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Abstract

Programmable nucleic acid nanoparticles (NANPs) provide controlled coordination of therapeutic 

nucleic acids (TNAs) and other biological functionalities. Beyond multivalence, recent reports 

demonstrate that NANP technology can also elicit a specific immune response, adding another 

layer of customizability to this innovative approach. While the delivery of nucleic acids remains a 

challenge, new carriers are introduced and tested continuously. Polymeric platforms have proven 

to be efficient in shielding nucleic acid cargos from nuclease degradation while promoting their 

delivery and intracellular release. Here, we venture beyond the delivery of conventional TNAs and 

combine the stable cationic poly-(lactide-co-glycolide)-graft-polyethylenimine with functionalized 

NANPs. Furthermore, we compare several representative NANPs to assess how their overall 

structures influence their delivery with the same carrier. An extensive study of various 

formulations both in vitro and in vivo reveals differences in their immunostimulatory activity, gene 

silencing efficiency, and biodistribution, with fibrous NANPs advancing for TNA delivery.
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Functional nucleic acid nanoparticles (NANPs) are combined with the novel polymeric carrier for 

potent gene silencing and controllable immunostimulation. Optimization of the formulation is 

achieved and efficacy is demonstrated against several targets. Biodistribution, hemocompatibility, 

and immunotoxicity are assessed to identify how NANP structure determines therapeutic 

outcomes.

BACKGROUND

Therapeutic nucleic acids (TNAs) have garnered considerable attention as potential 

therapeutics for assorted diseases. RNA interference (RNAi) inducers, aptamers, and 

immunostimulatory nucleic acids have been studied for their ability to treat both endogenous 

and infectious diseases. The latest success of the first RNAi-based therapeutic agent 

(Patisiran) (1), FDA-approved in 2018, makes advances in the composition and delivery of 

TNAs timely and important (2-5). Recently, a new generation of nucleic acid-based 

nanoparticles (NANPs) functionalized with TNAs has been introduced. NANPs are 

composed of multiple nucleic acid strands programmed to self-assemble into defined 3D 

structures (6) with further possibilities for embedded functionalities (7-13). Various self-

assembling NANPs have been generated to both increase stability and enzymatic resistance, 

as well as to coalesce multiple pharmaceuticals (14-20). The ability to finely control the size, 

shape, multivalencey, and therapeutic payload makes NANP technology an attractive option 

for biomedical applications. Despite advances, hurdles to the rapid translation of NANPs 

from benchtop to clinic include their poor resistance to enzymatic degradation in blood 

serum, their inability to cross biological membranes, and the potential for deleterious 

immune responses (21,22). Therefore, combining potent customizable therapeutic NANPs 

with stable, non-toxic, and non-immunogenic carriers would greatly increase the clinical 

potential of such agents for the treatment of a plethora of diseases; however, the effects of 

NANP size, shape, and composition on relative delivery efficiency with the same carrier 

have not yet been determined.

A number of effective TNA carriers composed of a wide variety of materials have been 

investigated to combat the difficulties associated with the use of NANPs and each possesses 

distinct features (23-26). In addition, each new formulation varies in terms of toxicity, 

biodistribution, accumulation, in vivo stability, and excretion. Furthermore, different 

formulations have shown varied success in crossing the blood brain barrier (BBB), a major 

challenge for the treatment of central nervous system (CNS) diseases. Finally, the drug 

loading capabilities of each formulation varies, allowing for various payload magnitudes to 

be delivered in a single multi-modal platform.

Cationic lipids, liposomes, and polymers, including polyethylenimine (PEI), poly (β-amino 

esters), and polyamidoamine (PAMAM) dendrimers, have been evaluated as non-viral 

vectors for pDNA and small RNA therapeutics (27-29). Among these carriers, branched PEI 

(bPEI; 25kDa), considered the gold standard for gene transfection, has exhibited the highest 

transfection efficiency among non-viral vectors in serum-free conditions due to its ability to 

form stable polyplexes with nucleic acids and its buffering capacity, which facilitates its 
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endosomal escape via the proton sponge effect (30). However, the low transfection 

efficiency of bPEI in the presence of serum limits its potential for use as a vector in vivo.

