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Dear editor,

We wish to submit our manuscript entitled “Gene-therapy inspired polycation coating for
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manuscript is based on the previous work published in Nanoscale under the title “(Poly)cation-
induced protection of conventional and wireframe DNA origami nanostructures”.

All authors approved the manuscript and this submission. The manuscript is provided with a
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DNA nanostructures are extremely vulnerable towards salt depletion and nucleases, the
common condition in bodily fluids such as tissue culture media. In this study, we address both
the long- and short-term stability of various DNA origami nanostructures. For long-term
stabilization, we coated DNA nanostructures with chitosan and linear polyethyleneimine.
Furthermore, we evaluated the impact of molecular weight and the charge density of these
polycations on the stability of DNA nanostructures. Interestingly, we showed that uncoated DNA
nanostructures remain stable and functional for a few days, opening the door for DNA origami
structures in short-term biological applications. The manuscript will be of high interest to
readers in the areas of nanotechnology, DNA origami, biologically inspired materials,

nanomedicine and gene delivery.

We hope that the editorial board will share our view of interest of this study.

Thank you for receiving our manuscript and considering it for further review. We appreciate

your time and look forward to your response.
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17 SUMMARY:
18 Here, a protocol for the protection of DNA origami nanostructures in Mg-depleted and
19 nuclease-rich media using natural cationic polysaccharide chitosan and synthetic linear
20  polyethyleneimine (LPEI) coatings is presented.
21
22 ABSTRACT:
23 DNA origami nanostructures hold an immense potential to be used for biological and medical
24 applications. However, low-salt conditions and nucleases in physiological fluids induce
25 denaturation and degradation of self-assembled DNA nanostructures. In non-viral gene
26  delivery, enzymatic degradation of DNA is overcome by the encapsulation of the negatively
27  charged DNA in a cationic shell. Herein, inspired by gene delivery advancements, a simple, one-
28  step and robust methodology is presented for the stabilization of DNA origami nanostructures
29 by coating them with chitosan and linear polyethyleneimine. The polycation coating efficiently
30 protects DNA origami nanostructures in Mg-depleted and nuclease-rich media. This method
31 also preserves the full addressability of enzyme- and aptamer-based functionalization of DNA
32 nanostructures.
33
34  INTRODUCTION
35 DNA is a versatile building block for the programmable self-assembly of nanoscale structures?.
36 The most popular method for creating DNA nanostructures is the DNA origami technique,
37  which is based on the self-assembly of a long circular, single stranded DNA scaffold with the aid
38  of hundreds of shorter shape-determining synthetic staple strands?. Today, the creation of DNA
39 nanostructures in almost any geometry and morphology is readily feasible. DNA nanostructures
40 can be site-specifically functionalized with high precision®* and can be programmed to undergo
41  allosteric conformational changes®®. Hence, using DNA as a building material offers the unique
42  opportunity to create programmable and responsive custom-designed nanostructures for
43  applications in biosensing, diagnostics and drug delivery. However, DNA nanostructures are
44  susceptible to digestion by exo- and endo-nucleases, and lattice-based 3D DNA origami
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nanostructures generally require high salinity buffers (e.g., 5-20 mM Mg*?) to maintain their
integrity”2.

The rapid degradation of DNA by nucleases present in blood and the extracellular matrix is a
major obstacle to the efficient in vivo delivery of genetic products into cells®. To overcome this
limitation, in non-viral gene delivery, DNA is mixed with a cationic polymer at a defined N/P
charge ratio (ratio of amines in polycation to the phosphates in DNA)¥. The complex of DNA
with a cationic polymer, known as polyplex, protects DNA from nuclease-mediated degradation
and enhances its cellular uptake!!. Inspired by gene delivery advancements, oligolysine'?,
oligolysine—polyethylene glycol (PEG) copolymers!3, poly (2-dimethylamino-ethylmethacrylate)
(PDMAEMA)-based polymers'#, and virus capsid proteins!> have been used for stabilizing DNA
origami nanostructures.

Recently, a method for the protection of DNA origami nanostructures in Mg-depleted and
nuclease-rich media using the natural cationic polysaccharide chitosan and the synthetic linear
polyethyleneimine (LPEI) was reported!®. This article is an adaptation of our earlier work and
describes the detailed protocol for the preparation of polyplexes, their characterization, testing
the stability of naked and protected nanostructures in low-salt and nuclease-rich media and
examining the addressability of enzyme- and aptamer-functionalized DNA origami
nanostructures upon polycation coating.

PROTOCOL

1. Preparing Polycation Stock Solution

1.1.  LPEIl stock solution

1.1.1. Add 10 mg of LPEl into a glass beaker containing <10 mL of H;O0.

1.1.2. To completely dissolve LPEI, add HCI (32%) till reaching pH 2.0.

1.1.3. Adjust the pH to 7.0 by adding NaOH (10 M).

1.1.4. Adjust the volume to the final concentration of 1 mg/mL.

1.1.5. Filtrate the LPEI stock solution through a 0.22 um membrane.

1.2. Chitosan stock solution

1.2.1. Dissolve 16.6 mg of chitosan oligosaccharide lactate (Mw ~ 5 kDa, 60% oligosaccharide
composition, deacetylated from chitin by 90%) in 1 mL of acetic acid (10%) aqueous media to

prepare a stock solution with a concentration of 10 mg/mL.

