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Abstract 25 

Wireframe DNA origami can be used to fabricate virus-like particles for a range of biomedical 26 

applications, including the delivery of nucleic acid therapeutics. However, the acute toxicity and 27 

biodistribution of these wireframe nucleic acid nanoparticles (NANPs) have not previously been 28 

characterized in animal models. In the present study, we observed no indications of toxicity in 29 

BALB/c mice following therapeutically relevant dosage of unmodified DNA-based NANPs via 30 

intravenous administration, based on liver and kidney histology, liver biochemistry, and body 31 

weight. Further, the immunotoxicity of these NANPs was minimal, as indicated by blood cell 32 

counts and type-I interferon and pro-inflammatory cytokines. In an SJL/J model of autoimmunity, 33 

we observed no indications of NANP-mediated DNA-specific antibody response or immune-34 

mediated kidney pathology following the intraperitoneal administration of NANPs. Finally, 35 

biodistribution studies revealed that these NANPs accumulate in the liver within one hour, 36 

concomitant with substantial renal clearance. Our observations support the continued 37 

development of wireframe DNA-based NANPs as next-generation nucleic acid therapeutic 38 

delivery platforms.  39 

Introduction 40 

DNA nanostructures have been extensively explored in biomedical applications1-3, and have 41 

emerged as a promising delivery platform for vaccines4-6, nucleic acid therapeutics7-10, and small 42 

molecule drugs11-13. The DNA origami method can produce monodisperse DNA-based nucleic 43 

acid nanoparticles (NANPs) on the 10-100 nm length scale with near-quantitative yields14. 44 

Compared with other nanoparticle (NP) delivery platforms, NANPs have several unique 45 

advantages3, 15. Independent control over the size and geometry of NANPs with site-specific 46 

functionalization may improve tissue- and cell-specific targeting16, and their sequence-based 47 

programmability can be leveraged for logic-gated, controlled cargo release17, 18. NANPs have 48 

tunable biodegradation profiles19, and can be modified chemically and structurally to control 49 

immunostimulation4, 20, 21. Additionally, NANPs can simply incorporate combinatorial ratios of 50 

nucleic acid therapeutics including siRNAs and CRISPR-RNPs through nucleic acid 51 

hybridization15.  52 

Two major classes of DNA origami have been developed to date: dense brick-like22-24 and 53 

porous wireframe25-27 architectures. Comparatively, wireframe NANPs require less nucleic acid 54 

for fabrication of similar size objects, which might lead to less immunostimulation, and additionally 55 

are stable in physiological buffers19, 28.  Employing top-down design algorithms, wireframe NANPs 56 
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can be rapidly prototyped in both two29-33 and three dimensions28, 32-35. Fully scalable production 57 

methods of single-stranded DNA 8scaffolds9 with programmable sequence and length now enable 58 

preclinical and clinical biomedical applications for both classes of DNA origami36-40.  59 

DNA-based NANPs are biodegradable via endogenous nucleases, most notably DNase I 60 

extracellularly19, 41. This limits their potential cardio and pulmonary toxicity, which is associated 61 

with other nanoparticles42, although this characteristic can also limit in vivo circulation times19, 41, 62 

43. Two of the three major toxicity mechanisms of NPs, namely reactive oxygen species generation 63 

and release of metal ions, are not relevant for NANPs. Immunotoxicity has emerged as the third 64 

major toxicity type. Notably, both single- and double-stranded DNA (ssDNA and dsDNA) are 65 

recognized by the immune system through pattern recognition receptors. ssDNA containing 66 

unmethylated cytosine-guanine dinucleotide (CpG) sequence motifs activates endosomal toll-like 67 

receptor 9 (TLR9) signaling, and dsDNA activates the cytosolic cyclic GMP-AMP synthase 68 

(cGAS)-stimulator of interferon genes (STING) pathway44, 45. Additionally, NLRP3, AIM2, and 69 

IFI16 are components of the inflammasome capable of recognizing ss- and dsDNA45. The 70 

induction of proinflammatory cytokines via these signaling pathways can potentially result in 71 

hypersensitivity reactions like cytokine storm and anaphylaxis46, 47. Furthermore, antibody 72 

responses against nuclear DNA and chromatin have been implicated in driving autoimmunity and 73 

the pathogenesis of systemic lupus erythematosus (SLE)48. Thus, the potential for 74 

immunostimulation and immunotoxicity is a major safety consideration for DNA origami in 75 

biomedical applications. 76 

Yet, the immunotoxicity of DNA-based NANPs remains underexplored, particularly in 77 

animal models and for wireframe NANPs. Initial in vitro cell-based studies revealed context-78 

dependent immunostimulation with examples of rod-like DNA origami being immunologically 79 

inert49, contrasted by modest immune cell activation by rod-like20 and wireframe DNA origami21, 80 

