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A B S T R A C T   

Introduction: Standard-of-care systemic chemotherapies for pancreatic ductal adenocarcinoma (PDAC) currently 
have limited clinical benefits, in addition to causing adverse side effects in many patients. One factor known to 
contribute to the poor chemotherapy response is the poor drug diffusion into PDAC tumors. Novel treatment 
methods are therefore drastically needed to improve targeted delivery of treatments. Here, we evaluated the 
efficacy of the 3DNA® Nanocarrier (3DNA) platform to direct delivery of therapeutics to PDAC tumors in vivo. 
Materials and Methods: A panel of PDAC cell lines and a patient tissue microarray were screened for established 
tumor-specific proteins to identify targeting moieties for active targeting of the 3DNA. NRG mice with or without 
orthotopic MIA PaCa-2-luciferase PDAC tumors were treated intraperitoneally with 100 μl of fluorescently 
labeled 3DNA. 
Results: Folic acid and transferrin receptors were significantly elevated in PDAC compared to normal pancreas. 
Accordingly, both folic acid- and transferrin-conjugated 3DNA treatments significantly increased delivery of 
3DNA specifically to tumors in comparison to unconjugated 3DNA treatment. In the absence of tumors, there was 
an increased clearance of both folic acid-conjugated 3DNA and unconjugated 3DNA, compared to the clearance 
rate in tumor-bearing mice. Lastly, delivery of siLuciferase by folic acid-conjugated 3DNA in an orthotopic model 
of luciferase-expressing PDAC showed significant and prolonged suppression of luciferase protein expression and 
activity. 
Conclusion: Our study progresses the 3DNA technology as a reliable and effective treatment delivery platform for 
targeted therapeutic approaches in PDAC.   

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause 
of cancer-related deaths with a five-year overall survival rate of roughly 
11.5% [1,2]. Currently, the only curative therapy is surgical resection 
for patients with an early stage of disease, complemented with chemo
therapy. However, for the majority of patients (>80%), tumors are 

unresectable, and many present with metastatic disease (50–60%) [3]. 
At this stage, patients are typically given a combination of systemic 
chemotherapies, which is the current standard-of-care (SOC). Unfortu
nately, systemic chemotherapies have been largely unsuccessful, with a 
median survival rate of less than one year for patients with metastatic 
disease [4–6]. Recent improvements with the approval of FOLFIRINOX 
and nab-paclitaxel plus gemcitabine have offered only modest survival 
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benefits, and at a cost of significantly higher toxicities [4,7,8]. 
A major obstacle to PDAC treatment efficacy lies in the dense and 

heterogeneous tumor microenvironment [9–11]. Desmoplasia in PDAC 
tumors is linked to chemoresistance through creating a physical barrier 
and constricting blood vessels, subsequently leading to poor drug de
livery [12–14]. Poor drug delivery is thought to be one reason treat
ments which show efficacy in experimental studies do not achieve 
similar potency in clinical trials [15]. Nanotherapeutics (i.e., 
submicron-sized drug delivery systems ranging from 1 to 100 nm) offer 
solutions to improve penetration of stroma-rich tumors that previous 
SOC could not address. Due to the leaky tumor vasculature and poor 
lymphatic drainage, nanotherapeutics exploit the “enhanced perme
ability and retention” effect to increase passive therapy delivery by 
optimizing size and charge of treatments [16,17]. Active targeting can 
also be achieved with nanotherapeutics through ligand-targeting, 
localizing treatments to tissues that overexpress the corresponding re
ceptor or antigen [18]. Other benefits to nanotherapeutics include 
increased solubility, volume distribution and plasma clearance of ther
apies, while limiting their toxicity [19–21]. 

To address the need for improved delivery of treatments to PDAC 
tumors, we propose the use of the proprietary DNA-based nano
therapeutic, 3DNA® Nanocarrier (3DNA), designed by Code Bio
therapeutics (Code Bio, Hatfield, PA). The 3DNA is an assembly of 
modified double-stranded DNA cross-linked at the center, with unique 
single-stranded arms that do not anneal due to non-complementary 
bases [22]. The 3DNA is assembled layer-by-layer to control for size 
and the number of single-stranded arms (e.g., 36 arms for the 2-layered 
3DNA) [22–24]. These single-stranded arms can be linked to a variety of 
molecules (e.g., aptamers, peptides, or antibodies) which can be used for 
active targeting to specific tissues. 