2. Purification of DNA Origami Nanostructures
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2.1.  Mix 100 pL of the DNA origami sample (in 5 mM Tris, 1 mM EDTA, 5 mM NaCl buffer
(denoted as TB) including 18 mM MgCl;) with the equivalent volume of 22 mM MgCl;
supplemented TB (100 pL) in a 1.5 mL tube.

2.2.  Add 200 pL of purification buffer (15% (w/v) PEG 8000, 5 mM Tris, 1 mM EDTA and 505
mM NaCl). Mix gently by tube inversion.

2.3.  Spin the sample at 16000 x g at room temperature (r.t.) for 25 min.
2.4. Discard the supernatant carefully and resuspend the pellet in 16 mM MgCl;
supplemented TB buffer. The supernatant and the pellet contain excess staple strands and

precipitated DNA origami, respectively.

2.5. Incubate the sample for one day at r.t. at 650 rpm in a thermomixer. This step is for
complete resuspension of DNA origami.

3. Agarose Gel Electrophoresis (AGE)

3.1. Add 1.6 g of agarose and 80 mL of 0.5x TAE buffer (20 mM Tris, 0.5 mM EDTA, 10 mM
acetic acid, pH 8) into a glass beaker to prepare a 2% agarose gel. Microwave for 5 min. Swirl
the contents of the beaker for 1 min in a water bath. Add 352 plL of MgCl; (2.5 M) to prepare
the gel with 11 mM MgCl,. Pre-stain the gel with 10 uL of DNA gel stain.

3.2.  Pour the gel solution into a dry gel box and insert a gel electrophoresis comb. Let the
solution solidify at r.t. for 15-30 min.

3.3.  Supplement the running buffer (0.5x TAE buffer) with 11 mM MgCl..

3.4. Mix 10-20 pL of the sample with 20% of 6x loading buffer (30% (v/v) glycerol, 0.25%
(w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF) and load it into the agarose gel wells.

3.5. Runthegelat70V atr.t. for 2.5- 3 h.
3.6. Visualize the gel with a UV scanner.
4, Negative Stain Transmission Electron Microscopy (nsTEM)

4.1.  Apply 5 pL of the diluted nanostructure or the polyplex on a glow-discharged carbon-
coated Cu400 TEM grid. Let it adsorb for ca. 1 min.

4.2. Drain excess liquid from the edge of the grid by a piece of filter paper.

4.3.  Apply 5 pL of a 2% uranyl acetate aqueous solution and wait for 1 min.
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4.4.  Use the filter paper edge to completely drain excess liquid from the edge of the grid.
4.5. Let the grid dry completely before injecting it into the TEM.
5. Polyplex Formation

NOTE: lllustrative example for preparing a polyplex comprising DNA origami and chitosan at
N/P 0.01-8 ratios.

5.1.  Calculate the number of amines per polycation using the formula-1 (Table 1).

5.2. Measure the concentration of purified DNA origami using an ultra violet
spectrophotometer at 260 nm. Use 2 pL of TB buffer as the blank to calibrate the machine.
Calculate the “nmol of phosphate” using formula-2.

5.3.  Prepare 15 pL of the DNA origami structure including 1 nmol of phosphate.

5.4. Use formula-3 to calculate the volume of chitosan, which is needed for preparing the
polyplex at N/P 0.01-8. For example, to prepare the polyplex at N/P 8, 1.8 uL of chitosan (0.8
mg/mL) is needed (N/P is 8, nmol of phosphate is 1, molecular weight of chitosan is 5000 g/mol,
concentration of chitosan stock solution is 0.8 mg/mL and the number of amines per chitosan is
28). Add 13.2 pL of TB to 1.8 uL of chitosan (0.8 mg/mL). Add 15 pL of chitosan solution (0.8
mg/mL) to 15 uL of the DNA origami from step 5.3 to get a DNA origami-chitosan polyplex with
NP 8. The polyplex is formed spontaneously.

5.5. Repeat step 5.4 to prepare polyplexes at different N/P ratios.

5.6.  Perform an AGE as described in Step 3 (Figure 1A). Include the naked DNA origami as
control.

5.7. Image the polyplex as described in Strp 4 (Figure 2).

Formula-1) number of amine groups per polycation

molecular weight of polycation ( miol ) x number of amines per monomer

molecular weight of one monomer (%)

Formula-2) mole of phosphate
concentration of DNA origami (Z—i} x uL of DNA origami

average molecular weight of one nucleotide (%I)

Formula-3) Volume (uL) of polycations
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%x nmol of phosphatex molecular weight of polymer (%) x 0.001

concentration of polycation stock solution (%) X number of amine groups per polymer

6. Decapsulation with Dextran Sulphate
6.1.  Calculate the number of sulphate groups per dextran sulphate using formula-4 (Table 2).

6.2. Calculate the volume of dextran sulphate needed for the decomplexation of the
polyplex at a predefined A/P ratio using formula-5. The A/P charge ratio is the ratio between
the sulphate groups of the polyanion (A) to the phosphate groups (P) of the DNA origami. An
excess amount of dextran sulphate is needed for an efficient decomplexation of the polyplexes
(e.g. 500-1000). For example, to decomplex the polyplex prepared in section 5 (polyplex
contains 1 nmol of phosphate) at A/P 1000, 3.6 uL of dextran sulphate 40 kDa (50 mg/mL) is
needed (A/P is 1000, nmol of phosphate is 1, the molecular weight of dextran sulphate is 40000
g/mol, the concentration of dextran sulphate stock solution is 50 mg/mL and number of
sulphate is 220). Add 3.6 uL of dextran sulphate (50 mg/mL) to the polyplex from step 5.4 and
mix well.

