Response to Review of JoVE59549 - Preparation of neutrally-charged, pH-responsive polymeric nanoparticles for cytosolic siRNA delivery

We thank the reviewers for their insightful reviews of our work. We believe that we have adequately addressed all reviewer concerns and accordingly, this revision is greatly improved. Particularly, both reviewers requested that we include more information of the luciferase reporter cell line used for assessing siRNA gene silencing in Protocol Section 2. Thus, we have included the information and source of the luciferase cell line in the protocol and have added this information to the table of materials as well. Moreover, we have taken care to update the narrative of the manuscript such that it highlights in vitro si-NP characterization. The goal of this manuscript is to highlight the imperative experiments for in vitro si-NP characterization prior to performing in vivo studies. We believe that the use of methods presented herein will help researchers ensure that novel si-NP formulations are appropriate for carrying forward into in vivo studies. 

In addition to the reviewers’ concerns, we have taken care to address all formatting issues brought to light by the JoVE editorial staff. We thank you for the opportunity to contribute a timely and important topic to the journal. 

Editorial Comments:

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammatical errors.
We have thoroughly proofread this revised version of the manuscript.

• Protocol Language: Please ensure that all text in the protocol section is written in the imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.) Any text that cannot be written in the imperative tense may be added as a “Note”, however, notes should be used sparingly and actions should be described in the imperative tense wherever possible.
1) Examples NOT in imperative voice: 1.2.1.
2) Please split up steps so that each step contains no more 3-4 actions and 4 sentences. For example, 1.2.3.1 is too long and needs to be split up.
We have, to our knowledge, changed all text to the imperative tense and broken up steps that were longer than 3-4 actions or 4 sentences.

• Protocol Detail: Please note that your protocol will be used to generate the script for the video, and must contain everything that you would like shown in the video. Please add more specific details (e.g. button clicks for software actions, numerical values for settings, etc) to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol. Some examples:
1) 2.1.2: which cell line was used? Mention culture conditions such as temperature and humidity.
We have added information on the cell line to both the manuscript and table of materials.

2) Please describe the imaging step in detail. Mention acquisition conditions etc.
For details about specific instrument use, we have referred readers to the manufacturer’s specifications for the particular instrument that researcher is using. We do this because there are so many different companies and models which produce various instruments that to go into detail about our specific process is 1) very difficult due to the restriction of not using “commercial sounding language”, and 2) irrelevant to any researcher using a different model instrument.

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance with respect to existing methods, 4) future applications and 5) critical steps within the protocol.
We believe that the discussion section of the revised manuscript addresses each of these categories. 

• Figure/Table Legends:
1) Fig 4: define error bars.
We have defined the error bars in the figure legend. The error bars represent standard error of the means.

• References: Spell out journal names.
We have fully spelled out all journal names in the references section.

• Commercial Language: JoVE is unable to publish manuscripts containing commercial sounding language, including trademark or registered trademark symbols (TM/R) and the mention of company brand names before an instrument or reagent. Examples of commercial sounding language in your manuscript are parafilm, IVIS
1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding language in your manuscript with generic names that are not company-specific. All commercial products should be sufficiently referenced in the table of materials/reagents. You may use the generic term followed by “(see table of materials)” to draw the readers’ attention to specific commercial names.
We have removed both instances of commercial sounding language mentioned above. 

• If your figures and tables are original and not published previously or you have already obtained figure permissions, please ignore this comment. If you are re-using figures from a previous publication, you must obtain explicit permission to re-use the figure from the previous publisher (this can be in the form of a letter from an editor or a link to the editorial policies that allows you to re-publish the figure). Please upload the text of the re-print permission (may be copied and pasted from an email/website) as a Word document to the Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from [citation]."
All figures are original to this publication.

Reviewer #1: 

Manuscript Summary:

Hendershot et al. describe the synthesis of pH-responsive diblock copolymers for delivery of siRNA and methods to characterize polymer/siRNA nanoplexes. They further offer a method for screening knockdown activity in cell culture.