50. Both TLR9 and the cGAS-STING pathways contributed to immune recognition20, 21. 81 

Additionally, immunostimulation can intentionally be enhanced by the multivalent display of 82 

specific immunostimulatory nucleic acids, both in vitro21, 49 and in vivo4. To date, however, no 83 

indications of immunotoxicity have been observed in animal models, with studies exploring 84 

different NANP geometries and administration routes, namely intravenous (i.v.)12, 18, 51, 52 and 85 

intraperitoneal (i.p.)52. NANPs dosed below 1 mg/kg were reported to be immunologically inert12, 86 

18, 51 while more therapeutically relevant doses induced modest immunostimulation52, 53 (for 87 

reference, therapeutic nucleic acids are typically dosed at 1-10 mg/kg clinically54). Several studies 88 

additionally evaluated the NANP-mediated induction of total and DNA-specific antibody 89 

responses6, 52, 55 (i.e., immunogenicity). While total IgM levels transiently increased, no indications 90 
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of DNA-specific immunological memory or autoimmunity were observed. In contrast to brick-like 91 

NANPs, the immunotoxicity and immunogenicity of wireframe NANPs have not been 92 

characterized at therapeutically relevant doses in animal models.  93 

In addition to preclinical safety profiles, characterizing the biodistribution is essential for 94 

biomedical applications. Several brick-like DNA origami biodistribution studies have been 95 

conducted10, 12, 18, 50-52, exploring various shapes, routes of administration, and both healthy as 96 

well as tumor-bearing mouse models. Again, the biodistribution of wireframe DNA origami 97 

remains underexplored. One study investigated the biodistribution of a wireframe NANP with six 98 

helices per edge after i.v. administration in C57 nude mice, and observed rapid bladder 99 

accumulation and an elimination half-life under one hour50.  100 

Here, we characterize the acute toxicity and biodistribution of wireframe DNA-based 101 

NANPs following i.v. and i.p. administration. In BALB/c mice at 4 mg/kg doses, we found no 102 

phenotype across animal body weight, liver and kidney histology, and liver biochemistry. 103 

Additionally, we observed no phenotype in immune blood cell counts, and minimal cytokine 104 

induction. In SJL/J mice, commonly used as a model of autoimmunity, i.p. administration of 105 

NANPs did not induce DNA-specific IgM or IgG antibody production; consequently, immune 106 

complex-mediated kidney damage was also not observed. Finally, upon i.v. administration of 107 

these NANPs, we observed accumulation in the liver within one hour, accompanied by rapid renal 108 

clearance, as anticipated for biodegradable nanomaterials56, 57. Taken together, our study 109 

suggests that wireframe DNA origami have limited immunotoxicity and accumulate in the liver, 110 

supporting their continued development for biomedical applications including both liver-targeting 111 

of nucleic acid therapeutics and also addressing the grand challenge of engineering these 112 

materials for extrahepatic delivery.  113 

Results 114 

We designed and conducted a set of animal model experiments to investigate the biodistribution, 115 

acute toxicity, and, specifically, immunotoxicity of wireframe NANPs (Figure 1.A). We 116 

administered 4 mg/kg NANP i.v. into BALB/c mice and investigated toxicity readouts including 117 

body weights, liver and kidney histology, liver and kidney biochemistry, blood cell counts, and 118 

cytokine induction. Additionally, we administered 0.4 mg/kg NANP into SJL/J female mice i.p. to 119 

understand the potential for wireframe NANPs to break immunological tolerance to self-DNA and 120 

induce an autoimmune response. Finally, we administered 2 mg/kg of fluorophore-labeled NANP 121 

into BALB/c mice i.v. to characterize their biodistribution. Taken together, these experiments 122 
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provided a baseline characterization of wireframe NANP toxicity and biodistribution at 123 

therapeutically relevant doses.  124 

We designed and fabricated a pentagonal bipyramid with 84 base pairs and two DNA 125 

duplexes per edge (PB84) to serve as a model to assess the immunotoxicity and biodistribution 126 

