471: |Ehqknao_ja_a ei]cejc ]j` Hiiqjkbhqknao_aj_a ei]cejc.}

Response: We have corrected these typos.



Qareasan $2 (Qai]ngo pk pda @qpdkn):

Ca]n D`epkn,

Nran]hh, pda i]jqo_nelp `ao_ne^ao ] _haran qpehev]pekj kb oldejckiuahej (RL) ej pda lnaoaj_a kb

_dkhaopankh(Bdkh) sepdej op]j`]n` 4-_kilkjajp KMOo ]j` dks pqjjejc pda n]peko ^apsaaj Aeh]uan-

bkniejc _kilkjajpo (RL+Bdkh) ]j` ] LB3 ]j]hkcqa _]j eilnkra ^hkk` _en_qh]pekj peia ]j`

atpn]dal]pe_ pn]joba_pekj kb ] oqnnkc]pa M]jkKq_ iQM@ _kil]na` pk Njl]ppnk KMO _kilkoepekj.

Sda naoa]n_d ^knnkso pda _kj_alp bnki lnarekqo hkjc-_en_qh]pejc helkokiao sde_d d]` `aikjopn]pa`

okia haraho kb atpn]dal]pe_ ]__qiqh]pekj. Eqnpdan, ep ^qeh`o sahh kj pdaen cnkql�o lnarekqo l]lan

(Jqhg]nje ap. ]h., M]jko_]ha, 2019), sdana pdau d]` atlhkna` pda nkha kb dahlan hele` ]j` Bdkh ej pda

bkni]pekj ]j` op]^ehepu kb oeQM@-aj_]loqh]pa` KMOo.

Xap, pda _kj_alpo kb atpn]dal]pe_ `aheranu kb iQM@ re] _ki^ej]pekj kb dahlan hele` ]j`/kn n]pek

]hpan]pekjo d]ra ^aaj atlhkna` ^u kpdan naoa]n_dano oq_d ]o Vdepada]`�o cnkql (KkOnaope ap.]h., I

Bkjpnkh Qaha]oa, 2022) kn C]dhi]j�o cnkql (Q]`i]j` ap. ]h., M]jkKappano, 2023) ej `ebbanajp

bknio.Maranpdahaoo, oeieh]n _kj_alpo. Sdanabkna, sdeha pda opq`u d]o _kia ql sepd ] bas KMO

_kj`epekjo ]p M:O 6 ]j` 1.5% ODF-hele` ]o hkjc _en_qh]pejc _]nneano bkn M]jkKq_ iQM@, ep land]lo h]_go

pda jkrahpu b]_pkn pk ^a nalknpa` ej M]pqna Bkiiqje_]pekj. Lu dqi^ha na_kiiaj`]pekj bkn pdeo nalknp

eo pk land]lo ^a _kjoe`ana` bkn ikna ola_e]heva` Ikqnj]ho.

Response: The paper from the Whitehead group uses charged lipids such as DOTAP and

phosphatidylserine (PS) to achieve enhanced delivery to lung and spleen. This approach is completely

different from the work performed here where we are incorporating high levels of uncharged lipids

(ESM) to result in liposomal structure to enhance circulation lifetimes. The presence of negatively

charged lipids is well known to result in reduced circulation lifetimes for liposomes.10 The presence of

cationic lipids activates complement11 and also results in reduced circulation lifetimes.12 Similarly, the

major result of the paper from Dahlman’s group is that positively charged LNP transfect lungs more

effectively. Neither paper characterized the circulation lifetimes or the morphology of their systems.

Hj ]``epekj, pda lnaoajp i]jqo_nelp _kqh` ^ajabep bnki okia nareoekjo ]o ^ahks:

1. Tjbknpqj]pahu, H _kqh` jkp hk_]pa pda KMO bkniqh]pekj oa_pekj qj`an |L]pane]ho ]j` Lapdk`o} kj dks

pdau d]ra bkniqh]pa` iQM@(808 jp) sepd pdaen `ebbanajp hele` ^haj`o. H skqh` na_kiiaj` ej_hq`ejc

`ap]eha` ajkqcd KMO bkniqh]pekj iapdk`.

Response: To improve clarity, we have expanded the formulation section in Materials and Methods

which is also highlighted in the main text.

2. Tjgjksejc ]^kqp pda bkniqh]pekj iapdk`, H bej` ep ejpanaopejc pd]p Njl]ppnk ^aj_di]ng KMO sepd

808jp Kq_ iQM@ d]o naoqhpa` ej w 40ji (Eec 1B) l]npe_ha oeva ]p M:O 6" Ckja oaran]h peiao ^u iu

cnkql ]j` oaran]h kpdan _na`e^ha naoa]n_dano, Njl]ppnk _kilkoepekj pule_]hhu naoqhpo ej w 50-80 n]jca

sepd aj_]loqh]pa` oeQM@ kn iQM@, qoejc ie_nkbhqe`e_ ie_nkietejc bkhhksa` ^u cajpha `e]huoeo. Feraj

pd]p pda opq`u nalknpo pda r]hqao ]o `e]iapan, H skqh` na_kiiaj` `kejc j=5 ej`alaj`ajp bkniqh]pekjo

kb Njl]ppnk sepd ]j` sepdkqp pdaen iQM@ ]j` nalknp op]peope_]h ]j]huoeo ]j` OCH.