6.3.  If working with a chitosan polyplex, add NaOH to facilitate the decomplexation process.
Add NaOH for a final concentration of 10 mM. Skip this step for LPEI polyplexes.

6.4. Perform an AGE as described in Step 3 (Figure 1B). Include a naked DNA origami and
polyplex as control.

Formula-4) number of sulphate groups per polyanion=
molecular weight of polyanion ( miol ) x number of anion per monomer

molecular weight of one monomer ( miol )
Formula-5) Volume (uL) of dextran sulphate
g X nmol of phosphatex molecular weight of dextran sulphate (%) X 0.001

concentration of dextran sulphate (%) X number of sulphate per dextran sulphate

7. Stability towards Mg Depletion
7.1. Wash 20 uL of a DNA origami or the corresponding polyplex (including 2 nmol
phosphate) with 4x 600 pL of Mg-zero buffer (5 mM Tris, 1 mM EDTA and 30 mM NacCl) using

the ultrafiltration column (MWCO ~ 3 kDa). Spin each wash at 14000 x g at r.t. for 3-5 min.

7.2.  Collect the remaining solution (80 pL) and incubate at 37 °C for one day at 650 rpm in a
thermomixer.
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7.3.  If testing LPEI polyplex, add 2.5 uL of MgCl, (500 mM) for a final concentration of 16 mM
MgCl,. Then, add 7 uL of dextran sulphate-40 kDa (50 mg/mL) (equivalent to A/P 1000) to
unravel the core DNA nanostructures (decapsulation, see Step 6).

NOTE: Skip this step if working with chitosan polyplex or naked DNA origami.

7.4.  Follow nsTEM imaging as described in Step 3 (Figure 2).

8. DNase I Titration Assay of Naked DNA Origami Nanostructures

8.1. Mix 3 plL of naked DNA origami including 1 nmol phosphate with 2 uL of 10x DNase |
buffer (100 mM Tris-HCI, 25 mM MgCl,, 5 mM CaCl,, pH 7.6), 1 pL of MgCl, (250 mM), 12 pL of
water in 0.2 mL PCR tubes. Add 2 pulL of DNase | (10x). Adjust the stock concentration of the
DNase | (10x) to get final DNase | concentrations of 0.25-2 U/mL.

8.2.  Incubate the samples at 37 °C for 1-2 h in a thermocycler.

8.3. Immerse the samples in ice and deactivate the nucleolytic activity by adding 2 uL of 500
mM dithiothreitol (DTT) and 2.5 plL of EGTA (33 mM).

8.4.  Analyze the samples using an AGE as described in Step 3.

9. Stability of Polyplexes towards DNase |

9.1. Mix 4 pL of a polyplex (including 1 nmol of phosphate, prepared at different N/P ratios)
with 1.5 pL of a DNase | buffer (10x), 8 puL of TB and 1.5 uL of DNase | (100 U/mL) in a 0.2 mL
PCR tube.

9.2. Incubate the sample for 24 h at 37 °C in a thermocycler.

9.3. Add 2 pL of proteinase K (20 mg/mL) to digest the serum proteins bound to the
nanostructures. Incubate for 30 min at 37 °C in a thermocycler.

NOTE: Instead of enzymatic digestion, chemical deactivation of DNase | by adding 1.5 pL of DTT
(500 mM) and 2 puL of EGTA (33 mM) can be performed.

9.4. Add 3.6 puL of dextran sulphate-40 kDa (50 mg/mL) (equivalent to A/P 1000) to unravel
the core DNA nanostructures.

9.5. Perform AGE as described in Step 3 (Figure 3A, Figure 3C). Include fresh DNA origami as
control for measuring and comparing the band intensities on the gel.

9.6. Excise the band on the AGE and extract the DNA origami by a squeeze freeze extraction
column based on the protocol provided by the supplier.
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9.7. Follow nsTEM imaging as described in Step 4 (Figure 2).
10. Stability towards Fetal Bovine Serum (FBS)

10.1. Mix 4 uL of naked DNA origami or its corresponding polyplex (including 1 nmol of
phosphate) with 17 uL of TB + 10% FBS in 0.2 mL PCR tubes. Use freshly thawed FBS.

10.2. Incubate the sample at 37 °C in a thermal cycler for 24 h.
10.3. Immerse the sample in an ice bath.

10.4. If testing the polyplex, perform the decapsulation process by adding 3.6 pL of dextran
sulphate-40 kDa (50 mg/mL). Additionally, add NaOH if working with chitosan polyplexes (see
step 6.3)

10.5. Perform an AGE as described in Step 3. Include the fresh DNA origami as control for
measuring and comparing the band intensities on the gel.

10.6. Excise the band on the AGE and extract the DNA origami by a squeeze freeze extraction
column.

10.7. Add 2 pL of proteinase K (20 mg/mL) to the extracted DNA origami solution (20 pL) in a
0.2 mL PCR tube. Incubate for 30 min at 37 °C in a thermocycler to digest serum proteins bound
to the nanostructures.

10.8. Wash the sample with 5x 500 pL of TB including 16 mM MgCl, using the
ultracentrifugation column (MWCO ~ 100 kDa) to wash proteinase K (MW ~ 28.9 kDa) away.
Spin each wash at 14000 x g at r.t. for 3-5 min.