of wireframe NANPs (Figure 1.B and S1). Characterizing PB84 by agarose gel electrophoresis, 127 

dynamic light scattering, and atomic force microscopy, we observed monodisperse 128 

nanostructures with an approximate diameter of 40 nm, which we were able to prepare in 129 

milligram quantities for subsequent in vivo experiments.  130 

 131 
Figure 1. Characterizing the acute toxicity and biodistribution of wireframe DNA origami 132 

(A) The experimental design for this study investigated the acute toxicity, immunotoxicity and biodistribution of 133 
wireframe NANPs across two different animal models via two different administration routes. (B) The model NANP, a 134 
pentagonal bipyramid with two duplexes and 84 base pairs per edge (PB84), used in this study. PB84 structural integrity 135 
was validated by agarose gel electrophoresis (AGE), dynamic light scattering (DLS), and atomic force microscopy 136 
(AFM).  137 
 138 
We first administered 4 mg/kg of PB84 i.v. in at least four female BALB/c mice for each monitored 139 

toxicity readout. Monitoring animal body weights over seven days after administration, no weight 140 

loss was observed, comparable to PBS and unstructured ssDNA controls (Figure 2.A). Next, we 141 

examined liver and kidney histology, noting that these two organs were the major sites of 142 

accumulation observed in previous DNA origami studies12, 18, 50-52. We observed no indications of 143 

pathology in the liver and kidney (Figure 2.B). We assayed liver and kidney biochemistry after 144 

administration of PB84 and observed no phenotype for the following biomarkers for toxicity: 145 

alkaline phosphatase, aspartate aminotransferase, alanine aminotransferase, blood urea 146 

nitrogen, creatinine, total serum protein, albumin, globulin, glucose, and bilirubin (Figure 2.C). 147 

Next, we investigated whether NANP administration resulted in the proliferation of blood 148 

cell types. No phenotype for abnormal cell counts was observed for total white blood cells, as well 149 

as for lymphocytes and monocytes individually (Figure 3 and S2). In addition to blood cell counts, 150 

we investigated whether cytokines were produced following PB84 administration, as they have 151 

been implicated in NP and nucleic acid immunotoxicity42, 47. We conducted an enzyme-linked 152 

immunoassay (ELISA) with serum from blood drawn at 3 and 24 hours after administration, 153 
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reflecting differential kinetics of cytokine induction (Table 1). We observed IL-6 and CXCL2 154 

induction at 3 hours, and IL-12 and TNF induction at 24 hours, although these cytokine levels 155 

were not significantly increased compared to the PBS control.  156 

 157 
Figure 2. Effect of wireframe DNA origami on body weight as well as liver and kidney 158 

histology and function in BALB/c mice.  159 

Intravenous administration of PB84 (4mg/kg), PBS control and an unstructured DNA control (4mg/kg).  (A) Body 160 
weights were monitored before and seven days after administration. Body weight change was consistent across all 161 
groups. (B) Histological sections of kidney and liver were visualized by hematoxylin and eosin (H&E) staining and 162 
observed under a light microscope at 40× magnification. (C) A panel of 10 biomarkers for liver and kidney function 163 
shows no phenotype when NANPs were administered, consistent with a PBS control. General toxicity was assessed 164 
from n g 4 biological replicates per group. Representative histology images are shown. Student9s t-test was performed 165 
for the body weights. One-way ANOVA was performed for the liver and kidney biochemistry panel followed by Tukey9s 166 
multiple comparison test. Significant differences are denoted as * - p < 0.050, ** - p < 0.010, and *** - p < 0.001. 167 
 168 

 169 
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Figure 3. Characterizing blood cell counts in BALB/c mice after i.v. administration 170 

BALB/c mice were intravenously administrated through tail-vein injection with 4 mg/kg of PB84 per animal. Total white 171 
blood cell, lymphocyte, and monocyte cell counts were not elevated when NANPs were administered, consistent with 172 
a PBS control and an unstructured ssDNA control. Blood cell counts were assessed from n g 5 biological replicates per 173 
group. One-way ANOVA was performed for the blood cell counts followed by Tukey9s multiple comparison test. 174 
Significant differences are denoted as * - p < 0.050, ** - p < 0.010, and *** - p < 0.001. 175 
 176 