Major Concerns:

The use of Luciferase reporter cells is provided as a mechanism for assessing knockdown. However, no details are provided as to how to generate these cells; at minimum, the plasmid used for the luciferase gene should be provided as this will be important for matching to this siRNA sequence. Ideally, a commercially available Luc expressing cell line would be used to screen knockdown, but if unavailable some additional details and/or relevant references where adequate details are provided should be included for generation of Luc expressing cells. Also, assessment of KD via PCR or western analysis is more common; while its not necessary to include methods on these, it would be helpful to the reader to mention these and direct them to good protocols (for example, other Jove articles or Methods-type papers) in case they wanted to evaluate KD via another method.

Thank you for bringing this omission to our attention. We agree that it is essential to provide information about the source of the luciferase reporter cells and have thus added that information to the protocol and table of materials. Moreover, we agree that the use of a commercially available cell line is ideal to expand access of this assay and to minimize lab-to-lab variability. Accordingly, we use MDA-MB-231 / Luciferase (Bsd) stable cells (GenTarget Inc., San Diego, Ca) to conduct screens of luciferase knockdown by siRNA. These cells are generated by GenTarget Inc. by transduction with lentivirus expressing the firefly luciferase gene. Luciferase is expressed under a constitutive CMV promoter, and Blasticidin resistance is expressed under Rsv promoter to maintain stable luciferase expression.

Updated Section of Protocol:
“Seed luciferase-expressing cells [MDA-MB-231 / Luciferase (Bsd) stable cells (GenTarget Inc., San Diego, Ca)] in 96-well black-walled plates at a density of 2,000 cells per well. Allow to adhere overnight in full media (DMEM, 10% FBS) in an incubator (37 C, 5% CO2, 95% humidity). 

Dilute si-NPs into full serum media for a final volume of 100 L per well and siRNA concentration of 100 nM. Treat cells for 24 h with si-NPs. 

After 24 h, remove treatments and replace media with full serum media containing 150 g/mL D-luciferin. Incubate cells for 5 min before measuring luminescence on a plate reader or in vivo optical imaging system according to the manufacturer’s specifications. 

Replace luciferin-containing media with fresh, full serum media, and incubate 24 h more. Repeat the step above, removing media and replacing with full serum media containing 150 g/mL D-luciferin, followed by a 5 min incubation prior to measuring luminescence at the 48 h timepoint.”

Additionally, we have added to the discussion to briefly examine the use of western blotting (to assess protein expression) and RT-PCR (to assess mRNA levels) to screen siRNA knockdown, endeavoring to highlight how these methods compare and contrast with the use of luciferase reporter cells. Specifically, we have described the advantages and disadvantages of using the luciferase reporter cells for knockdown assays as compared to using western blotting or PCR. 

Updated Section of Discussion:
“Luciferase reporter cell lines are used here for the rapid and high-throughput analysis of si-NP bioactivity. Luciferase reporter cell lines must be generated or purchased before starting bioactivity analysis, thus requiring an initial investment in time, expense, or both. However, use of the luciferase reporter cells to assess gene silencing is faster, more amenable to high-throughput analysis, and cheaper over time than performing RT-PCR (to measure mRNA expression) or western blots (to measure protein expression). For instance, measuring luminescence in this assay typically takes just a few minutes as opposed to all-day or multi-day processes necessary to perform RT-PCR or western blots. Moreover, luminescence measurements can be conducted on well-plates, allowing for the simultaneous quanitification of many samples (up to 96-well plates have been used by the authors). Lastly, D-luciferin is the only reagent needed above and beyond typical cell culture reagents, making the method much more affordable than RT-PCR or western blot. It should be noted however, that the luciferase reporter cell assay is limited to only assessing gene silencing of the model gene luciferase and cannot be used to measure gene silencing of other “therapeutic genes” of interest. Thus, the authors refer readers to several studies where RT-PCR and/or western blot has been used to assess gene silencing of therapeutic genes of interest24,31-33.”