Respond: Many studies have demonstrated that when LNPs are formulated with mRNA (N:P=6) or

siRNA (N:P=3), results in 40-50 nm LNP as reported by number mean from DLS analysis. This has

been reported in many publications13-20. To address the reviewer’s concern and to clarify the size







Response: Our lab demonstrated extrahepatic delivery with reporter systems (EGFP3 and mCherry)

other than Luc mRNA. However, we have yet to investigate other types of mRNA.



Qareasan $3 (Qai]ngo pk pda @qpdkn):

Sda ejpanaopejc opq`u ^u Lebbu ap ]h. oqllknpo okia kb pda lnarekqo bej`ejco bnki Oeapan Bqhheo�

h]^kn]pknu. M]iahu, pd]p ej_na]oejc pda lnklknpekj kb pda dahlan hele` _kilkjajp ej KMO bkniqh]pekjo

ha]` pk pda bkni]pekj kb helkoki]h KMOo ]j` pd]p pdaoa KMO opnq_pqnao atde^ep hkjcan _en_qh]pekj peia

]j` decdan pn]joba_pekj lkpaj_u. Hj ]``epekj pk lnkre`a oqllknpera `]p] pk pdeo KMO bkniqh]pekj _kj_alp,

pdau ]hok hkkg ejpk pda lkpajpe]h ia_d]jeoio `nerejc pdaoa ]ppn]_pera ]ppne^qpao.

A]oa` kj pda ia_d]jeope_ opq`eao, ej_hq`ejc pdaen jkrah s]nda]`-ik`ah `ao_ne^ejc pda ejpan]_pekj

^apsaaj pda aj`koki]h iai^n]ja ]j` pda helkoki]h KMOo, H ^aheara pdeo skng _kqh` ^a oqep]^ha bkn

lq^he_]pekj ej M]pqna Bkiiqje_]pekj. Gksaran, okia ]``epekjo ]j` ]`fqopiajpo pk pda i]jqo_nelp,

sde_d ]na decdhecdpa` ^ahks ]na ej iu klejekj jaa`a` ^abkna pda i]jqo_nelp eo na]`u pk ^a lq^heoda`.

L]fkn _kiiajpo:

1. Qa. KMO _kilkoepekj: Onarekqo opq`eao ^u okia kb pda ]qpdkno d]ra odksj pd]p A:H n]peko kb 4.2

(Jqhg]nje ap ]h. nab. 17, ^]oa` kj CROB ]j` oeQM@ l]uhk]`) ]j` 2 (Bd]j`an ap ]h. nab. 13, ^]oa` kj

DRL ]j` iQM@ l]uhk]`) cera neoa pk okhe` _kna aj_]loqh]pa` helkokia-hega KMOo sepd ej_na]oa`

_en_qh]pekj peia ]j` ej_na]oa` pn]joba_pekj lkpaj_u ej atpn]dal]pe_ knc]jo/peooqao _kil]na` pk pdaen

oldane_]h okhe` KMO _kqjpanl]np ^]oa` kj pda op]j`]n` A:H n]pek kb w1.

Gaj_a, pda ]qpdkno jaa` pk lnaoajp okia ]ncqiajpo bkn sdu ep eo nahar]jp pk ar]hq]pa ] se`a n]jca kb

A:H n]peko. Sdau odkqh` ]hok lnkre`a okia n]pekj]h/_kjpatp ]o pk sdu pdau `a_e`a` pk qoa DRL ]j` jkn-

LB3 (_kjp]ejo psk iapduhaja cnkqlo haoo ej pda hele` p]eho pd]j pda _heje_]h nahar]jp LB3) ejopa]` kb pda

op]j`]n` CROB ]j` LB3 dahlan ]j` ekjev]^ha KMO hele`o. L]u^a ep _kqh` ]hok ^a nahar]jp pk `eo_qoo

pda decd _dkhaopankh _kjpajp ej pda decd A:H n]pek KMO bkniqh]pekjo. Eqnpdan, sdu ]na pda ]qpdkno jkp

qoejc `edu`nkoldejckiuahej (CGRL) ejopa]` kb DRL p]gaj ejpk ]__kqjp pda ]ppn]_pera ld]ni]_kgejape_o

kb CGRL _kil]na` pk DRL ]o decdhecdpa` ej nab.9.

Response: There are a lot of questions here. First, with regard to the range of RB/I ratios employed, we

wanted to identify ratios at which predominant solid core within a bilayer morphology was consistently

observed, settling on the RB/I ratio of 4. Second, the high cholesterol contents were simply chosen to

match the levels of ESM, given the approximately 1:1 solubility of cholesterol in lipids such as DSPC

and ESM in bilayer systems.26-28 Third, we chose to use ESM as liposomes containing ESM exhibit

extended circulation lifetimes compared to DSPC. Fourth, we chose nor-MC3 for patent reasons, the

rights to MC3 are held by Arbutus. Previous work has shown that MC3 and nor-MC3 result in similar

transfection levels in vivo, which can be found in this patent.29 Fifth, we did not use

dihydrosphingomyelin as it was not available to us.