Table 1. Cytokine levels in BALB/c mice after i.v. administration 177 

A cytokine array panel was conducted at 3 and 24 hours after administration. PBS, PB84, and lipopolysaccharide (LPS) 178 
were administrated i.v., and serum was collected at corresponding time points. Cytokine induction was assessed from 179 
n = 3 biological replicates per group. Cytokine induction compared to PBS is shown. One-way ANOVA was performed 180 
for the 3 h and 24 h time point followed by Tukey9s multiple comparison test. Significant differences compared to PBS 181 
are denoted as * - p < 0.050, ** - p < 0.010, and *** - p < 0.001. 182 

 183 
 184 
Next, to evaluate the potential of NANPs to break immunological tolerance to self-antigens and 185 

induce an autoimmune response, we investigated their safety profiles in the SJL/J mouse model. 186 

This mouse model is genetically predisposed to develop autoimmunity and is commonly used to 187 

study chemically induced autoimmunity58. Female SJL/J mice have greater mortality and show 188 

greater blood levels of DNA-specific antibodies and, subsequently, immune complex-mediated 189 

kidney damage than male mice. This phenomenon is similar to SLE in humans, in which the male-190 

to-female disease incidence ratio is 1-to-9, and the disease is more severe in females. Therefore, 191 

female mice were used in our study. We injected 0.4 mg/kg of PB84 i.p. and observed no 192 

significant phenotype when assessing kidney histology via a kidney score when compared with a 193 

PBS control (Figure 4.A and S3). In contrast, all animals treated with pristane, used as a positive 194 

control, showed histological changes characteristic of immune complex-mediated kidney 195 

damage. We additionally monitored the production of DNA-specific IgM and IgG antibodies over 196 

20 weeks (Figure 4.B). Unlike pristane, PB84 did not induce DNA-specific IgM and IgG 197 

production. 198 
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 199 
Figure 4. Characterizing autoimmunity induction in SJL/J mice after i.p. administration 200 

SJL/J mice were intraperitoneally administered with 0.4 mg/kg of PB84 per animal. (A) Kidney scores were assessed 201 
at 20 weeks post treatment and (B) DNA-specific IgM and IgG antibody titers were assessed before treatment (time 0 202 
or baseline) and after 16- and 20-weeks post treatment from ten animals (n = 10) per group. One-way ANOVA was 203 
performed followed by Tukey9s multiple comparison test. Significant differences are denoted as * - p < 0.050, ** - p < 204 
0.010, and *** - p < 0.001. 205 
 206 

Given that PB84 was generally safe in different animal models and via different modes of 207 

administration, we sought to further understand this nanomaterial9s potential as a delivery vehicle. 208 

Towards this end, we conducted a baseline biodistribution study of PB84. To facilitate in vivo and 209 

ex vivo characterization of PB849s biodistribution, we installed 5 Alexa Fluor 750 fluorophores via 210 

pre-assembly functionalization to yield PB84-5xAF750. Following i.v. administration at 2 mg/kg, 211 

PB84-5xAF7509s biodistribution was monitored for several hours (Figure 5.A and S4) by in vivo 212 

imaging and organ accumulation was characterized ex vivo after 60 minutes (Figure 5.B and S5). 213 

Within 15 minutes, PB84-5xAF750 was rapidly cleared from circulation as measured by blood 214 

draws (Figure 5.C), where it mainly accumulated in the liver (Figure 5.A and S4.B) and remained 215 

for at least two hours as renal clearance initiated. Importantly, this biodistribution profile was 216 

different than a fluorophore-labelled, control oligonucleotide, which was renally cleared within 15 217 

minutes, with substantially less accumulation in the liver. Ex vivo imaging of harvested organs 218 

confirmed that PB84-5xAF750 mainly accumulates in the liver after 60 minutes, with minor 219 

accumulation in the spleen, kidney, and lung (Figure 5.B and S5).  220 
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 221 
Figure 5. Biodistribution in BALB/c mice after i.v. administration 222 

In vivo optical imaging for analysis of pharmacokinetics and biodistribution. BALB/c mice were injected with PBS, 223 
AlexaFluor750-labeled oligonucleotide, or a DNA origami PB84-5xAF750 and imaged at multiple timepoints post-224 
injection. (A) Representative fluorescence images at 15- and 60-minutes post-injection (n=3 per group). (B) 225 
Representative fluorescence images of ex vivo organs harvested 60 minutes post-injection of PB84-5xAF750.  PB84-226 
5xAF750 was mostly accumulated in the liver, with minor accumulation in the kidney, spleen, and lung after 60 minutes. 227 
(C) Fluorescence intensity measurements of drawn blood for up to 60-minutes post-injection. One-way ANOVA was 228 
performed for blood kinetics measurements followed by Tukey9s multiple comparison test. Significant differences are 229 
denoted as * - p < 0.050, ** - p < 0.010, and *** - p < 0.001. 230 