In the present work, we employed the previously described cationic amphiphilic co-polymer, 

poly (lactide-co-glycolide)-graft-polyethylenimine (PgP) (31,32) as a carrier for a series of 

NANPs of different shapes and sizes that include three-dimensional cubic (14,15,33-35), 

planar ring-like (36-39), and fibrous (36,40) RNA self-assembling NANPs. PgP, a micelle-

forming co-polymer composed of poly (lactic-co-glycolic acid) (PLGA) and bPEI, has 

previously been characterized and demonstrated to be an efficient carrier of siRNA and 

pDNA in vitro in various cell lines and in the rat normal spinal cord in vivo (32). PgP has 

also been demonstrated to deliver siRNA targeting RhoA to spinal cord lesion sites in a rat 

model of compression injury, achieving sustained RhoA gene expression knockdown for up 

to four weeks and supporting its efficacy as an in vivo TNA delivery system (41). Here, we 

investigated the effect of NANP size, shape, and composition on PgP/NANP polyplex 

stability, intracellular uptake, silencing efficiency, toxicity, immunostimulatory activity, 

hemocompatibility, and biodistribution, in vitro and/or in vivo. Scheme 1 illustrates the 

experimental design of the current work.

METHODS

All methods and materials are detailed in supplementary information.

Synthesis of PgP and NANPs.

PgP was synthesized as previously described using PLGA (4kDa, 50:50, Durect Corporation 

Pelham, AL) and bPEI (MW 25 kDa, Sigma). NANPs were synthesized and assembled as 

previously described using T7 RNA polymerase in vitro run-off transcription followed by a 

one-pot assembly.

Nuclease protection assay of PgP/DNA duplex polyplexes.

To assess the ability of PgP to protect nucleic acids, a DSDNA carrying an Alexa Fluor 488 

(Al488) (5’ sense) and an Iowa Black Quencher (3’ anti-sense) were conjugated with PgP at 

various concentrations and treated with DNase. The fluorescence resulting from the 

digestion of the DNA was measured every 30 seconds.

Physical characterization of NANPs.

Atomic force microscopy (AFM) was performed for each NANP on APS-modified mica 

using a MultiMode AFM Nanoscope IV system (Bruker Instruments, Santa Barbara, CA) in 

tapping mode. Non-denaturing polyacrylamide gel electrophoresis (Native-PAGE) was 

performed using 8% acrylamide, 37.5:1 acrylamide/bisacrylamide, run at 4° C. A heparin 

competition assay was performed to ensure structural integrity was maintained. For this 

assay, each NANP was bound to PgP at a 30:1 N/P ratio, then released by electrostatic 

competition with heparin, and run through Native-PAGE.
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Fluorescent microscopy and cellular uptake.

Confocal microscopy imaged were taken using a LSM710 confocal microscope (Carl Zeiss, 

Germany) equipped with a 63X/1.4 magnification lens. To confirm uptake, PgP/DS RNA-

Al546 was transfected into MDA-MB-231 cells and incubated for 6 hours, then fixed with 

4% paraformaldehyde for 20 minutes at room temperature. To confirm endosomal co-

localization, cells were treated with endosomal targeting Rab5 antibodies (Sana Cruz, 

Dallas, TX) and a secondary antibody labeled with Al647. To further confirm endosomal 

uptake, cells were transfected at both 4° C and 37° C with PgP/DS RNA-Al488 or PgP/DS 

DNA-Al488. Uptake of the fluorescent polyplexes was confirmed by both flow cytometry as 

well as fluorescent microscopy.

Specific gene silencing and cell viability.

Assessment of gene knockdown potential was confirmed for all NANPs complexed with 

PgP for two different genes, green fluorescent protein (GFP) and RhoA. For GFP, cubes, 

rings, and fibers were functionalized with DS RNAs targeting GFP. The PgP/NANP 

polyplexes were transfected into MDA-MB-231 cells expressing GFP. Knockdown was 

confirmed by both flow cytometry as well as fluorescent microscopy. Cell viability was 

confirmed using an MTS assay (Promega, WI). For gene silencing of RhoA, cubes, rings, 

and fibers were designed carrying DS RNAs against RhoA. B35 neuroblastoma cells were 

transfected with PgP/NANP polyplexes. The expression of RhoA was measured by real-time 

PCR. Furthermore, the cell viability of the B35 cells post transfection was measured using 

an MTT assay (Sigma-Aldrich).