10.9. Perform nsTEM imaging as described in step 4 (Figure 3).

NOTE: The gel extracted sample from step 10.6 might be directly used for nsTEM imaging.
However, the imaging could be very challenging due to the attachment of serum proteins to the
DNA origami nanostructures. Therefore, proteinase K treatment (steps 10.7-10.9) is

recommended to facilitate the imaging process.

11. Testing the Addressability of Horseradish Peroxidase Enzyme (HRP)-functionalized
Polyplex

11.1. Purify the self-assembled biotinylated-NR (Biotin-NR) as described in Step 2.
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11.2. Incubate 200 plL of purified Biotin-NR (36 nM, in 16 mM supplemented TB buffer) with
200 pL of HRP-conjugated streptavidin (540 nM, in TB buffer). Add 4.8 pL of MgCl, (500 mM) to
a final concentration of 14 mM. Incubate at r.t. for 12 h at 650 rpm in a thermomixer

11.3. Purify HRP-functionalized NR (HRP-NR) by a PEG purification method (as described in
Step 2) to remove the unbound HRP enzymes. Resuspend the precipitated HRP-NR in TB
including 16 mM MgCl,.

11.4. Mix 6.5 pL of purified HRP-NR (36 nM) with 6.5 pL of polycations of variant
concentrations to prepare the polyplex at N/P ratios of 1, 2, 4, 10 and 20 (using formula 3).

11.5. Repeat steps 11.2-11.4 for non-biotinylated NR. As the HRP enzyme may bind non-
specifically to the DNA origami, the non-biotinylated DNA origami, which is treated with HRP
enzymes and PEG purified (similar to Biotin-NR), will serve as the control in the assay.

11.6. Mix 6.5 uL of distilled-water with 6.5 pL of polycations of variant concentrations
corresponding to the defined N/P ratios of 1, 2, 4, 10 and 20. Theses samples serve as the blank
group.

11.7. Add the prepared solution in steps 11.4-11.6 (12.5 ulL) to a 96-well plate including 72.5

uL of HEPES buffer (25 mM HEPES, 20 mM KCI, 200 mM NacCl, 0.05% Triton X-100, 1% DMSO,
pH 7.4) and mix well.

11.8. Add 10 pL of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) (15 mM).

11.9. Add 5 pL of H20; (12 mM) and mix well by pipetting up and down. H,0; initiates the
reaction.

11.10. Measure the absorbance at 421 nm over 4 h with a multimode plate reader (Figure 4A).

12. Testing the Addressability of Hemin-binding Aptamers (HBA)-functionalized DNA
Origami upon Coating with Polycations

12.1. Purify the HBA functionalized-NR (HBA-NR) as described in Stepn 2. Resuspend the
precipitated HBA-NR in TB supplemented with 6 mM MgCl, (higher salt concentration leads to
the aggregation of HBA-NR).

12.2. Mix 10 uL of HBA-NR (40 nM) with 10 pL of polycations at varying concentration to
prepare polyplex of defined N/P ratios of 1, 2, 10 and 20.

12.3. Mix 10 plL of naked-NR (40 nM) or distilled-water with 10 pL of polycations at varying
concentrations corresponding to N/P ratios of 1, 2, 10 and 20.

12.4. Add the 20 pL prepared solution from steps 12.2 and 12.3 to the 96-well plate including
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60 L of HEPES buffer (25 mM HEPES, 20 mM KCl, 200 mM NaCl, 0.05% Triton X-100, 1% DMSO,
pH 7.4) and mix well. Include at least one blank sample replacing the 20 uL polyplex or
polycation solution (from steps 12.2 and 12.3) with water.

12.5. Add 5 pL of hemin (0.04 mM) followed by 10 pL of ATBS (15 mM). Place the plate on an
orbital shaker for 5 min.

12.6. Add 5 pL of H20; (12 mM) and mix well by pipetting up and down.

12.7. Measure the absorbance at 421 nmover 30 min with the multimode plate reader (Figure
4B).

REPRESENTATIVE RESULTS

Three DNA origami nanostructures of different configurations were designed, including a
nanorod (NR), a nanobottle (NB) and a wireframe nanostructure (WN) (the 3D models of the
nanostructures are illustrated in Figure 2). The NR and the NB were designed based on a square
and honeycomb lattice, respectively, using caDNAno!’ and the WN was created using the
Daedalus software!®. A comprehensive protocol for the design and self-assembly of DNA
nanostructures has been published already®®-22. The shape-specific staple strands were ordered,
self-assembled and further purified based on a protocol described by Stahl et al. 23 (step 2).

Polyplexes were characterized by the gel retardation assay and nsTEM imaging. Upon mixing
the DNA origami with the polycations, a shift in the naked nanostructure band towards the
cathode was observed (Figure 1A). This can be attributed to the counterbalancing of the
negative charge of phosphate groups upon binding to polycations and the overall size increase
of the complex. Adding an extra amount of polyanions such as dextran sulphate can reverse the
polyplex formation. In this regard, dextran sulphate of higher molecular weight (Mw ~ 40 kDa)
showed to be more efficient for the decomplexation compared to lower molecular weight
dextran sulphate (Mw ~ 4 kDa) (Figure 1B).