Discussion 231 

Overall, these data indicate that unmodified wireframe DNA-based NANPs are not acutely toxic 232 

after a single i.v. administration of therapeutically relevant doses, and NANPs accumulate in the 233 

liver prior to biodegradation and renal clearance. Unlike earlier studies with antisense DNA 234 

oligonucleotides which reported mononuclear cell infiltration in the liver and kidney59, our general 235 

toxicity study did not reveal any kidney or liver damage as indicated by histology. We did not 236 

observe any phenotypes when assessing liver and kidney biochemistry, suggesting that NANPs 237 

do not alter the healthy functioning of the liver, even though this is their primary site of 238 

accumulation. We observed no change in the absolute globulin levels and albumin-globulin ratios. 239 

This indicates there was no onset of hypergammaglobulinemia, a pathology characterized by the 240 

over-production of globulin proteins by B cells, which is a characteristic response to antisense 241 

DNA oligonucleotides59. Monocytosis, another phenotype linked with antisense DNA 242 

oligonucleotides59, was not observed either. This is in contrast to a previous study52 in which 243 

transient monocytosis was observed for brick-like NANPs (12 mg/kg, i.p. administration, five 244 

repeat doses), which might be due to differential cell-specific uptake by these dense objects 245 

compared with the porous wireframe architecture explored here60. 246 
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Importantly, mouse models generally serve as conservative estimates for immune cell 247 

proliferation, such as monocytosis and splenomegaly, in response to nucleic acid therapeutics. 248 

Only when tested in animals genetically predisposed to autoimmunity (SJL/J females), NANPs 249 

resulted in grade 3 spleen plasmacytosis in one of ten animals (data not shown); since one animal 250 

with grade 2 plasmacytosis was also detected in the PBS negative control group (data not shown), 251 

this observation suggests that the risk of increase in the number of immune cells in response to 252 

NANPs is low.  253 

Since cytokine induction has been implicated in nanomaterial toxicity42, 47, this innate 254 

immune response was important to characterize. Three hours after administration, we observed 255 

IL-6 and CXCL2 induction, and at 24 hours, we observed IL-12 and TNF induction; this induction 256 

was not significantly higher than in the PBS control. Similar mild immunostimulation has been 257 

observed in other DNA origami studies52, 53. DNA-induced TLR-9 signaling can lead to the 258 

production of IL-6, IL-12, and TNF45. However, while TLRs have often been implicated in nucleic 259 

acid therapeutic immunostimulation, they are often not the only source59. Further studies are 260 

required to mechanistically determine the origins of the observed cytokine production. We note 261 

that for some applications, such as cancer immunotherapy, the ability to stimulate 262 

proinflammatory cytokine production might be a preferable characteristic of a delivery vehicle. 263 

Researchers have demonstrated proof-of-concepts that immune system stimulation can be 264 

programmed with NANPs4, 20, 21, 49. We anticipate this capability will be important in future 265 

biomedical applications.  266 

One potential safety concern relevant to the in vivo use of DNA-based NANPs is breaking 267 

the immunological tolerance to DNA and inducing autoimmune responses via the generation of 268 

DNA-specific antibodies. While no ideal preclinical model for autoimmunity studies is currently 269 

available, SJL/J mice are commonly used to model the development of chemically-induced SLE, 270 

an autoimmune condition characterized by broad self-reactive antibody responses and 271 

glomerulonephritis58. We found that, unlike pristane, used as a positive control, NANPs do not 272 

induce SLE phenotype in the SJL/J model, as assessed by kidney histology and DNA-specific 273 

IgM and IgG serum levels. These data corroborate additional findings that DNA origami generally 274 

does not elicit DNA-specific immunological memory6, 52, 55. We note that further understanding the 275 

adaptive immune response against NANPs at different doses, dosing regimens, and routes of 276 

administration will be important to further validate these findings. NANPs co-formulated with 277 

peptides and proteins may also alter these adaptive immune responses.  278 

A preliminary biodistribution study revealed that these wireframe NANPs rapidly exit the 279 

bloodstream on the order of minutes, mainly accumulating in the liver at 60 minutes post-280 
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administration. At 4 hours (Figure S4.B), the NANPs were cleared from the liver, suggesting that 281 

the NANPs are biodegrading in the liver or bloodstream into fragmented NPs or oligonucleotides 282 

that can then be processed by the renal system. This biodistribution is consistent with previous 283 

studies on brick-like NANPs that found the liver as a major site of accumulation for NANPs12, 18, 284 