Immunostimulation in vitro.

To quantify the immunostimulation from PgP/NANP polyplexes, the IL-6 and IFN-β 
expression was measured post-transfection in human microglia-like cell line (hμglia) via 

ELISA. The hμglia cells were generously provided from the laboratory of Dr. Jonathan Karn 

(Department of Molecular Biology and Microbiology, Case Western Reserve University). 

This cell line was generated from primary human microglia cells purchased from ScienCell 

and transformed with lentiviral vectors expressing SV40 and hTert antigens. These cells 

have been classified as microglia due to their microglia-like morphology, migratory and 

phagocytic activity, presence of the surface markers CD11b, TGFβR, and P2RY12, and 

characteristic microglial RNA expression profile. Furthermore, contribution from specific 

toll-like receptor and intracellular signaling pathways were QUANTIfied using HEK-Blue™ 

hTLR 3 and 7 cells, and THP1-Dual™ cells, respectively. HEK-Blue™ hTLR 3 and 7 cells 

are HEK cells which have been engineered to express a single Toll-like receptor. The Toll-

like receptor leads downstream to secreted alkaline phosphatase (SEAP), which can be 

easily detected and QUANTIfied using reagent QUANTI-Blue™. THP1-Dual™ cells are 

monocytes engineered in a similar fashion to express SEAP when the NF-κB pathway is 

stimulated, or luciferase when the IRF pathway is stimulated. Both can be readily 

QUANTIfied using either QUANTI-Blue™ or QUANTI-Luc™, respectively. The HEK-

Blue™ and THP1-Dual™ cells were used for specific identification of the molecular 

pathways involved in the immune-recognition of the PgP/NANP polyplexes.
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Hemolysis assay in vitro.

For hemocompatability, PgP/NANP polyplexes were incubated with rat erythrocytes for 1 

hour at 37° C. Following incubation, suspensions were centrifuged at 1000 x g for 10 

minutes and absorbance of supernatant was measured at 540 nm using a Synergy HT plate 

reader (Biotek, Winooski, VT). PBS and Triton X-100 were used as controls for 0 and 

100 % hemolysis. Hemolysis was QUANTIfied using the following formula:

ASample − APBS
ATriton − X − APBS

× 100 %

where ASample, APBS, ATriton are the absorbance of the sample, PBS, and Triton-X, 

respectively. The erythrocytes pellet were reconstituted in PBS and the cells were were 

imaged using an inverted microscope (Zeiss Axiovert 200, Göttingen, Germany).

Biodistribution of PgP/NANP polyplexes after systemic injection.

The PgP/NANP polyplexes were administered to male CD-1 mice (7-8 weeks-old, Chares 

River Laboratories, MA) via tail vein injection. The mice were imaged 1, 2, 6, and 24 hours 

after injection by live animal fluorescence imaging system (IVIS Luminar XR, Caliper Life 

Sciences) under anesthesia with isoflurane gas. At 24 hours post-injection, the animals were 

euthanized by CO2 and their organs were harvested for ex vivo organ imaging. The percent 

of organ distribution was measured by the fluorescence of each organ.

Statistics.

Experimental results are presented as the mean ±SEM. Statistical significance was 

determined using one-way Anova using GraphPad Prism Software Version 7.

RESULTS

PgP/DNA stability, binding, and nuclease protection assay.