2. Qa. KMO ^ek`eopne^qpekj/pn]joba_pekj lkpaj_u: Sda ]qpdkno odkqh` `eo_qoo pda

^ek`eopne^qpekj/pn]joba_pekj `]p] ej ikna `ap]eh ok pd]p pda na]`an qj`anop]j` sdapdan pda ej_na]oa`

pn]joba_pekj lkpaj_u kb pda helkoki]h KMOo ej atpn]dal]pe_ peooqao eo `neraj ^u ]j kran]hh ajd]j_a`

pn]joba_pekj lkpaj_u ]_nkoo knc]jo, ] knc]j-oaha_pera pn]joba_pekj lkpaj_u, kn eo (bkn pda ikop l]np)

`neraj ^u epo atpn]dal]pe_ `aheranu _]l]^ehepeao sdaj _kil]na` pk pda |Njl]ppnk} bkniqh]pekj.

A]oa` kj ] reoq]h hkkg ]p Eecqna 2B, ep hkkgo hega pda helkoki]h KMO-ia`e]pa` pn]joba_pekj ej pda heran eo

ikna pd]j 5t10\6, sdeha bkn |Njl]ppnk} pda _knnaolkj`ejc r]hqa eo 3t10\6 QKT/c, sdeha pdaen

_knnaolkj`ejc 111Hj-n]`ekh]^aha` KMO ^ek`eopne^qpekj `]p] odks oeieh]n `eopne^qpekj pk pda heran bkn pda

psk `ebbanajp KMO bkniqh]pekjo. Sdaoa `]p] _ki^eja` oqccaopo ] decdan pn]joba_pekj lkpaj_u kb

helkoki]h KMOo _kil]na` pk |Njl]ppnk} ej pda heran. L]u^a pda n]pek kb pda hqiejao_aj_a r]hqao ]j` pda



HC%/c jqi^ano _kqh` ^a ] qoabqh ia]oqna ej ] `eo_qooekj ]^kqp pda `ebbanajp pn]joba_pekj lkpaj_u

]_nkoo knc]jo/eooqao. @o l]np kb pdeo `eo_qooekj, H oqccaop pda ]qpdkno pk `eo_qoo sdu pda ^ek`eopne^qpekj

(Eecqna R8) ]j` pn]joba_pekj harah (Eecqna R3) ]na jkp decdhu _knnah]pa`.

Sd]p o]e`, H cna]phu ]llna_e]pa pda `]p] odksj ej Eecqna 2B ]j` D, ]o H bej` pdaoa `]p] ikna mq]jpep]pera

pd]j pda HUHR ei]cejc-^]oa` `]p] (sde_d ]na ]ook_e]pa` sepd h]nca annkn ^]no ]o odksj ej Eec. R3).

L]u^a, pda ]qpdkno _kqh` ]hok `eo_qoo pda `ebbanaj_ao ^apsaaj pda `]p]/iapdk`o lnaoajpa` ej Eecqna

2B ]j` D ]j` pda HUHR-`]p] lnaoajpa` ej pda Rqllhaiajp]nu L]pane]h.

Response: Correlations between biodistribution and transfection are difficult to make. Here we are

mainly concerned with producing LNP mRNA systems that exhibited longer circulation lifetimes so that

appreciable amounts of LNP actually reached extrahepatic tissues. As noted, a much different

transfection profile was observed as a result. We believe this will be of interest to the scientific

community. One logical approach would be to correlate biodistribution and expression with levels of

expression of LDLR in various tissues. However, these detailed studies are really outside the scope of

the present study. In passing, we should note that Figure S3 was mislabelled as an IVIS measurement

but in fact reflected the luminescence resulting from ex vivo organs that were homogenized and the

subsequent lysate analyzed as described in the Method section. This has been corrected in the revised

manuscript.

3. Qa. pda ^ekikha_qh]n _knkj] (ABL) opq`eao: Enki pda ABL `]p] lnaoajpa` ej Eecqna R11@, sde_d

ej_hq`a h]nca annkn ^]no, H bej` ep `ebbe_qhp pk qj`anop]j` pda oecjebe_]j_a kb pda op]pa` psk-bkh` ej_na]oa`

^ekikha_qh]n _knkj] kj |Njl]ppnk} nah]pera pk pda helkoki]h KMOo. Gks a]_d kb pda oejcha pa_dje_]h

nalhe_]pao _kil]na (lnkpaej lan whele`(CHC) _kjpajp seoa) sepd a]_d kpdan skqh` ^a r]hq]^ha

ejbkni]pekj. Eqnpdan, sdu ]na pda napajpekj rkhqia kb pda rke` bn]_pekj `ebbanajp ej pda |Njl]ppnk}

o]ilhao _kil]na` pk pda helkoki]h KMO o]ilhao? Bkil]nejc pda pkp]h lnkpaej _kjpajp bnki pda lkkha`

3-10 bn]_pekjo ]_nkoo pda |Njl]ppnk}, Kelkoki]h KMO, ]j` ^]na lh]oi] (jk KMO) o]ilhao _kqh` ]hok

lnkre`a okia qj`anop]j`ejc kb pda oecjebe_]j_a kb pda ]ikqjp kb lh]oi] lnkpaejo pd]p ]na odebpa`

pks]n` pda rke` rkhqia `qa pk pdaen ]`oknlpekj pk pda KMOo. L]u^a oq_d _kil]neokj eo `ebbe_qhp `qa pk

pda `ebbanajp rke` napajpekj rkhqiao bkn a]_d kb pda ouopaio? Hjpanaopejchu, pda `]p] lnaoajpa` ej Eecqna

R11@ ]hok decdhecdpo pk okia atpajp pd]p pda helkoki]h KMOo ]na ikna op]^ha (ej panio kb l]npe_ha/CeC

ejpacnepu) ej lh]oi] pd]j pda |Njl]ppnk} bkniqh]pekj ]__kn`ejc pk pda hkjc ]j` n]pdan ejpajoa CeC

bhqknao_aj_a p]eh ej pda _dnki]pkcn]io kb |Njl]ppnk} _kil]na` pk pda helkoki]h KMO bkniqh]pekjo.