50, 52, as well as numerous studies of different classes of NPs due to the drastic reduction in hepatic 285 

blood flow velocity and fenestrated cellular environment56. In a notable exception, researchers 286 

observed that the kidney was the main organ of accumulation for larger (~100 nm characteristic 287 

length scale) NANPs51. Additionally, the biodistribution of DNA origami can be altered when 288 

NANPs are functionalized with biomacromolecules43, 50. Taken together, these data suggest that 289 

the biodistribution of wireframe DNA-based NANPs may also be programmed by modulating the 290 

size and shape of the NP, as well as the chemical composition and surface display of molecules. 291 

Overall, these data support the continued development of wireframe DNA origami for 292 

biomedical applications. Future investigations could explore various additional directions. 293 

Following up on this acute toxicity study, evaluating safety profiles when NANPs are administered 294 

across multiple administration routes at increased (and repeated) doses will lead to a deeper 295 

understanding of the potential therapeutic window of these nanomaterials. For example, 296 

understanding the doses at which safety issues emerge between intravenous and subcutaneous 297 

administration will help prioritize further development efforts. We found that upon intravenous 298 

administration, NANPs accumulate in the liver. Modulating the size, shape, and surface display 299 

of molecules on NANPs may lead to accumulation in extra-hepatic tissues, which is of high priority 300 

in the biomedical delivery field. Finally, metabolic studies understanding the rate of biodegradation 301 

and the fate of the degradation products are required for better understanding the safety profiles 302 

of these NANPs, with and without stabilizing modifications that alter their nuclease-driven 303 

biodegradation and may also alter cellular uptake and tissue-targeting properties.  304 

 305 
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 324 

Methods 325 

Materials and Equipment 326 

All materials were purchased from Millipore Sigma, unless otherwise stated. Alexa Fluor 750-NHS 327 

was purchased from ThermoFisher Scientific. Nuclease-free water and oligonucleotide staples 328 

were purchased from IDT.  Agarose was purchased from IBI Scientific. Black 96-well plates were 329 

purchased from Nunc. Tris-EDTA (TE), tris-acetate-EDTA (TAE) and phosphate-buffer saline 330 

(PBS) were purchased from Corning. The DNA ladder (Quick-Load Purple 2-log DNA ladder 0.1-331 

10 kb) was purchased from New England Biolabs. ToxinSensor Gel Clot Endotoxin Assay Kits 332 

were purchased from GenScript. VacciGrade LPS was purchased from InvivoGen. 333 

BioRad T100 Thermal Cyclers were used for DNA nanoparticle assembly. Agarose gels 334 

were imaged on a Typhoon FLA 7000. Agarose gel images were processed using ImageJ. DNA 335 

concentration measurements were made using a NanoDrop 2000 by ThermoFisher Scientific. 336 

Atomic force microscopy (AFM) was conducted using a Veeco Multimode 8 with ScanAsyst-Fluid+ 337 

tips. AFM images were processed using ImageJ. Dynamic light scattering (DLS) was performed 338 

using a Zetasizer Nano ZSP by Malvern Analytical. Purified oligonucleotides were dried in vacuo 339 

using a SpeedVac SPD300-DDA by ThermoFisher Scientific. Reversed-phase high-performance 340 

liquid chromatography (RP-HPLC) was conducted using a BEH C18 column by Waters. Alfalfa-341 

free mouse diet was purchased from LabDiet. Imaging of live mice and harvested organs was 342 

performed using a Caliper Spectrum IVIS and images were process using Living Image Software 343 

by PerkinElmer. 344 

  345 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 1, 2023. ; https://doi.org/10.1101/2023.02.25.530026doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.25.530026
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