While imaging LPEI polyplexes by uranyl acetate negative stain TEM, it was difficult to image
any particles. It was hypothesized that LPElI might hinder uranyl acetate from binding to the
phosphate backbone due to tight shielding of DNA origami. Therefore, prior to nsTEM imaging,
an excess amount of dextran sulphate was added to LEPI polyplexes. The unraveled DNA
origami nanostructures showed no sign of defect nor decomposition. In contrary, chitosan
polyplexes were successfully imaged with no need for polyanion treatment (Figure 2).

All naked DNA nanostructures (irrespective of their different configurations) were denatured
completely after one day of incubation at 37 °C in Mg-zero buffer, as confirmed by nsTEM
imaging. In contrast, nanostructures coated with LPEIl or chitosan at N/P>1 remained intact.
Similarly, DNase | titration assays showed the susceptibility of unprotected nanostructures
towards enzymatic digestion. While naked nanostructures were completely digested in the
presence of 1 U/mL DNase | after 2 h, the LEPI or chitosan encapsulated DNA origami stayed
intact in Mg-zero buffer supplemented with 10 U/mL DNase | for a minimum of one day (Figure
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2). Higher stability towards nucleolytic digestion was achieved by increasing the N/P ratio of the
polyplexes. Additionally, LPEI protects the DNA nanostructures more efficiently compared to
chitosan (Figure 3A, Figure 3C), probably due to the higher charge density of LEPI, and thus,
higher binding affinity towards the DNA?*. No difference was observed while using LPEI of
different molecular weight (Figure 3B).

The addressability of functional groups in DNA nanostructures after encapsulation in a polymer
shell is an important feature. Furthermore, the compatibility of polycation coating with the
horseradish peroxidase enzyme (HRP) and hemin-binding aptamers (HBA) functionalized DNA
origami was examined. Three biotinylated staple strands were protruded from the surface of
the NR and then functionalized with HRP conjugated streptavidin (three enzymes per DNA
origami). The catalytically highly active (Ks: 439 nM) HBA aptamer PS2.M (5'-
GTGGGTAGGGCGGGTGG-3’) was chosen for these experiments?®. Up to 24 staple strands were
protruded from the NR surface with a 5-nm length linker (5’-AAAAGAAAAGAAAAA-3’) followed
by the PS2.M sequence (24 aptamers per DNA origami). No remarkable hindrance of enzymatic
or aptamer activity was observed upon coating HRP- or HBA-functionalized DNA origami with
LPEI and chitosan at variant N/P ratios (Figure 4A-B) ‘6. However, the kinetic of HRP enzyme has
been dramatically changed after binding to the DNA origami (Figure 4C).

FIGURE AND TABLE LEGENDS:

Figure 1: Representative AGE images of polyplex formation and decapsulation. (A) The
electrophoretic mobility shift assay for NB mixed with chitosan at N/P ratios of 0.01-8. Each
lane contains 1 nmol NB. The first lane is the reference NB. (B) Decapsulation of polyplexes by
polyanionic dextran sulphate (DS). This figure has been modified from a previously published
figure®,

Figure 2: Negative stain TEM micrographs of DNA origami and polyplexes. 3D model and
NSTEM micrographs of naked DNA origami nanostructures (columns 1 and 2). nsTEM
micrographs of LPEI polyplexes (after decapsulation) and chitosan polyplexes (columns 3 and 4).
nsTEM images of naked and protected DNA origami (polyplex) subjected to Mg depletion
(columns 5, 6 and 7), enzymatic degradation (columns 8 and 9), serum digestion (columns 10
and 11) for one day at 37 °C. LPEI-5 kDa was used in this assay. Naked DNA nanostructures were
degraded beyond detection on an AGE in the presence of 1 U/mL DNase | or in TB + 10% FBS
after 2 h of incubation at 37 °C. Scale bars: 100 nm. This figure has been modified from a
previously published figure'®.

Figure 3: Representative results of DNase | protection assays. (A) The DNase | protection assay
for polyplexes of WN with LPEI-5 kDa, LPEI-10 kDa and LPEI-25 kDa prepared at N/P ratio of 2,
4, 8 and 10. The samples were subjected to 10 U/mL DNase | for 24 h at 37 °C. The last lane is
the control WN. The polyplexes were decapsulated prior to loading into the gel. (B) The
normalized mean band intensity for polyplexes of DNA origamis with different LPEI extracted
from AGE image-A. Y axis represents normalized mean band intensity. (C) The DNase |
protection assay of chitosan-WN polyplexes prepared at N/P ratios of 1, 2, 4, 10 and 20. The
samples were subjected to 10 U/mL DNase | for 24 h at 37 °C. Lane 6 is the control polyplex
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(N/P 20). The last lane is the control WN. All chitosan polyplexes were decapsulated prior
loading into the gel. This figure has been modified from a previously published figure'®.

Figure 4: Representative results of colorimetric enzyme- and aptamer-functionalized DNA
origami assays. (A) The colorimetric assay of enzyme-functionalized nanostructures (HRP-NR)
coated with chitosan 3.7 h after the reaction start. (B) Colorimetric assay of aptamer-
functionalized nanostructures (HBA-NR) coated with chitosan, 6 min after the reaction
initiation. Y axis represents the normalized absorbance. (C) Monitoring the colorimetric assay of
HRP and HRP-NR over time. This figure has been modified from a previously published figure®®.

Table 1. Calculating the number of amine groups per polycation.
Table 2. Calculating the number of sulphate groups per polyanion.