Minor Concerns:

1. The choice of PEG-PDB as an abbreviation is a bit confusing considering the second block contains only 2 monomers - D and B.
We agree that the ‘P’ is misleading as used. We have changed all instances of ‘PEG-PDB’ to ‘PEG-DB’.

2. "The siRNA nanoparticles are prepared by electrostatic complexation of siRNA and the diblock copolymer poly([(ethylene glycol)-b-[(2-(dimethylamino)ethyl methacrylate)-co- (butyl methacrylate)]) (PEG-b-PDB) to form polyion complexes (polyplexes) where siRNA is sequestered within the polyplex core and PEG forms a hydrophilic, neutrallycharged corona."
-open square bracket, before ethylene glycol, either remove or place before poly and before b to define the block, or remove
Thank you for the suggestions to edit the full chemical name for clarity and accuracy. We have updated the diblock polymer nomenclature to:
poly(ethylene glycol-b-[2-(dimethylamino)ethyl methacrylate-co-butyl methacrylate])

3. "Cationic DMAEMA condenses negatively-charged siRNA."
97-98 It's more accurate to say that cationic DMAEMA electrostatically complexes negatively charged siRNA, which facilitates siRNA condensation. At least use the term on line 239, electrostatically condenses.
Yes, it is more accurate to use the term electrostatically complexes to describe this phenomenon. We have changed the term ‘condenses’ to ‘electrostatically complexes.’

4. "Under acidic conditions, such as those within the endolysosomal pathway, the PDB block both facilitates the proton-sponge effect through ionizable amines of DMAEMA and actively integrates into and lyses lipid bilayers through hydrophobic BMA moieties, resulting in potent endosomolysis."
101-104 Proton sponge effect has no dash, and this is the first mention of proton sponge in the methods and therefore should have a source and/or further explanation of proton sponge.
We have removed the dash from proton sponge, referenced prior literature that explains the mechanism in detail, and added a sentence here for clarity and readability. Thank you for pointing this out. 

Updated Text Reads:
“Under acidic conditions, such as those within the endolysosomal pathway, ionizable DMAEMA within the DB block facilitates the proton sponge effect, where endosomal buffering leads to osmotic swelling and rupture26. Additionally, hydrophobic BMA moieties within the DB block actively integrate into and lyse lipid bilayers, resulting in potent endosomolysis.”

5. 123 Almost every transfection agent provides a mass ratio for their products in a table (i.e. add X uL of 3.33 mg/mL polymer for 25ug RNA injection). This protocol could be enhanced with an example table for a 25 BP siRNA and a carrier.
We agree that clarifying the mass ratio will help with ease of formulation and provide a good reference to other commonly employed transfection reagents. We have added this information in the following text (lns. 200-202): 

“The mass ratio of PEG-DB to siRNA at 10 N+:P- ratio and 100 nM siRNA treatments (assuming 26 bp siRNA) is 23.3, i.e. add 23.3 ng PEG-DB for every 1.0 ng siRNA. For example, add 1.16 L of 3.33 mg/mL polymer for 166.5 ng siRNA to treat one well at 100 nM in a 96-well plate (100 L media volume).”

6. 1.2 (141) You should probably test at an NP ratio according to your gel results from 1.2.3. It should be around 10 N:P, but depending on the polymer properties it could be different. If the number is 10, you probably don't need to include all of the NPs for the gel, just test N:P of 10 and state that if the band runs, you need to run multiple NPs on a gel to determine the NP for in vitro bio-activity. You should run the gel first in case the NP of 10 is not appropriate for the synthesized polymer, and you can do sizing, surface charge, and morphology determination at the appropriate NP.
We agree with the approach laid out here by the reviewer. This is the approach we typically take when developing new si-NPs and which we have highlighted within this manuscript. With regards to the N+:P- ratio, we do start by running the gels first to confirm the optimal N+:P- ratio (or range of N+:P- ratios) for efficiently complexing siRNA. Accordingly, we tested for the knockdown of si-NPs at 10 N+:P- ratio, which shows siRNA complexation and as we have discovered empirically elicits an optimal combination of gene silencing and biocompatibility. We have updated Figure 4 and accompanying text to clarify that these results were obtained with si-NPs formulated at 10 N+:P- ratio.