L]u^a pd]p eo sknpd decdhecdpejc?

Response: With regard to the significance of the amount of protein bound to LNP with the Onpattro

formulation and the liposomal composition, experimental triplicates and a statistical analysis was

performed. Each replicate is a new formulation and incubation from the gender pooled plasma samples.

Samples are run in 3 different columns but with the same diameters and 20 mL of Sepharose as the

stationary phase. It should also be noted that reduced levels of protein adsorption are consistent with

an external bilayer composed of ESM/Chol where reduced levels of protein corona have been observed

compared to DSPC/Chol.4 We have also examined the protein adsorption for the LNP formulated at RB/I

=4 but with other ionizable lipids (ALC-0315/SM-102), where we found similar profile see Fig.S15.







jkpekj pd]p helkoki]h KMOo ]na abbe_eajp ej ejpan]_pejc sepd hele` iai^n]jao (ej pdeo _]oa ej`alaj`ajp kj

pda jac]perahu _d]nca` aj`koki]h hele`o). @ju _kilhaiajp]nu `]p] pd]p oqllknpo pda s]nda]`-

ia_d]jeoi skqh` ej`aa` ej_na]oa pda eil]_p kb pdeo i]jqo_nelp, ]o pdeo l]np eo ej iu iej` jkrah.

Response: We do not feel that the aggregation observed actually reflects phenomena related to

potential interactions (fusion) with the endosomal membrane as it likely reflects destabilization resulting

from partitioning of the ionizable cationic lipid into the lipid bilayer as the neutral form in the oil core is

converted into bilayer-forming positively charged lipid. The interaction of interest is the interaction of the

positively charged LNP with the negatively charged inner membrane of the endosome. For a detailed

description see Cullis and Felgner, Figure 4.30

5. Qa. iQM@ op]^ehepu: Hj ] lnarekqo opq`u

(dpplo://kjhejahe^n]nu.sehau._ki/`ke/10.1002/]`i].202303370) ^u okia kb pda ]qpdkno, pdau decdhecdp

pd]p pda op]^ehepu kb iQM@ ej ^ha^ (^eh]uan/helkokia-hega) opnq_pqnao _kil]na` pk iQM@ aj_]loqh]pa` ej

oldane_]h okhe` KMO opnq_pqnao naoqhpa` ej ]j ej_na]oa` pn]joba_pekj lkpaj_u. Hp skqh` ^a decdhu nahar]jp

pk `eo_qoo sdapdan pda ej_na]oa` pn]joba_pekj lkpaj_u kb pda helkoki]h KMOo eo ]hok ej l]np `qa pk pda

ej_na]oa` op]^ehepu kb iQM@. H oqccaop pda ]qpdkno pk ar]hq]pa sdana pda iQM@ eo hk_]pa` (hegahu

lnaoajp ej pda h]nca ~^ha^�/]mqakqo _kna ej pda helkoki]h KMO opnq_pqna) ]j` pda op]^ehepu kb pda iQM@ ej

pda helkoki]h ]j` oldane_]h okhe` KMOo hega pdau `k ej pda opq`u decdhecdpa` ]^kra. Dr]hq]pejc a]_d kb

pda `ebbanajp e`ajpebea` lkoepera KMO ]ppne^qpao skqh` ej_na]oa kqn qj`anop]j`ejc kb sde_d ]j` dks

iq_d a]_d ]ppne^qpa _kjpne^qpao pk (ej pdeo _]oa) pda ej_na]oa` pn]joba_pekj lkpaj_u.

Response: To reviewer’s comment, we have attempted to locate the mRNA with the liposomal LNP

using the thionine dye staining method previous published by Brader et al.31

Unfortunately, we were unable to see the condensation of the mRNA within these structures. This could

be due to the mRNA existing within the larger aqueous pocket with the LNP and are diffused within the

LNP and are not fully visible. However, for some LNP where the phase separation adapts more like a

bleb structure, we did observe some condensation effect similar to formulating the blebs with 300 mM

Na-citrate.

Mkn LB3; QA/H =4 ; Ehq_ iQM@ Mkn LB3; QA/H =4 + 0.5 iL pdekjeja ]_ap]pa



We have previously shown that liposomal LNP can improve mRNA stability and integrity.3 We have also

included stability data after storage at 4oC for 63 weeks to show case the colloidal stability, mRNA

encapsulations, mRNA stability, integrity and translatability after long term storage, see reply to

Reviewer 1, point 6.