DISCUSSION

In the self-assembly of DNA origami, the staple strands are typically added in 5-10 excess ratio
to the scaffold. These excess staple strands also bind to the polycation and form polyplexes in
the monometer range which are further difficult to be separated from DNA origami polyplexes.
Hence, a critical step in polyplex formation is to remove the excess staple strands and use well-
purified DNA origami nanostructures.

Other methods have been developed for stabilizing DNA nanostructures such as the cyclization
of DNA strands via a click reaction?®. As alkyne- and azide-modified staple strands are required
for the formation of interlocked single-stranded rings, this technique is limited for the
stabilization of small nanostructures such a DNA catenane, and it is not readily scalable for
larger DNA origami structure such as those used in this protocol. Recently, Gerling et al.?’
reported a method for creating covalent cyclobutene pyrimidine dimer (CPD) bonds between
neighboring thymidines within DNA nanostructures using ultraviolet irradiation. Although this
method is site-selective and scalable, its efficiency in protecting DNA origami is much lower
than polycation coating. For example, CPD-stabilized DNA origami objects endure only 0.4 U/mL
DNase | for 1 h, while polyplexes were stable in the presence of 10 U/mL DNase | for at least
one day.

In brief, gene-therapy inspired chitosan and LPEI coating is a low-cost, one-step and efficient
method to address the long-term stability of DNA origami nanostructures in Mg-depleted and
nuclease-rich media. The reversibility of the polyplex formation facilitates its application in
multi-step diagnostic tests where the protection of DNA origami against nucleolytic degradation
or salt-depletion is crucial in one step but may cause problems in other steps such as DNA
amplification. Additionally, polycation coating is a potential approach for enhancing the cellular
uptake of DNA origami nanostructures for drug-delivery applications?®.
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Cationic polymers Chitosan LPEI-5 kDa LPEI-10 kDa
Molecular weight of polymer (kDa) 5 5 10
Molecualr weight of monomer (g/mol) 161 43 43
Number of amine per monomer 1 1 1
Number of amine per polymer 28 116 232
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Molecular weight of dextran sulphate (kDa) 4 40
Molecular weight of monomer (g/mol) 366 366
Number of sulphate per monomer 2 2

Number of sulphate per polymer 22 220
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Name of Material/ Equipment

10x DNase | reaction buffer

ABTS (2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt)
Amicon ultracentrifugation columns

Chitosan oligosaccharide lactate (M,,~ 4000-6000, > 90% deacetylated, 60%. composition
oligosaccharide

Design-specific staple strands

Dextran sulfate sodium salt (Mr ~ 4 kDa)

Dextran sulfate sodium salt (Mr ~ 40 kDa)

DNA gel loading dye (6x)

DNase | (RNase free)

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA)
Ethylenediaminetetraacetic acid (EDTA) BioUltra, anhydrous, 299% (titration)
Freeze'N Squeeze DNA Gel Extraction Spin Columns

Hemin

HEPES

Hydrogen peroixde slution (32 wt%)

LPEI-25 kDa

NuPAGE Sample Reducing Agent (500 mM dithiothreitol (DTT))

Polyethylene glycol (PEG, M,, ~ 8000 Da)

Polyethylenimine, linear, average Mn 10,000, PDI <1.2

Polyethylenimine, linear, average Mn 5,000, PDI <1.3

Proteinase K solution (20 mg/ml)

Streptavidin-conjugated HRP

SYBER safe DNA gel stain



http://www.editorialmanager.com/jove/download.aspx?id=904719&guid=0b165394-2a6b-4e92-be29-4373ce3b7748&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=904719&guid=0b165394-2a6b-4e92-be29-4373ce3b7748&scheme=1

Company

Catalog Number

Comments/Description

New England Biolab (NEB)
Alfa Aesar
Merck Millipore

Sigma-Aldrich

Integrate DNA Technologies (IDT)
Sigma-Aldrich
Sigma-Aldrich
ThermoFischer sceintific
New England Biolab (NEB)
Sigma-Aldrich
Sigma-Aldrich

Biorad

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Polysciences, Inc
ThermoFischer sceintific
Carl Roth

Sigma-Aldrich
Sigma-Aldrich
ThermoFischer sceintific
ThermoFischer sceintific
ThermoFischer sceintific

B0O303
165535
UCF500308, UCF510024

523682

75027
42867
RO611
MO0303
E3889
EDS
7326165
H9039
H3375
216763
23966-1
NP0O00O4
0263.1
765090
764582
AM2548
N100
$33102
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1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JOVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JOVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JOVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known. or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JOVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JOVE website is
provided and notice of JOVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JOVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JOVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute.shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,

picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JOVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JOVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JOVE. JoOVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JOVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JOVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe document to +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Point-to-Point response

editor_revisionIB.docx

Dear editor and reviewers,

We want to thank the reviewers for their helpful comments. Based on their suggestions, we could
improve the manuscript substantially.