A fundamental advantage of the 3DNA platform is that with several 
single-stranded arms available for conjugations, there is an abundance 
of opportunities for unique composition as well as size of the payload. 
Using the 3DNA platform to deliver small molecules directly to tumor 
cells may increase tumor drug concentrations while minimizing dele
terious off-target effects. In addition to small molecules, siRNAs and 
whole-gene constructs can be attached to the 3DNA platform (Supple
mental Fig. 1a). This is significant because the ability to genetically alter 
tumor cells provides opportunities to target proteins and pathways 
which have been previously deemed “undruggable” or have had little 
success with small molecule approaches. The versatility of the 3DNA 
platform and its ability to deliver siRNAs has the potential to broaden 
the possible targets for personalized therapies, an avenue that in 
pancreatic cancer treatment has not had much success to date [5, 
25–30]. Herein, we describe the optimization of 3DNA for direct de
livery to PDAC tumors by targeting folic acid and transferrin receptors 
found to be significantly upregulated in PDAC. We demonstrate a sig
nificant increase and specific uptake of targeted 3DNA by PDAC tumors, 
in addition to robust and durable delivery of functional siRNA to PDAC 
tumors by folic acid-conjugated 3DNA. 

Materials and methods 

Tissue microarray 

A tissue microarray of PDAC and normal pancreas samples were 
constructed using formalin-fixed, paraffin-embedded samples from pa
tients at Thomas Jefferson University Hospital (Philadelphia, PA). Pa
tients consented to the Institutional Review Board approved protocol. 
Samples were deidentified before authors’ acquisition and analysis. This 
tissue microarray was originally published in Brown, et al. 2022 [31]. 

Adjacent serial sections of tissue microarrays were stained for 
transferrin, folic acid, and epidermal growth factor receptors via 
immunohistochemistry and scored by pathologist WJ. Scoring was 
defined on a 2+ (strong staining) to 0 (low-no staining) scale. 

Cell lines 

HPNE, MIA PaCa-2, PANC-1, Hs766T, and KB cells were obtained 
from ATCC (Manassas, VA). Conditionally reprogramed PDAC cells 
(4671-T-CRC) were a gift from Dr. Rosalie Sears from Oregon Health & 
Science University. 4671-T cells were cultured in 3:1 DMEM: F12 me
dium supplemented with 5% FBS, 0.4 μg/mL hydrocortisal, 5 μg/mL 
insulin, 8.4 ng/mL cholera toxin, 10 ng/mL EGF, 24 μg/mL adenine, 
0.25 μg/mL amphotericin B, 1X primocin, and 1X ROCK inhibitor. KB 
cells were cultured in RPMI folic acid-free media supplemented with 
10% FBS and 1% penicillin-streptomycin. All other cell lines were 
cultured in DMEM medium supplemented with 10% FBS, 1% L-gluta
mine and 1% penicillin-streptomycin. All cells were incubated at 37 ◦C 
and 5% CO2, as recommended. Cells were STR authenticated via short 
tandem repeat analysis and mycoplasma-tested monthly using PCR 
based mycoplasma detection kit (# MP0035, Sigma Aldrich, St. Louis, 
MO). Cells were passaged twice after thawing and before experimental 
use. 

MIA PaCa-2-luciferase cells were transduced with firefly luciferase 
viral particles supplemented with 1 μg/mL polybrene (# TR-1003-G, 
Sigma Aldrich, St. Louis, MO). Viral particles were generously pro
vided by Drs. Scott Waldman and Adam Snook from Thomas Jefferson 
University. Cells containing firefly luciferase were selected by puromy
cin (# P8833, Sigma Aldrich, St. Louis, MO) and validated for luciferase 
activity using ONE-Glo Luciferase Assay System (# E6110, Promega, 
Madison, WI). 

Detection of binding and internalization of 3DNA to cells, in vitro 

KB cells were plated at 5000 cells per well in a 96-well plate and used 
immediately for live cell staining. Fluorescent (Alexa-647) 3DNA re
agents with and without FA-oligo conjugate hybridized were prepared in 
cell culture media with Hoechst dye for nuclei staining. 3DNA reagents 
were added to KB cells with and without 0.5 µM LysoSensor™ Green 
DND-189 (# L7535, Thermo Fisher Scientific, Waltham, MA) and 
incubated for 30 and 15 min at 37 ◦C. Next, the plate was centrifuged, 
staining reagents were aspirated, and the cells were washed with 1X 
phosphate buffered saline (PBS) and spun again. Cells were fixed in 2% 
paraformaldehyde, washed, and centrifuged again. Finally, cells were 
washed two more times with 1X PBS and then transferred to imaging 96- 
well plate for visualization with the BioTek Cytation 5 instrument. 