6. Qa. helkokia _kjpnkh: Vkqh` ep ]`` r]hqa pk pda opq`u pk ar]hq]pa ] helkokia bkniqh]pekj ^]oa` kj 40

DRL:40 Bdkh:1.5 ODF-CLF ej okia kb pda opq`eao (a.c., pda ^ek`eopne^qpekj/d]hb-heba opq`u) pk decdhecdp

pda DRL-Bdkh-ODF-hele` oqnb]_a _kilkoepekj ]j` helkoki]h j]pqna kb pda helkoki]h KMOo? Nn skqh`

pda oi]hh lnklknpekj kb pda ekjev]^ha hele`o ]p pda helkoki]h KMO oqnb]_a ]j` lkpajpe]h oeva `ebbanaj_ao

i]ga oq_d oeilha _kil]neokj qoahaoo?

Response: This is an interesting idea but, as the referee mentions, is likely to be confounded by the

small amount of ionizable lipid in the neutral form that is present in the lipid bilayer. The protein corona

is very sensitive to the lipid composition, and it is likely that the circulation lifetime of the liposomal LNP

is significantly shorter than observed for pure ESM/Chol liposomes as a result of a larger protein

corona.

Lejkn _kiiajpo:

7. Kejao 23-24: Mkp oqna sdapdan pdeo op]paiajp eo _knna_p, ]o oaran]h naoa]n_d cnkqlo d]ra odksj pd]p

jac]perahu ]j` lkoeperahu _d]nca` KMOo dkia pk pda olhaaj ]j` hqjco ]j` H `kj'p ^aheara pd]p pdaoa

pulao kb KMO bkniqh]pekjo atde^ep ] hkjc _en_qh]pekj peia.

Response: We have revised the wording in the abstract.

8. Kejao 94-95: Hp eo jkp _ha]n sd]p |1.5 ikh n]pek} (1.48) nabano pk ej |i]ejp]ejejc pda ODF-hele` _kjpajp

_kjop]jp ]p 1.5 ikh n]pek}. Bkjoe`an snepejc |1.5 ikh]n lan_ajp]ca} kn |1.5 ikh%} ejopa]`.

Response: To keep the description of the LNP composition consistent, we referred to everything as mol

ratio we prefer not to interchange the measurement units.

9. Kejao 117-118: |Hp i]u ^a jkpa` pd]p pda keh `nklhap eo hk_]pa` aepdan ej pda _ajpna kb pda KMO kn

]ook_e]pa` sepd pda iai^n]ja ^eh]uan}. Oha]oa atlh]ej sdu pda okhe` _kna eo jkp ]hs]uo ]ook_e]pa` sepd

pda KMO iai^n]ja (hegahu ] op]peope_]h ]ncqiajp). Jaal ej iej` pd]p pda _nuk-SDL lnkre`ao psk-

`eiajoekj]h lnkfa_pekj ei]cao. Gaj_a, pda okhe` _kna k^oanra` ej _nuk-SDL ej pda _ajpan kb pda

helkoki]h KMOo _kqh` ej lnej_elha ]hok ^a ]ook_e]pa` sepd pda KMO iai^n]ja.

Response: The reviewer is correct; the solid core is likely always associated with the surrounding

bilayer either as a bulge in the bilayer or connected by a tether that is not visualized by cryo-TEM. This

would account for the ready exchange between core lipid and bilayer lipid as the pH is lowered. The

sentence has been reworded.

10. H ]i ]hok ieooejc ] ^neab `eo_qooekj ]^kqp pda `]p] kj |Njl]ppnk} ]j` pda A:H = 1 `]p], ]o pdaoa

KMO bkniqh]pekjo ]na ^]oa` kj nkqcdhu oeieh]n hele` pula n]pek ^qp `ebbano sepd naola_p pk dahlan (DRL ro

CROB) ]j` ekjev]^ha (jkn-LB3 ro LB3) hele`.

Response: If it is assumed that all the cholesterol in the Onpattro formulation (50/10/38.5/1.5) can

participate in bilayer or monolayer formation then it has an RB/I of ~1. It is likely lower due to some

solubility of cholesterol in the oil core, in addition the solubility of cholesterol in PC bilayers is limited

above equimolar ratios.26 There have been reports of cholesterol crystals in Onpattro-type

formulations.32 In any event it is likely that the RB/I=1 (50/25/25/1.5) formulation is more stable than the



Onpattro formulation as there are sufficient ESM present to solubilize the cholesterol. A sentence has

been added to this effect and have been highlighted in the main text.

11. Sda bkhhksejc patp ej pda Eecqna 1 _]lpekj eo ] ^ep _kjbqoejc: |Hb ep eo ]ooqia` pd]p pda _dkhaopankh ]j`

CROB naoe`a at_hqoerahu ej ikjkh]uan kn ^eh]uan ajrenkjiajpo pda QA/H bkn pdeo

bkniqh]pekj eo 1.03}. H ]ooqia pd]p pda A:H n]pek eo ej`alaj`ajp kj sdana pda hele`o ]na hk_]heva` ej pda

KMO { ep eo ] ^qhg hele` _kilkoepekj-^]oa` r]hqa.

Response: Note that 1.03 is wrong, should be 0.97. This RB/I is simply the ratio of cholesterol (38.5) and

DSPC (10) divided by the amount of ionizable lipid (50) = 48.5/50 = 0.97. It assumes that cholesterol is

a bilayer lipid, see caveats in point 10.