For cost efficiency, all initial in vitro optimization experiments were performed using Alexa 

488-labeled DNAs rather than labeled RNA. To identify the formation of stable complexes 

of PgP and DNA duplexes (Fig. 1A), a fixed amount of fluorescently tagged DNA duplex 

was mixed with PgP at varying N/P ratios and run through a 2% (w/v) agarose gel. Duplexes 

not complexed with PgP migrated freely through the gels, while the mobility of duplexes 

electrostatically complexed with PgP was limited. Complete retardation was observed at an 

N:P ratio of 30:1 (Fig. 1B). Above this ratio, additional PgP did not demonstrate any 

difference in the gel. This demonstrated a visual representation of the PgP’s maximum 

loading capacity and confirmed attachment of PgP to nucleic acids. Next, we investigated 

the ability of the PgP to protect the nucleic acid cargo from enzymatic degradation. DNA 

duplexes tagged with Alexa 488 at the 5’-side and Iowa Black quencher at the corresponding 

3’-side were treated with RQ1 DNase (Fig. 1C-D). In untreated duplexes, the close 

proximity of Iowa Black completely quenched the fluorescence of Alexa 488. However, 

upon DNase treatment, the degradation of duplexes and further spatial separation of 

fluorophore and quencher led to activation of the fluorescent signal. PgP was shown to 
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successfully shield the attached nucleic acids from enzymatic activity for several hours, as 

evidenced by the minimal increase in fluorescence as compared to the rapidly increasing 

signal in that of free duplexes.

Intracellular uptake of PgP/RNA or PgP/DNA complexes.

To confirm intracellular uptake and localization, PgP complexed with Alexa 488-labeled DS 

RNAs (PgP/RNA-Al488) were added to breast cancer cells (MDA-MB-231). MDA-MB-231 

cells are an immortalized triple negative breast cancer cell line used frequently in the study 

of cancer therapeutics. The cells proliferate quickly, and are frequently studied as 

transfection targets for nucleic acid therapeutics. Confocal microscopy showed that PgP/

RNA-Al488 polyplexes were successfully internalized into the cells and distributed in the 

cytoplasm for extended periods of time (Fig. 2A). To confirm that the PgP was taken in via 

endocytosis, cells were again exposed to PgP/RNA-Al488 and co-localization with protein 

Rab5, which localizes around endosomes to promote trafficking (42), was demonstrated 

(Fig. 2B). The co-localization of the Alexa 488 (green) and the anti-Rab5 antibodies (red) 

demonstrates that the PgP/RNA-Al488 polyplexes were taken up and processed via an 

endosomal pathway. To further confirm this observation, MDA-MB-231 cells were exposed 

to PgP/RNA-Al488 or PgP/DNA-Al488 at either 37 °C or 4 °C (Fig. 2C). Endocytosis is a 

temperature-dependent process that has been previously demonstrated to be absent in cells 

under 4 °C conditions (43). Our flow cytometry and microscopy results show that cells 

exposed to PgP/DNA-Al488 or PgP/RNA-Al488 complexes at 4 °C showed a negligible 

increase in fluorescence, while those transfected with the same sample at 37 °C showed a 

marked increase in fluorescence (Fig 2C-D). These data therefore support our hypothesis 

that PgP/DNA and PgP/RNA polyplexes are taken into cells via endocytosis.

Characterization of PgP/NANP polyplexes.

The NANPs included in this study were generated utilizing various design strategies and 

were formulated to assemble into robust constructs with distinct connectivity, shapes, and 

sizes. Three-dimensional hexameric RNA cubes assemble via intermolecular Watson-Crick 

base pairing, while planar hexameric RNA rings and linear RNA fibers both assemble via 

magnesium-dependent intramolecular Watson-Crick base pairing to facilitate intermolecular 

kissing loop interactions (120° ColE1-like for rings and 180° HIV-like for fibers). The cubic 

RNA structures are designed to form solely due to intermolecular forces, avoiding secondary 

structures within individual strands and forming a 3D cube. The rings and fibers are 

designed to fold via intramolecular interactions, exposing kissing loops for strand-strand 

interactions to form a planar ring. By extending the individual strands of each scaffold, 

cubes, rings, and fibers, can be functionalized with DS RNAs against any target and 

generated via one-pot assembly as previously described (15,21,37). The assemblies of 

resulting functional NANPs can then be confirmed by both gel electrophoresis (native-

PAGE) and atomic force microscopy (AFM) as shown in Fig. 3A-C. An important aspect of 

this study was to determine the effect of functional NANP compositions on their delivery 

and efficacy. As such, it was essential to demonstrate that the NANPs stay intact following 

release from PgP. A heparin competition assay was performed to disrupt the PgP/NANP 

interaction and release the NANP following PgP binding. Gel electrophoresis demonstrates 

that the model NANPs remain intact following their release (Fig. 3D).
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Gene silencing with PgP/NANP(GFP or RhoA) polyplexes.