Scaffold and oligonucleotide staple synthesis 346 

The custom-length DNA scaffold (phPB84, 2520 nt) for PB84 was prepared as previously 347 

described36. Triton X-144 was used to remove residual endotoxins43. Endotoxin levels were 348 

measured using ToxinSensor Gel Clot Endotoxin Assay Kits. 349 

To install dyes onto oligonucleotide staples for our biodistribution studies, 50 ¿M staples 350 

containing a 59 amino groups (IDT9s C6 amino modifier) in PBS at pH 7.4 were reacted with 10x 351 

excess of Alexa Fluor 750-NHS dissolved in DMSO overnight at room temperature. Subsequently, 352 

excess dye was removed using NAP-10 columns and Alexa Fluor 750-modified staples were 353 

purified via RP-HPLC (gradient: 90% 0.1% TEAA and 10% acetonitrile to 10% TEAA and 90% 354 

acetonitrile over 30 min). Solvents were removed under vacuum and Alexa Fluor 750-modified 355 

staples were dissolved in TE for further use. 356 

 357 

DNA nanoparticle design and assembly 358 

PB84 and PB84-5xAF750 were designed using DAEDALUS with the five dyes pointing into the 359 

interior of the NANP from the base edges (Tables S1-S3)28. PB84 and PB84-5xAF750 were 360 

assembled as previously described28. Briefly, a folding reaction containing 30 nM scaffold, 225 361 

nM oligonucleotide staples, 1x TAE, 12 mM MgCl2 was prepared in nuclease-free water. The 362 

reaction mixture was dispensed into 50 ¿l aliquots and then subjected to the following thermal 363 

annealing treatment: 95 °C for 5 min, 80-75 °C at 1 °C per 5 min, 75-30 °C at 1 °C per 15 min, 364 

and 30-25 °C at 1 °C per 10 min. The reaction mixture was then purified into PBS using Amicon 365 

Ultra centrifugal filters (100 kDa, 2000 G, 3x, 20 minutes) and stored at 4 °C. Purity and dispersity 366 

of resulting NANPs were characterized by agarose gel electrophoresis (1.6 wt% agarose, TAE 12 367 

mM MgCl2 buffer, EtBr stain, 65V for 150 minutes at 4 °C) as well as dynamic light scattering. 368 

Endotoxin levels were measured using ToxinSensor Gel Clot Endotoxin Assay Kits to ensure 369 

administration of less than 5 EU/kg. 370 

  371 

Atomic force microscopy 372 

AFM imaging was performed in TAE with 12 mM MgCl2 at pH 8.3 using ScanAsyst mode and 373 

ScanAsyst-Fluid tips. Following the deposition of 5 ¿l PB84-5xAF750 at 5 nM in PBS at pH 7.4 374 

onto freshly cleaved mica, 2 ¿l NiCl2 at 100 mM were added and incubated for 30 s. Subsequently, 375 

80 ¿l of TAE with 12 mM MgCl2 at pH 8.3 were added to the sample and the AFM tip was 376 

submerged into 40 ¿l TAE with 12 mM MgCl2 at pH 8.3 before starting the experiment. 377 

  378 
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Animals 379 

Genetically inbred wild type male and female BALB/cJ (strain 000651) and female SJL/J (strain 380 

000686) mice were purchased from The Jackson Laboratory (Bar Harbor, ME), and were housed 381 

and handled in Association for Assessment and Accreditation of Laboratory Animal Care 382 

(AAALAC)-accredited facilities with experimental methods as specifically approved by the 383 

Institutional Animal Care and Use Committees at MIT and NCI-Frederick, respectively. 384 

 385 

Gross toxicity, histology, and liver and kidney biochemistry panel in BALB/c model 386 

BALB/c mice received a single 100 µl intravenous tail vein injection consisting of PBS, 4mg/kg 387 

unstructured phPB84 scaffold in PBS, or 4mg/kg PB84 in PBS. Animals were monitored daily for 388 

one week.  Blood was collected via cardiac puncture to obtain whole blood counts within an hour 389 

of collection as well as serum for chemistry panel to assay liver and kidney function (IDEXX 390 

BioAnalytics, Columbia, MO).  Necropsy was performed to look for signs of gross toxicity.  For 391 

histologic evaluation, formalin-fixed tissues were embedded in paraffin, sectioned at 5 ¿m, stained 392 

with hematoxylin and eosin (H&E), and visually assessed under a microscope by a veterinary 393 

pathologist. 394 

  395 

Cytokine array in BALB/c mice 396 

Cardiac blood was collected from BALB/c mice 3 hr and 24 hr after tail vein injection of 100 µL 397 

containing PBS, PB84 (4mg/kg) in PBS, or immunogenic lipopolysaccharide (LPS 0.05mg/mL). 398 