Point-by-point response
Editorial comments:
Changes to be made by the Author(s) regarding the written manuscript:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. done

2. Please revise lines 284-286, 289-291 to avoid previously published text. done

3. Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial
policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has
been modified from [citation].” Done; http://www.rsc.org/journals-books-databases/journal-
authors-reviewers/licences-copyright-permissions/

4. Please remove the embedded table(s) from the manuscript. All tables should be uploaded
separately to your Editorial Manager account in the form of an .xls or .xlsx file. Each table must be
accompanied by a title and a description after the Representative Results of the manuscript text.
done

5. Please add a Summary section before the Abstract to clearly describe the protocol and its
applications in complete sentences between 10-50 words: “Here, we present a protocol to ...” done

6. Please spell out each abbreviation the first time it is used. done
7. Please use Sl abbreviations for all units: L, mL, L, h, min, s, etc. done

8. Please include a space between all numbers and their corresponding units: 15 mL, 37 °C, 60 s; etc.
done

9. JoVE cannot publish manuscripts containing commercial language. This includes trademark
symbols (T™™), registered symbols (®), and company names before an instrument or reagent. Please
remove all commercial language from your manuscript and use generic terms instead. All commercial
products should be sufficiently referenced in the Table of Materials and Reagents. For example: Milli-
Q, Nanodrop, Amicon, etc. done

10. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For
example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using
bullets, dashes, or indentations. done

11. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our
etc.). done

12. Please revise the protocol to contain only action items that direct the reader to do something
(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in
complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and

Click here to access/download;Rebuttal Letter;letter to
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“would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be
added as a “Note.” Please include all safety procedures and use of hoods, etc. However, notes should
be used sparingly and actions should be described in the imperative tense wherever possible. done

13. Lines 55-67: The Protocol should contain only action items that direct the reader to do
something. Please move the discussion about the protocol to the Discussion. done

14. Please add more details 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. Please
ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add
references to published material specifying how to perform the protocol action. done

Lines 70, 176, etc.: What container is used? Please specify throughout. done
Line 76: Please specify the buffer used in this step. done

Line 112: Please specify how to measure concentration by Nanodrop. For instance, what wavelengths
are measured? done

Line 120: Please describe how AGE analysis or nsTEM imaging is performed. done

Line 147: Please specify the amount/volume/concentration of NaOH added in this step. done
Lines 186-187: Please describe how this is done. done

Line 222: Please describe how to perform PEG purification. done

Lines 250-251: Please describe how this is done. done

15. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should only be
used to provide extraneous details, optional steps, or recommendations that are not critical to a
step. Any text that provides details about how to perform a particular step should either be included
in the step itself or added as a sub-step. Please consider moving some of the notes about the
protocol to the discussion section. done

16. Lines 111-113, 115-117, 122-134: Please note that calculations are not appropriate for filming.
Please un-highlight the calculation steps. done

17. Please include single-line spaces between all paragraphs, headings, steps, etc. done

18. After you have made all the recommended changes to your protocol (listed above), please
highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most
cohesive story of the Protocol. done

19. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted
part of the step includes at least one action that is written in imperative tense. done

20. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted. done

21. As we are a methods journal, please add a Discussion section to explicitly cover the following in
detail in 3-6 paragraphs with citations:

a) Critical steps within the protocol



b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

all addressed in discussion

22. JoVE article does not have a Conclusion section. Please move information in the Conclusion
section to Results or Discussion section. done

23. References: Please do not abbreviate journal titles. done

24. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and
Materials. done

Reviewers' comments:
Reviewer #1:
Manuscript Summary:

In this method article, BariSi¢ and co-workers employed LPEI and chitosan coating to protect the DNA
origami in the Mg depleted and nuclease-rich media. The coated DNA origami still remained the
addressability. This protocol is well-written and detailed procedures have been provided. | would like
to recommend it for publication in JoVE after minor revisions.

Minor Concerns:

1. In the step of PEG purification of DNA origami, the excess PEG has been fully removed or not. The
PEG residual will whether affect the following coating process.... Based on the original paper (cited
in the manuscript), residual amount of PEG will be left. However, this residual PEG doesn’t interfere
with polyplex formation nor with DNA hybridization and super-assembly of DNA origami.

2. Other DNA origamis such as triangle and square have been widely used in the drug delivery
system. protection of triangle and square origami should be also discussed ...In our work, we used 3
different types of DNA nanostructures for the polyplex formation; square-lattice, honeycomb lattice
and wireframe DNA origami. Other structures such as triangular and square DNA origamis could have
been also used to demonstrate the stabilisation concept. We added additional studies that discuss
the stabilisation of DNA origamis.

Reviewer #2:
Manuscript Summary:

In their manuscript 'Gene-therapy inspired polycation coating for protection of DNA origami
nanostructures', Barisic and Ahmadi describe a protocol for encapsulating DNA nanostructures with
polymers and thereby protecting them from nuclease degradation.

Major Concerns:

The introduction omits the three papers closest to the work presented herein:



1) Kiviaho, Nanoscale 2016, DOI: 10.1039/C5NR08355A
2) Agarwal, Angewandte Chemie 2017, DOI: 10.1002/anie.201608873 and
3) Ponnuswamy, Nature Communications 2017, DOI: 10.1038/ncomms15654.

All suggested references were added.

Reviewer #3:

The authors have introduced a method for the protection of DNA origami nanostructures through
coating them with natural cationic polysaccharide chitosan and the synthetic linear
polyethyleneimine (LPEI). This is informative protocol for users who are looking for further
application of the DNA origami with higher stability. The protocol is well-written and should be
followed by others with relative ease.

| have the following minor comments:

1. Previously, protocol papers describing DNA origami (or nanostructure) synthesis, and
characterization were published through the JOVE.

Ben-Ishay, E., Abu-Horowitz, A., Bachelet, I. Designing a Bio-responsive Robot from DNA Origami. /J.
Vis. Exp./ (77), 50268, d0i:10.3791/50268 (2013).