We have previously demonstrated that NANPs functionalized with DS RNA against GFP 

efficiently silence GFP expression when transfected into various cell lines using common 

transfection agents such as Lipofectamine 2000 (11,12,21,38,44). To confirm the efficacy of 

PgP as a delivery agent, we transfected the breast cancer cell line MDA-MB-231/GFP with 

the panel of PgP/NANP(GFP) polyplexes. The NANPs with multiple DS RNAs against GFP, 

as well as individual GFP DS RNA complexed with PgP, were shown to successfully silence 

the expression of GFP as demonstrated by fluorescent microscopy and flow cytometry (Fig. 

4A-B), without significant changes in cell viability (Fig. 4C). All transfections were 

performed at concentrations normalized to the amounts of DS RNAs (50 nM). Despite their 

structural differences, no NANP was determined to be significantly better than the others. To 

further demonstrate therapeutic potential in central nervous system injury repair, NANPs 

decorated with DS RNAs targeting RhoA were tested in rat neuroblastoma (B35) cells. 

Previously, PgP complexed with siRNA against RhoA has been demonstrated to treat spinal 

cord injuries in rats (41). We sought to determine whether RhoA DS RNA-functionalized 

NANPs (Fig. 5A) have enhanced silencing capabilities versus conventional DS RNAs. PgP/

NANPs(RhoA) were transfected into B35 cells and uptake was confirmed (Fig. 5B). We 

identified that fibers functionalized with RhoA DS RNAs induced greater knockdown than 

cube NANPs, ring NANPs, or standard RhoA siRNA duplexes (Fig. 5C). This enhanced 

knockdown occurred in the absence of significant changes in cell viability (data not shown).

Hemocompatibility and immunotoxicity of PgP/NANP polyplexes.

To assess the potential for detrimental toxicity that would limit the therapeutic potential of 

PgP/NANP polyplexes, we have assessed the hemocompatibility of these complexes by 

incubating them with rat erythrocytes and investigating their effects on blood cell 

morphology. We observed that erythrocytes treated with Triton X-100 showed complete 

hemolysis, while the morphology of erythrocytes treated with various PgP/NANP polyplexes 

were intact and hemolysis was not significantly different than that of erythrocytes treated 

with PBS (Supplementary Table S1). Figure 6A shows the representative images of 

erythrocytes treated with PBS, Triton X-100, and various PgP/NANP polyplexes.

Another important pharmaceutical consideration is immunostimulatory activity. Previously, 

NANPs have been shown to elicit the secretion of a number of pro-inflammatory cytokines 

and chemokines (6,21,45). In addition, we conducted a QUANTItative structure-activity 

relationship study using hμglia cells to identify physicochemical contributors to 

immunostimulatory activity (45). These studies, however, were limited to commercially 

available carriers such as L2K, which has no potential for clinical use. We therefore 

investigated the immunogenic properties of PgP/NANPs and determined whether structural 

differences influenced them. NANPs were delivered to hμglia cells using PgP or L2K and 

the release of the cytokines interleukin-6 (IL-6) and interferon-beta (IFN-β) was determined 

at 24 hours postexposure by specific capture ELISAs. Poly I:C and poly dA:dT, known 

inducers of immune responses, were used as positive controls in these studies. Delivery of 

NANPs with L2K induced the release of both IL-6 and IFN-β. Interestingly, cube and ring-

shaped NANPs complexed with PgP induced the same release of IL-6 compared to a 

positive control, while fibers induced a significantly lower response (Fig. 6B), thus 
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indicating that the structure of NANPs can influence the immunostimulatory properties of 

polyplexes. Additionally, we observed that the delivery of NANPs or positive controls 

complexed with PgP showed much lower IL-6 and IFN-β release than transfection using 

L2K. Only cubes delivered with PgP stimulated detectable release of IL-6 and IFN-β when 

compared to positive control, indicating a link between NANP structure and immunogenic 

properties consistent with previous observations (6). Importantly, these data suggest that 

delivery of NANPs with PgP may reduce potentially detrimental immunogenicity when 

compared to the conventional polycationic lipid-like carriers.