12. Eecqna 1C _]lpekj |C) Sda lnklknpekj kb KMO oqnb]_a ]na] k__qlea` ^u okhe` _kna, aha_pnkj `ajoa,

iknldkhkcu ro. pda pkp]h oqnb]_a ]na] kb pda KMO ]o `apanieja` bnki _nuk-SDL ie_nkcn]ldo.}. H ^aheara

]__kn`ejc pk pda i]ej patp |Sda lnklanpeao kb pda ouopai _kjp]ejejc ^eh]uan hele` pk ekjev]^ha hele` n]peko

QA/H=4 ]na kb l]npe_qh]n ejpanaop ]o ] h]nca lnklknpekj (w84%) atde^ep ] ^eh]uan opnq_pqna _kjp]ejejc ]

okhe` _kna _kilkjajp pd]p k__qleao ]llnktei]pahu 30% kb pda ejpanekn (Eec. 1C).} pd]p ep eo pda

lan_ajp]ca kb KMOo sepd ] reoe^ha ]mqakqo _kil]npiajp pd]p eo odksj ej Eecqna 1C (jkp pda lan_ajp]ca

kb okhe` _kna ]na], sde_d eo odksj ej S]^ha R2). Oha]oa _kjoe`an at_d]jcejc pda u-h]^ah patp |%

Lknldkhkcu} sepd okiapdejc pd]p eo ikna ejpqeperahu qj`anop]j`]^ha.

Oha]oa ]hok odks ej pda Rqllhaiajp]nu L]pane]h dks ukq `e` pda oaciajp]pekj (keh ranoqo pkp]h ]na])

qoejc kja _nuk-SDL ei]ca.

Response: We apologize for the confusion as the caption was mislabelled as “surface area” when it

should have been “categories of morphologies”. The Manual LNP Annotation of Cyro-TEM Images

were conducted through CVAT.ai online platform (Palo Alto, CA). Each LNP was annotated for its

features related to the Oil Core and liposomal LNP structure. LNPs were then annotated with a

segmentation mask and categorized into either morphology within the formulation. This was classified

as %Morphology indicates, we have included an equation that is highlighted in the Materials and

Methods section:

=H]_^W]Z]Vd Á
. ]U GIK QTZ]\VX\V a] P RZP`` ]U []_^W]ZVd

M]aPZ . ]U GIK P\\]aPaTS

Oil droplets were segmented as shown below, the % Oil droplet to LNP is calculated using the following

equations to give the interior segmented cross-sectional area (CSA) of the corresponding oil droplet:

K_]^]_aX]\ ]U ]XZ
S_]^ZTa

GIK
Á

CLB ]U ]XZ S_]^ZTa

CLB ]U GX^]`][PZ GIK
¿ CLB ]U JXZ C]_T ÂXU ^_T`T\aÃ



13. Cabeja pda |Njl]ppnk} bkniqh]pekj ]p pda ^acejjejc kb pda i]ej patp. Bkjoe`an qoejc pda pani

#Njl]ppnk-hega# kb ##Njl]ppnk## ^a_]qoa Njl]ppnk naheao kj ] ola_ebe_ oeQM@ _]nck ]j` ]jkpdan pula kb

ODF-hele` (ODF-B-CLF).

Response: We thank the reviewer for the suggestion, but we did define the Onpattro formulation in the

first couple of sentences in the introduction. For clarity, we have revised it from Onpattro to “Onpattro-

like”.

14. Keja 154: Rla_ebu sde_d huild jk`a(o) ukq ]j]huva`.

Response: We did state in both the main text and figure caption that inguinal lymph node was

analyzed.

15. Keja 171-: Oha]oa lnkre`a okia _kjpatp pk sdu pda ]qpdkno� `a_e`a` pk bk_qo kj huildke` knc]jo

sdaj opq`uejc ej rerk pn]joba_pekj kj ] _ahhqh]n harah.

Response: The reason why we focused on the lymphoid organs were due to our initial observation of

the lymphoid organs being transfected under IVIS imaging at a marco scale level i.e. whole body

imaging, which led us to then further investigate the cellular transfection through ex vivo

immunohistology.

16. @`fqop pulko, ej_h:

Keja 37: #(e.r,)#

Keja 471: |Ehqknao_ja_a ei]cejc z}

Eec. R9: at_d]jca |op]eja` sepd RSXN13} sepd |op]eja` sepd RXSN 13}



Eec. R11A: |Oh]io] Reva Dt_hqoekj z}

Response: We thank the reviewer for notifying us the typo, and they have been corrected and

highlighted.

17. S]^ha R2 eo ranu ejpanaopejc" H atla_p ep odkso pd]p pda `ebbanajp hele`o ]na hk_]heva` `ebbanajphu ej ]j

KMO. Tjbknpqj]pahu, H _]jjkp becqna kqp dks pda ]qpdkno _]h_qh]pa` pda pdaknape_]h jqi^ano. Sda ]qpdkno

odkqh` lnkre`a ikna `ap]eho ]^kqp pda _]h_qh]pekj.

Response: The detailed mathematical calculation spreadsheet that was part of the submission was lost

during the transfer between Nature journals. We have now reintroduced it within the resubmission.

18. Qa. pda patp |S]^ha R1. Kelkoki]h KMO�o hele` _kilkoepekj, ikh]n n]pek kb ^eh]uan hele` pk ekjev]^ha

hele` (QA/H), hele` ikh]n n]pek ]j` M/O n]pek.}: @p hks A:H n]peko, pda KMOo `k jkp bkni helkoki]h KMOo.