7. 163,159 TAE is Tris-acetate-EDTA buffer, and I believe it should be about pH 8 to run a gel. Please confirm these details and include them in the protocol
Yes, the reviewer is correct. We have updated the manuscript to define TAE and indicate that it is used at pH 8 for running agarose gel electrophoresis. 

8. 178 - whichever N:P ratio is appropriate. You even write in the conclusion that 10-20 is usually optimal, so it would make more sense to explore which NP to use for a new polymer with similar properties.
The reviewer brings up another good point about the N+:P- ratio here. We should change the wording to indicate that ideal N+:P- ratios should be determined by the gel electrophoresis assay and used accordingly. For the si-NPs used here, we have empirically found that 10 N+:P- ratio displays an ideal balance of target gene silencing and biocompatibility. However, as the reviewer points out, this could change for different polymers and/or si-NP formulations. We have updated the text in line 178 accordingly. 

9. 203/Figure 2 should include surface charge characterization, as it was mentioned in the abstract, intro, and throughout the method.
We apologize for this omission. We have added surface charge characterization data to Figure 2, as shown below.

[image: ]
Figure 2. DLS and TEM characterization of si-NP size, morphology, and surface charge. (A, C) si-NP 1 represents a uniform sample with appropriate size (~50-100 nm diameter), whereas (B, D) si-NP 2 has formed undesirable, large and polydisperse aggregates. (E) Both si-NPs display neutral surface charge (zeta potential). 

10. Figure 1 - The final si-NP in 1B looks to be part of 1A. Consider reformatting the figure for clarity.
We have reformatted Figure 1 to make it less confusing. Thank you for this suggestion.

11. Figure 2 - Would it be possible to use the same scale for both TEM images?
These images are acquired at different magnification and thus, should not be manipulated to appear at the same scale. The images were acquired at different levels of magnification because of the extremely large size of the aggregates of “si-NP 2”. It was difficult to appreciate the scale and morphology of the aggregates at the higher magnification that was used to image “si-NP 1”.

12. Figure 4 - It would be very nice to show significance here, but probably not necessary.
Statistical significance is now indicated on Figure 4.

We thank the reviewer for their detailed and constructive review of the manuscript. We are confident that the revision is much improved due to their insightful comments.


Reviewer #2:

Manuscript Summary:

The article described the preparation of siRNA nanoparticles (siNP) by electrostatic complexation of siRNA and the diblock copolymer (PEG-b-PDB) to form polyion complexes where siRNA is sequestered within the polyplex core and PEG forms a hydrophilic, neutrally charged corona. The complex with a relative small size should have better tumour tissue penetration and can exploit a charge reversal in tumour which allow endosomal escape, thus release siRNA effectively. This is excellent formulation design to the reviewer, and is a fine example of how drug delivery science helps deliver siRNA to the target, make the undruggable large molecules druggable.
In general terms the manuscript is well-prepared and easy to follow, especially the Introduction. I believed the authors have followed the journal format, structure (but no video was found).

We thank the reviewer for these positive comments about our manuscript and are glad they found our work both interesting and useful.

Major Concerns:

*48 h results are presented but information in PROTOCOL is missing
Thank you for pointing out this unintentional omission. We have updated the protocol to include the 48 h timepoint in addition to the existing text (ln. 189) that informs the reader how to perform a longitudinal version of the assay.