Furthermore, the specific contribution made by cellular signaling pathways and individual 

toll-like receptors (TLR) to NANP-induced responses was evaluated using HEK-Blue™ 

hTLR and THP1-Dual™ cells. Engineered THP1-Dual™ cells express either SEAP or 

secreted luciferase upon activation of either NF-κB or IRF pathways, respectively. Our 

results demonstrate that the majority of the response elicited by the PgP/NANP constructs 

occurs via the IRF pathway (Fig 6D). The HEK-Blue™ hTLR cell model expresses a single 

human TLR, which upon stimulation activates the production of SEAP for further 

QUANTIfiable detection. TLRs 3, 7, and 8 are responsible for RNA detection in endosomal 

compartments, with TLR3 recognizing dsRNA and TLRs 7 and 8 responsible for ssRNA 

detection. Therefore, we selected TLR3 and TLR7 receptor-expressing in vitro models for 

use in the present study. Our data demonstrate that the TLR7-mediated immune stimulation 

is mainly caused by the PgP/cube polyplexes (Fig 6E) while other NANPs demonstrated 

negligible stimulation. Additionally, TLR3 did not show any utilization in PgP/NANP 

recognition (Supporting Figure S1). Overall, these results are consistent with our studies on 

L2K-mediated NANP delivery in human PBMCs (6,46).

Biodistribution of PgP/NANP polyplexes after systemic in vivo administration.

Biodistribution of various DiR-PgP/NANP polyplexes in CD-1 mice was monitored over 24 

hours after intravenous injection using an IVIS live animal imaging system (Fig. 7). As 

shown in Figure 7A, the PgP/NANP polyplexes were distributed throughout the body after 

24 hours. Interestingly, we observed strong signals in the head by in vivo animal imaging 

(Fig. 7A), suggesting that PgP/NANP polyplexes might be capable of crossing the BBB. 

However, only low-level signal expression was detectable in brain tissue ex vivo (Figure 7B, 

right), and the same analysis showed that the majority of the polyplexes were located in the 

liver, spleen, and lungs (Figure 6B, left). Figure 7C shows the percent organ biodistribution, 

with a rank order of distribution of liver (>70%), spleen, and then lung, with minor 

distribution to other organs. We observed that the percentage biodistribution of both DiR-

PgP/cube(GFP) and DiR-PgP/ring(GFP) polyplexes to the liver and lung was significantly 

higher than DS RNA. Interestingly, we observed that all DiR-PgP/NANP polyplexes were 

detectable in brain tissue for up to 24 hours postadministration, but it should be noted that 

their percentage distribution to this site was less than 1%. Clearly, further studies will be 

required to confirm the BBB penetrance of PgP/NANP polyplexes.
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DISCUSSION

A principle goal of this study was to determine how the shape and structure of functional 

NANPs affects the stability and efficacy of PgP/NANP polyplexes. The RNA nanoparticle 

structures were selected due to their differences in assembly and shape; the cubes, rings, and 

fibers differ in terms of dimensionality. The cubes are a globular-type structure (3D), 

whereas the rings are planar (2D), and the fibers form long chains of various lengths (1D). 

The fibers can be considered a more pliant structure, which could lead to increased binding 

to PgP due to ease of bending to conform to various surfaces. Such features could impact the 

delivery and therapeutic efficacy of each NANP. In order for duplexes, fibers, or rings to 

successfully bind to PgP, simple bending is needed for the entire structure to be 

electrostatically bound to the surface; however, due to their three dimensional globular-type 

structure, cubes could require greater deformation in order to successfully bind to PgP. 

While PgP-bound NANPs may undergo some transient deformation, we determined that the 

NANPs remain intact and reassume their original shapes when released.