Serum was stored at -80°C before shipment for analysis of induction of cytokines via a custom 399 

murine Q-Plex array (Quansys Biosciences). The custom array included IFN-³, IFN-´, IFN-µ, IL-400 

1b, IL-6, IL-12, TNF, CXCL1 and CXCL2. 401 

  402 

Biodistribution studies in BALB/c mice 403 

Prior to biodistribution studies, mice were kept on an alfalfa free diet (LabDiet, AIN-93M, cat# 404 

58M1, irradiated) for 7 days to reduce background fluorescence. BALB/c mice received a single 405 

100ul intravenous tail vein injection consisting of PBS, 2mg/kg oligonucleotide staple-AF750 in 406 

PBS, or 2mg/kg DNA origami PB84-5xAF750 in PBS. Live mice were anesthetized with 2% 407 

isoflurane and imaged immediately after injection and 15 min, 30 min, 45 min, 1 hr, 2 hr, 4 hr, and 408 

6 hr post-injection. Peripheral blood was collected immediately after injection and 15 min, 30 min, 409 

45 min, and 60 min post-injection, then transferred to a 96-well plate for measurement of the 410 

fluorescent signal. For ex vivo imaging of liver, kidney, heart, spleen, and lungs, mice were 411 

euthanized via CO2 1 hr post-injection and organs were harvested. 412 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 1, 2023. ; https://doi.org/10.1101/2023.02.25.530026doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.25.530026
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 

 413 

Autoimmunity study in SJL/J model 414 

Eight weeks old SJL/J females were injected intraperitoneally with 500 ¿L of either negative 415 

control (PBS), positive control (pristane at stock concentration as provided by Sigma Aldrich, 416 

catalog # P9622) or 0.4 mg/kg PB84.  Pristane was synthetic, certified for in vivo studies, having 417 

> 95% purity by GC and undetectable endotoxin (< 5EU/mL). Average mouse weight at the time 418 

of injection was 19 g. Each treatment group included 10 animals. The blood was collected before 419 

injection (baseline) and at 8, 16, and 20 weeks post-injection. Sera were analyzed by ELISA for 420 

the presence of anti-dsDNA IgG and IgM using commercially available kits (Chondrex Inc., 421 

catalog #3031 and #3032, respectively). At the termination of the study, kidneys were collected, 422 

fixed in 4% neutral buffered formalin and stained with Periodic Acid3Schiff (PAS) reagent for 423 

detection of immune complex depositions and with hematoxylin and eosin (H&E) for 424 

characterization of histologic lesions. Histopathology grading was based on the most severe 425 

kidney section for each animal. Grading was performed for glomerular changes, inflammatory 426 

infiltrates, and tubular changes as follows: 0 3 normal; 1 3 minimal; 2 3 mild; 3 3 moderate; 4 3 427 

marked. Inflammatory infiltrates were graded as 0, within normal limits; 1, minimally increased 428 

inflammatory infiltrates composed predominantly of lymphocytes and plasma cells often focally 429 

forming 3-5 cell thick perivascular cuffs; 2, mildly increased inflammatory infiltrates that are 430 

multifocal; 3, moderately increased inflammatory infiltrates that form thick perivascular cuffs 431 

multifocally that are prominent with the 4x objective; 4, markedly increased inflammatory infiltrates 432 

that widely separate vessels from adjacent renal parenchyma. Tubular changes were graded as 433 

follows: 0, within normal limits; 1, minimal tubular degeneration often focal; 2, mild tubular 434 

degeneration present with multifocal regions containing tubular degeneration and regeneration 435 

and focal necrosis; 3, moderate tubular changes contain tubular degeneration and multifocal 436 

necrosis; 4, marked tubular changes including tubular necrosis multifocally. Mesangial expansion 437 

was evaluated and graded into four categories: 0, no mesangial expansion; 1, minimal changes; 438 

2, mild mesangial expansion (mesangial matrix wide < 2 nucleus diameter); 3, moderate 439 

mesangial expansion often with crescentic glomeruli, mesangial matrix wide < 4 nucleus 440 

diameter), and 4, severe mesangial expansion (> 4 nucleus diameter). Cumulative score was 441 

calculated and reported as <kidney score=.  442 

 443 
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Supplemental Information 444 

Additional AFM data; Additional blood cell count data; SJL/J model histology images; Additional 445 
in vivo imaging; Additional ex vivo imaging; Scaffold and staple sequences; Raw data for cytokine 446 
panel. 447 
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