Gaj_a, _kjoe`an snepejc |KMOo� hele` _kilkoepekjz} ejopa]` kb |Kelkoki]h KMO�o hele` _kilkoepekjz}.

Response: We have now revised the caption to LNP’s lipid composition.

19. Oha]oa lnkre`a okia _kjpatp pk Eec. R2 ]^kqp pda `ebbanajp heran oevao ]j` sepd ]j` sepdkqp heran ej

pda becqna _]lpekj.

Response: In response to reviewer’s comment, the liver sizes are similar as the experiment was

conducted with 6-8 weeks old female mice, where their weight are within the range of 25-30g. The

sizes of liver in the IVIS in situ images may be due to organ movement after the chest opening

procedure and transportation to the IVIS imager.

20. Xkq i]u bej` pdeo jas ]j` ejpanaopejc ]npe_ha (dpplo://sss.j]pqna._ki/]npe_hao/o41557-024-01584-v)

nahar]jp ]j` sknpd `eo_qooejc ej ukqn i]jqo_nelp.

Response: This article is indeed an interesting study characterizing methods of constructing

“concentrisomes” and their potential for exhibiting two aqueous compartments containing different

active agents. We have observed similar systems.33However the relation of these systems to LNP

developed here, which have two compartments where one is hydrophobic and the other is hydrophilic is

not obvious and inclusion of such a discussion would be distracting.
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Reviewer #2 (Remarks to the Author):

With respect to the novelty factor, author argues that previous reports (exemplified by me on the

initial review comments) use cationic (DOTAP) or negatively charged lipids (PS) while this study

uses uncharged lipid(ESM). Plus, author borrows from previous studies to generally claim

cationic lipids reduce circulation besides activating compliments.

Yet, manipulation of helper lipid type (regardless of being uncharged or charged) and ratio with

cationic and/or ionizable lipids have been reported in different case scenarios. Besides authors

own group (Kulkarni et. al., Nanoscale, 2019), other reports have directly reported on how

Sphingomyelin (SM)-modified lipid nanoparticles improve blood circulation as the main factor for

extrahepatic delivery. For instance, Webb et al (Br J Cancer, 1995, Oct:72(4): 894-904) has

already shown SM/Cholestrol offer higher blood circulation than DSPC/Cholestrol liposomes

when injected I.V. Another example is the most recent work by Wang et. Al. (Nat. Comm. (2024)

15:2073), where they show Cholestrol/SM lipid nanoparticles improve blood circulation.

Based on above two direct published works and my previously exemplified indirect works, I

believe this research is a derivative of those studies presented as an overall approach and does

not justify the novelty factor for me. Perhaps, looking at PK and PD of such nanoparticles in

large animals, e.g. NHPs, would add the novelty factor.

Response: As we have previously discussed, our studies showcased that liposomal LNP

formulations can yield longer circulation and extrahepatic delivery. Moreover, we show this was

associated with reduced protein adsorption to the bilayer membrane structure of the liposomal

LNP. Wang et al’s approach is again different from the work performed here where we are

incorporating high levels of uncharged lipids (ESM) without covalent conjugation while also

revealing the liposomal structure by characterizing the morphological changes in LNP by

titrating the RB/I. We demonstrate such composition and structures result in the enhanced

circulation lifetimes, which significantly differs from the existing literature. We further detailed the

formation and release mechanism of such systems which has never been discussed in prior

literature that we are aware of. Hence, we agree with other reviewers’ comments regarding the

novelty of this work. As to reviewer’s comments regarding PK and PD with larger animals, we

believe it is outside the scope of the present article, but we have acknowledge that large animal

studies would add value in future studies.

In terms of authors addressing my initial review comments:

1. Authors has kindly included the Materials & Methods.

2. For this comment, author has kindly provided the detailed data. Author tends to report the

particle size in both number-weighted and Z-average (cumulative intensity-weighted) distribution

values. Suggested by their Z-average data, Onpattro LNP with their RNA construct shows ~

53.9nm which corroborates with my initial review suggestion and previous reports. I strongly

suggest that the author replaces Fig 1c with Z-average sizes as their provided Cryo-EM

statistical data in their revision for comment 3 matches significantly closer to their Z-average. As

anticipated, given the assumptions for number-weighted calculations, their mean numbers are



off in comparison to their Cryo-EM and Z-average data.

3. Author has kindly added some statistical Cry-EM data to shed light but they still have not

explained why they do not observe the effect of i-lipid molar ratio.

4. Author offers a speculative argument which is a likelihood for the observed phenomenon.

5. Author has attempted single lipid/RNA ratio at N:P6, based on previous studies.

6. Author has not tried different mRNA constructs, yet study claims for all RNA delivery.

Taking all above into account, this research does not get my recommendation to be published in

a Nature-family journal, rather a more specialized journal.

Response: We have addressed all of reviewer 2’s initial comments by providing new data and

data analysis. We have presented sizes as both a mean number and distributions and have

provided sufficient scientific justification on the impact of lipid composition on encapsulation and

the choice of the N/P ratio. Our studies demonstrated extrahepatic delivery with another reporter

mRNA (mCherry) other than Luc mRNA. We did not claim that this is for all RNA systems but

rather for mRNA systems our lab has tested.