We administered our polyplexes systemically via tail-vein injection into mice to evaluate the 

role of the NANP structure in their biodistribution. We determined that the polyplexes 

accumulated mainly in the liver and spleen and that such accumulation was independent of 

NANP shape. However, perhaps the most promising result from our biodistribution studies 

was that all structures were found, at least to some extent, to traverse the BBB into the brain 

(Figs. 7A and E). The delivery of bioactive compounds to the brain is a major challenge in 

the treatment of various maladies as the BBB is highly selective, which limits access by 

most nanoparticles and conventional therapeutics. As such, our results suggest that that PgP, 

an amphiphilic micelle-forming block copolymer, might be suitable as a nucleic acid 

delivery carrier to administer NANPs of various shapes across the BBB to the CNS.

A major obstacle to the therapeutic use of nanoparticles with various chemical compositions 

is the sensitivity of the CNS to off-target/immunotoxic effects as resident glial cells initiate 

and propagate immune responses in the CNS. As such, optimizing a therapeutic to enhance 

efficacy while limiting immunotoxicity is paramount for the generation of a successful 

platform. Here, we transfected hμglia cells with NANPs using L2K or PgP and measured the 

secretion of key immune mediators. We observed that NANPs delivered using L2K 

stimulated the release of both IL-6 and IFN-β. Similar to our previous studies with NANPs 

composed of RNA, we primarily observed a robust type I IFN response with only modest 

inflammatory cytokine responses (45). In contrast, we observed no statistically significant 

release of IL-6 or IFN-β in response to NANPs delivered using PgP. Only cubes delivered 

with PgP stimulated a detectable release of immune mediators. Consistent with this finding, 

cubes were demonstrated to be the only NANP capable of stimulating TLR7 when delivered 

via PgP. The ability of cubes, but not other structures, to elicit immune mediator release has 

been observed previously (6,46) and could be attributable to the globular nature of these 

nucleic acid nanostructures as opposed to the planar or fibrous structures of rings and fibers. 

Additionally, our data suggests that the delivery of TNAs via PgP reduces the 

immunogenicity of such complexes, raising the exciting possibility that this carrier could 

limit the detrimental immune responses previously associated with nanoparticle 

administration. Alternatively, several groups have used immunostimulatory nucleic acids to 
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purposefully provoke an immune response for therapeutic action. Unmethylated cytosine-

phosphate-guanosine (CpG) motifs have been delivered using nanoparticles to elicit a 

response via TLR 9 for targeted immune responses (47,48). Other research has used NANPs 

with chemical modificaitons of various shapes to modulate the immune response (49).This 

additional control over not only the therapeutic payload but also the immunostimulant 

potential lends another unforeseen layer of control over their application, allowing for 

desired immunostimulation with specific gene silencing on a structure and carrier dependent 

basis.

CONCLUSION

Here we have demonstrated and evaluated the use of functional NANPs complexed to 

polymeric carriers for the efficient delivery of TNAs. We show uptake and silencing efficacy 

in a manner that is not significantly impacted by the shape or size of the conjugated nucleic 

acid nanoparticle. Additionally, we show that the immunostimulatory activity of these 

polyplexes is markedly lower than that seen with other complexes employing the same 

NANPs. Expanding the arsenal of TNAs complexed with PgP to include miRNAs, aptamers, 

and siRNAs directed against other genes could prove highly useful in the treatment of 

currently intractable diseases and injuries. The present demonstration that nanostructured 

nucleic acids complexed to PgP are effective, non-toxic, and non-immunogenic support their 

further development as pharmaceuticals.
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Figure 1. 
Binding of DNA to PgP leads to protection from nuclease activity. (A) Schematic showing 

electrostatically-driven PgP binding to nucleic acids, (B) gel retardation of various 

PgP/DNA polyplexes prepared using various PgP/DNA ratios (N/P ratio), and (C-D) 

nuclease protection assay of PgP/DNA polyplexes after incubation with DNase I.
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Figure 2. 
Intracellular uptake of PgP/DS RNA polyplexes assessed in MDA-MB-231 human breast 

cancer cells. (A) Visualization of intracellular uptake of polyplexes by confocal microscope; 