*Long-circulation is curtail for site target delivery, it would be useful if a simple release study demonstrate this property is included using the biological test.
We agree with the reviewer that long-circulation is an essential in vivo characteristic for si-NPs to achieve efficient delivery to tumors. However, it is not our goal in this manuscript to describe the in vivo properties of these si-NPs. We believe that doing so would cloud the focus of the current manuscript and a separate article is warranted to discuss in vivo experimental approaches. Our goal in the current manuscript is to highlight the imperative in vitro characterizations that are necessary to ensure newly-developed si-NP formulations are appropriate to carry forward for in vivo administration. This has always been our approach, and we believe that the experiments described in the current manuscript will assist researchers as they develop novel si-NP formulations in vitro with future ambitions of administering the si-NPs in vivo in pre-clinical animal models. We refer the reviewer elsewhere to several published studies within which we have described in vivo results using these si-NPs in detail1-5.

Minor Concerns:

Luciferase siRNA should be introduced in Introduction.
We agree that this would help the flow of the manuscript and reduce confusion when the luciferase gene silencing assay is presented later in the protocol. We have updated the Introduction with the following text:

“In order to rapidly assess si-NP bioactivity, Luciferase is used as a model gene for knockdown studies. Firefly Luciferase is the protein responsible for the ‘glow’ of fireflies27. Accordingly, mammalian cells transfected with the firefly luciferase gene produce a bioluminescent ‘glow’ that can be captured using a luminometer to quantify levels of Luciferase expression. Here, we use Luciferase to assess bioactivity of si-NPs by delivering siRNA against Luciferase and quantifying the corresponding reduction in bioluminescence in Luciferase-expressing cells compared to cells that receive a scrambled siRNA.”

SUMMARY is misleading as there was no in vivo study to prove this conclusion.
We agree that our development of the narrative for this manuscript could be misleading. We have revised the summary (as shown below) to de-emphasize the focus form in vivo studies and have done the same throughout various parts of the manuscript. Again, our goal is to highlight that the goal of our research is to use these si-NPs to treat disease in pre-clinical animal models aimed at future clinical translation, but also that the focus of this manuscript is to highlight the steps that must be taken to properly characterize si-NPs in vitro to ensure their suitability for administration to animals. 

Updated Summary:
“Methods to prepare and characterize the physicochemical properties and bioactivity of neutrally-charged, pH-responsive siRNA nanoparticles are presented. Criteria for successful siRNA nanomedicines such as size, morphology, surface charge, siRNA loading, and gene silencing are discussed.”

loading efficiency: Is N+:P ratio molar or weight ratio? And why name the ratio of polymer to siRNA 'N+:P ratio'?
The N+:P- ratio is a molar ratio. As described in Protocol section 1.1.2.:
“N+:P- ratio represents the number of positively-charged amine groups on the polymer to the number of negatively-charged phosphate groups on the siRNA and is calculated by the formula below:



Where, mol Pol is the molar amount of polymer, RU amine is the number of repeating units of positively-charged amines per polymer, mol siRNA is the molar amount of siRNA, and bp siRNA is the number of base pairs per siRNA molecule.”

The authors stated the optimal size and gave a Figure, but is hard to read the real size range from a Figure.
We have updated Figure 2 to include the average size for each formulation and have added this information to the manuscript text as well. 

Please provided cell type for the luciferase-expressing cells
We apologize for the omission of this information from the original manuscript. As described in detail in response to a major concern of Reviewer 1 above, we have revised the manuscript to include information on the cell line and its source. 

The conclusions are not supported by adequate experimental data. Authors need to revised by focusing on the existing results.
As outlined above, we have updated the manuscript to de-emphasize in vivo aspects of si-NP development and focus on the initial in vitro characterization of si-NPs. We believe that adequate data is provided to support any claims made within the manuscript about in vitro si-NP characterization. 

References are not all up to date. Many newer publications are easily found.
We have endeavored to reference and include as many relevant and recent publications as possible. We are not aware of where we have omitted relevant references but are more than willing to add appropriate references if identified by the reviewer. Moreover, we have taken care to reference original articles where findings were first published. We do not believe the age of the reference is the primary concern, rather its content and relevance. However, many references to papers published within the last five years are included.

We thank the reviewer for their constructive feedback and assistance in focusing the narrative of our manuscript on in vitro si-NP characterization. 
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