Reviewer #4 (Remarks to the Author):

The authors present a highly interesting manuscript covering liposome-like LNPs which show

improved extrahepatic delivery of mRNA. As a fusion nanomedicine system (liposome-LNP)

with compartmentalisation (i.e. a LNP bleb anchored to the inner leaflet of a liposome bilayer)

the research will be of considerable interest to the LNP and liposomal nanomedicine

communities. The results show promise in the system with improved in vitro transfection and a

broader organ biodistribution profile at the 24 h time point compared to clinically approved LNP

this is argued to be linked to the improved circulation time of the liposomal-LNPs due to the

ESM/Chol liposome bilayer showing lower protein adsorption with emphasis on

immunoproteins.

The authors provide extensive data around a number of key aspects (e.g. CT, IVIS, protein

adsorption, nanomedicine structure dynamics) and adequately address the comments of

Reviewers 1 to 3. There are areas where the authors could add further detail which is both

scientifically interesting, does not require further experiments and would improve the manuscript

clarity.

Response: We thank reviewer 4 for these comments and have provided a point-by-point

response below:

Comment 1: Reviewer 3's major comment 3 touches on the significance of the data presented



in Fig.3, particularly in the context of Fig.3A. The authors present an argument that the

ESM/Chol shows reduced protein adsorption (Fig.3A and prior literature) and highlight the

reduced immuno protein levels on these bilayers compared to the monolayer surface of the

onpattro LNP. However, Fig.3A only presents limited significance (P-value *) with the protein

heat-map data giving many broad protein groups as almost identical between the 2 systems

(e.g. other, complement, albumin, coagulation factors). Equally, the authors do not discuss the

differences in apolipoprotein levels between the 2 systems.

The authors should add more detail here as they have good data (1000+ proteins) that would

provide further clues as to why the ESM/Chol bilayer extends circulation time. If there is an

argument that part of the mechanism of hepatocyte uptake of LNPs is linked to apolipoprotein

coverage then why (given the proportional increase in apolipoprotein coverage for liposomal-

LNPs) do liposomal-LNPs not get cleared quickly? I can see arguments associated with

increased saturation of hepatocytes allows a larger % of liposomal-LNPs to circulate in the

blood, arguments associated with actual number of these proteins/liposomal-LNP etc. but the

authors should discuss this briefly. Equally, given the role of complement proteins in PEG

immune responses it would be interesting to explore whether these were different between the 2

systems.

Response: We further analyzed the dataset in terms of the top 10 abundant proteins and found

that liposomal LNP’s protein corona contains higher abundance of apolipoproteins cluster

(ApoC1, ApoC4 and ApoB-100) while depleting immune response proteins (IgG and C3). The

study from Liu et al. had suggested that “Orthogonal partial least squares (OPLS) multi-omics

analysis revealed that acute phase, complement cascade, and coagulation function-associated

proteins are less likely to be present in an apolipoprotein-abundant (and more functional) LNP

corona.”, similar to our observation in this study.1 Therefore, we have now provided a brief

discussion on the role of different functional proteins and how that might impact the clearance

and circulation of the LNPs highlight in the MS.

Comment 2: As a technical point, the main manuscript repeatedly does not define which lymph

node the authors were analysing. In the supporting information we find in Fig. S9 that it is the

inguinal lymph node. However, the authors do not discuss why the choice of this lymph node

and what the biodistribution data means when this lymph node is significant (e.g. 2-10% of

injected dose etc.). The authors should explain their decision here.

Response: To provide better clarity, we have specified the lymph node as the inguinal lymph

node in Fig 2B, captions, method and throughout the main text. A study by Pitorre et al. has

demonstrated that IV injection of DiD label lipid-nanocarrier was not lymph node specific and

that all the lymph nodes were targeted.2 Therefore, we chose the inguinal lymph node over the

axillary and cervical lymph node due a technical consideration as its location between the thighs

and the lower abdomen is well defined for ease of dissection and extraction. The significant

protein expression in the lymph node could be a result of transfected immune cells or lateral

transfer of mRNA as a consequence of the liposomal LNP exhibiting longer circulation.

Comment 3: As another technical point, for many captions in the main manuscript and the

supporting information it is not clear how many animals, organs, samples were used and in the



case of organs or samples whether these come from the same or different mice. As I can see

from the figures, the IVIS data shows 3 mice (Fig.2A) and Fig S11 mentions that the CT images

represent 3 mice. This is on the low number of mice. I would expect for most exploratory

biodistribution data to be use 5-6 mice per group. The authors should acknowledge potential

limitations in biodistribution data if mice numbers are low.

Response: To provide better clarity, we have further specified on the sample size in the Method

section and have highlighted the addition. We acknowledge the sample size of mice of 5-6

would be more ideal. For that we have commented this limitation in the highlighted discussion

section.

1 Liu, K. et al. Multiomics analysis of naturally efficacious lipid nanoparticle coronas
reveals high-density lipoprotein is necessary for their function. Nat Commun 14, 4007
(2023). https://doi.org:10.1038/s41467-023-39768-9

2 Pitorre, M., Bastiat, G., dit Chatel, E. M. & Benoit, J.-P. Passive and specific targeting of
lymph nodes: the influence of the administration route. European Journal of
Nanomedicine 7 (2015). https://doi.org:10.1515/ejnm-2015-0003