(B) Co-localization of polyplexes with early endosomal marker Rab5 confirms an endocytic 

pathway of internalization; (C) Flow cytometry measuring the effect of temperature on 

intracellular uptake of polyplexes (**** denotes p < 0.0005); (D) Fluorescent microscopy 

and bright-field overlay of MDA-MB-231 human breast cancer cells transfected with either 

PgP/DS RNA-Al488 or PgP/DNA-Al488 at either 4 °C or 37 °C, 6 hours after transfection.
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Figure 3. 
Characterization of various functionalized NANPs by AFM and native-PAGE: (A) RNA 

rings functionalized with six Dicer substrate (DS) RNAs, (B) RNA cubes functionalized 

with six DS RNAs, and (C) DS functionalized RNA fibers. (D) Native-PAGE results confirm 

the integrity of NANPs upon heparin-assisted release from PgP polyplexes.
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Figure 4. 
Specific gene silencing with PgP/NANP(GFP) polyplexes and cell viability assays tested 

against GFP expressing breast cancer cells (MDA-MB-231/GFP). Fluorescent microscopy 

(A) shows representative images of GFP knockdown by PgP/NANP(GFP) polyplexes. (B) 

GFP knockdown efficiency by cubes (PgP/cubes(GFP)), rings (PgP/rings(GFP)), and fibers 

(PgP/fibers(GFP)) are compared to free DS RNAs(GFP) and negative control (siNT), PgP 

only (0.1 mg/mL) used as an additional control. (N=3, **** denotes statistically significant 

vs. untreated cells with p<0.0005, # denotes statistical significance vs. cubes with p<0.05). 

(C) Cell viability by PgP/NANP(GFP) polyplexes (N=3, * denotes statistical significance 

with p<0.05, ** with p<0.005, *** with p<0.005).
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Figure 5. 
(A) AFM images of RhoA NANPs and (B,C) specific gene silencing with PgP/NANP 

polyplexes targeting RhoA in rat neuroblastoma cells (B35). In all experiments, cubes (PgP/

cubes(RhoA)), rings (PgP/rings(RhoA)), fibers (PgP/fibers(RhoA)), and individual DS 

RNAs(RhoA) are compared. Negative control siRNA (siNT) and DS RNA transfected with 

Lipofectamine 3000 (L3K) are used as controls. Intracellular uptake of fluorescently labeled 

PgP/Ring-Al488 by confocal microscopy (A) and RhoA gene silencing assessed by RT PCR 

(B).
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Figure 6. 
Blood compatibility and immunostimulation with PgP/NANP(GFP) polyplexes. In all 

experiments, cubes (PgP/cubes(GFP)), rings (PgP/rings(GFP)), fibers (PgP/fibers(GFP)), 

and individual DS RNAs(GFP) are compared. (A) Hemolysis assay was conducted using 

primary rat erythrocytes and demonstrated no lysis. (B-C) Immunostimulation of PgP/

NANP(GFP) polyplexes measured via ELISA of inflammatory cytokines and type I 

interferons in hμglia cells. (D) IRF and NF-κB stimulation as measured by luciferase 

production and SEAP production, respectively, in THP1-Dual™ cells, and (E) TLR 

stimulation from polyplexes as measured by SEAP secretion from HEK-Blue™ hTLR7 

cells. In B and C, statistical significance relevant to cells, poly I:C, and ring is denoted by *, 

#, and & respectively (*/# p<0.05, **/##/&& p<0.005, ### p<0.001, **** p<0.0001). (D) 

The role of IRF and NF-κB stimulation were measured using THP1-Dual™ cells. Statistical 

significance compared to cells denoted by *** with p<0.0005 and **** with p< 0.0001). (E) 
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HEK-Blue™ hTLR7 cells were transfected with the various PgP/NANP complexes and the 

TLR stimulation was measured using QUANTI-Blue™ detection media (* denotes 

p<0.005).
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Figure 7. 
Biodistribution of various PgP/NANPs after systemic injection via tail vein in mice. The 

results were analyzed in vivo (A), and ex vivo (B-C). Significant difference (p<0.05) when 

compared to PgP/DS RNA for PgP/NANPs’ accumulation in lungs (*) and in livers (#) are 

shown.
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Scheme 1. 
Experimental design of the current work.
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