Amir, Y., Abu-Horowitz, A., Bachelet, |. Folding and Characterization of a Bio-responsive Robot from
DNA Origami. /Journal of Visualized Experiments/. (106), e51272, doi: 10.3791/51272 (2015).

Wei, B., Vhudzijena, M.K., Robaszewski, J., Yin, P. Self-assembly of Complex Two-dimensional Shapes
from Single-stranded DNA Tiles. /Journal of Visualized Experiments/. (99), 52486, doi:
10.3791/52486 (2015).

Since the protocol shows detailed protocol with the step by step movie, this will help the reader's
understand if the authors add the reference on the manuscript.

2. From line 29 to 31 of page 1, the authors described current development of DNA origami field,
including functionalization and conformational changes. We recommend the authors to add more
reference on the part, to help readers understand of the field, such as;

for functionalization :

Kuzyk, A., Schreiber, R., Zhang, H., Govorov, A.O., Liedl, T., Liu, N. Reconfigurable 3D plasmonic
metamolecules. /Nature Materials/. *13* (9), 862-866, doi: 10.1038/nmat4031 (2014).

for conformational change :

Choi, Y., Choi, H., Lee, A.C., Lee, H., Kwon, S. A Reconfigurable DNA Accordion Rack. /Angewandte
Chemie International Edition/. ¥57* (11), 2811-2815, doi: 10.1002/anie.201709362 (2018).

All references were added.

3. In the materials part, author described the gel staining dye as "SYBER safe DNA gel stain".
However, from our knowledge, the proper term for the dye is "SYBR safe". Also, the proper name for
"Freeze squeeze gel extraction" is *Freeze 'N Squeeze™ DNA Gel Extraction Spin Columns*. To help
the reader's understanding and direct use of the protocol, please double check the name of the
materials.



The "SYBER safe DNA gel stain" is the actual name used by the supplier company. "Freeze squeeze gel
extraction" was corrected to *Freeze 'N Squeeze DNA Gel Extraction Spin Columns*.

Reviewer #4:
Manuscript Summary:

This manuscript describes a protocol to stabilize DNA nanostructures with cationic polymers. As DNA
origami structures are destabilized in low Mg++ concentrations and are susceptible to nuclease
degradation, techniques which can stabilize and protect nanostructures will be useful for future
applications involving DNA nanotechnology.

Major Concerns:
The only major concerns were the lack of some relevant citations:

The instability of DNA origami in low Mg++ conditions has been documented before. The first major
description was described in "Addressing the Instability of DNA Nanostructures in Tissue Culture"
DOI: 10.1021/nn503513p and more recently in "On the Stability of DNA Origami Nanostructures in
Low-Magnesium Buffers" https://doi.org/10.1002/anie.201802890.

Also work has been done on stabilizing nanostructure. Two notable efforts are "Virus-Inspired
Membrane Encapsulation of DNA Nanostructures To Achieve In Vivo Stability" DOI:
10.1021/nn5011914 and "Oligolysine-based coating protects DNA nanostructures from low-salt
denaturation and nuclease degradation" https://doi-org.ezp-
prodil.hul.harvard.edu/10.1038/ncomms15654

These articles should be cited

All references were added.

Minor Concerns:
There are several minor concerns.
-Section 1 Note 4

The protocol states to resuspend the pellet in a desired buffer; it should be specified that the desired
buffer must be stabilizing towards the structure. Added

-Section 1 Note 5

The protocol states to "Incubate the sample for one day at r.t. at 650 rpm" but it is unclear what that
refers to. Does this mean to vortex? Incubation in a thermomixer was meant, which was corrected in
the manuscript.

-Section 8 Note 1
please state centrifugation conditions added
-Section 12

Is it not possible to visualize nanostructure-protein complexes via TEM?



Many publications have been able to capture this. For example, see "Light-Triggered Release of
Bioactive Molecules from DNA Nanostructures" DOI: 10.1021/acs.nanolett.6b00530

Yes, it is possible to image nanostructure-protein by TEM. The purpose of the step described in
section 12 was to evaluate if the functionality remains intact upon the polycation coating.

-Fig 3¢ caption

reiterate that decomplexation of chitosan polyplexes was performed prior to AGE
done

-Figure 4a,b

What is the chitosan control for these graphs? Should it be LPEI for 4a?

As chitosan has also a slight oxidative effect, it was used as the control itself. All the samples
including chitosan were blanked (water was used instead of polyplex or polycation solution).

We hope that we could successfully clarify all raised points.

Kind regards,

Ivan Barisic
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Dear editor,

We want to thank you for your helpful comments.

Point-by-point response

Editorial comments:

Changes to be made by the Author(s) regarding the written manuscript:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. done

2. For in-text referencing, please put the references number before a period or comma. done
3. Step 3.1: Please specify the composition of TAE buffer. done
4. 3.4: Please specify the composition of loading buffer. done

5. 5.1: Please be aware that calculation steps cannot be filmed unless there is graphical user interface
involved.

6. 8.1: Please specify the composition of DNase buffer. done

7. 11.5: If you want to fil step 11.5, steps 11.2-11.4 have to be highlighted for filming since they are
referenced. Step 11.5 is eliminated

8. 11.7: Please revise the text in Protocol to avoid the use of any personal pronouns (e.g., "we",

you", "our" etc.). done

9. Figure 2: Please use mL instead of ml. done

We hope that we could successfully clarify all raised points.

Kind regards,

Ivan Barisic
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