Immunoblot analysis 

Protein was extracted from cells via ice cold RIPA buffer (# sc- 
24948A, Santa Cruz Biotechnology Inc., Dallas, TX) supplemented 
with protease inhibitors (# 78,430, Life Technologies Corp, Carlsbad, 
CA). Lysates were immunoblotted and membranes were scanned with 
ChemiDoc Imaging System (# 17,001,402, BioRad, Hurcules, CA). Im
munoblots were blocked with Intercept® (TBS) Blocking Buffer (# 
927–60,003, LI-COR Biosciences, Lincoln, NE) for one hour. Primary 
antibodies used were epidermal growth factor receptor (1:1000, # 
4267S, Cell Signaling Technology, Danvers, MA), transferrin receptor 
(1:1000, # 136,800, Life Technologies Corp, Carlsbad, CA), folate re
ceptor α (1:1000, # PA5–27,465, Thermo Fisher Scientific, Waltham, 
MA), β-actin (1:5000, # AM4302, Thermo Fisher Scientific, Waltham, 
MA), followed by LI-COR IRDye secondary antibodies IRDye 800CW 
Goat anti-Rabbit IgG (1:10,000, # 926–32,211, LI-COR, Lincoln, NE) or 
IRDye 680RD Goat anti-Mouse IgG (1:20,000, # 926–68,070, LI-COR, 
Lincoln, NE) diluted in blocking buffer. Immunoblots were incubated 
with primary antibodies overnight and secondary antibodies for one 
hour. 

Luciferase activity analysis, in vitro 

MIA PaCa-2-luciferase cells were transfected with 30 nM of 

G.A. McCarthy et al.                                                                                                                                                                                                                           



Translational Oncology 32 (2023) 101662

3

oligonucleotides and Lipofectamine 2000 (# 11,668,019, Thermo Fisher 
Scientific, Waltham, MA) according to manufacturer’s instructions. The 
next day, cells were counted and 1000 cells/ siRNA treatment were 
plated in triplicate in white bottom plates with 100 μL of media. After 
24 h, 100 μL of One-Glo Luciferin (# E6110, Promega, Madison, WI) was 
added for 3 min prior to the plate being measured for bioluminescence 
with the GloMax Plate Reader (# GM300, Promega, Madison, WI). 

Animal studies 

All mouse protocols were approved by the Thomas Jefferson Uni
versity or the Oregon Health & Science University Institutional Animal 
Care Regulations and Use Committee. 

Six-nine-week-old NRG mice (mixed male and female) were gener
ously provided by Drs. Scott Waldman and Adam Snook from Thomas 
Jefferson University, with the exception of mice used for siRNA delivery 
assessment which were purchased from The Jackson Laboratory (# 
007,799, JAX, Bar Harbor, ME). Mice were randomized into experi
mental arms. For all in vivo targeting experiments, three mice per 
experimental arm were used. For siRNA delivery in vivo experiments, 
five mice per experimental arm were used. During experimental use, 
mice were exposed to 3% isoflurane for anesthesia purposes. 

Mice were housed five mice per cage in 70◦F and 30–70% humidity. 
Light cycle was kept at 12 h on, 12 h off. Bedding and PicoLab Mouse 
Diet 20 (5058) were replaced every two weeks. Mice had access to water 
via automatic watering system. 

Orthotopic PDAC mouse model 

Using orthotopic survival surgery, 1E6 MIA PaCa-2-luciferase cells 
were injected directly into the tail of the pancreas of 6–9-week-old NRG 
mice (mixed male and female). Injection of cells were 50 µL in 1:1 cold 
1X PBS: cold Matrigel. After injection, needle was exchanged with a 
cotton swab to eliminate leakage of cells. The peritoneal cavity was 
closed using absorbable vicryl rapide sutures (# VR834, Mckesson, 
Irving, TX), and the skin was closed using wound clips (# 12,022–09, 
Fine Science Tools, Foster City, CA). Mice were injected with 0.1 mg/kg 
buprenorphine for pain maintenance and monitored every day for a 
week for any signs of stress. 

To monitor tumor volume, mice were injected behind the neck 
subcutaneously with 100 µL of D-luciferin (15 mg/mL; LUCK, Gold 
Biotechnology, St Louis, MO). Bioluminescence was assessed with the In 
Vivo Imaging System. Once bioluminescence signals reached ~1E6 
counts, mice were randomized into treatment groups. 

3DNA Nanocarrier treatments 

3DNA was manufactured by Code Biotherapeutics (Hatfield, PA) in a 
series of sequential DNA strand hybridization and crosslinking steps [24, 
32,33]. For targeting and internalization studies, fluorophore-labeled 
oligos were crosslinked to the 2-layer 3DNA structure, then targeting 
DNA conjugates were hybridized to the fluorescent 3DNA. Targeting 
DNA conjugates were prepared by Code Biotherapeutics using 
click-chemistry to attach dibenzocyclooctyne-modified oligo to 
Folate-TEG-azide (Berry & Associated, Dexter, MI) or by using LC-SMCC 
crosslinker to attach amine-oligo to TCEP-reduced antibody via a mal
eimide attachment to the free thiol group. For siRNA efficacy studies, the 
2-layer 3DNA structure was hybridized with modified siRNA and either 
folic acid-oligo conjugate or antibody-oligo conjugate. The siRNA oligos 
were purchased from Avecia (Milford, MA) or IDT (Newark, NJ) with 
bases modified for stability and short DNA extension on sense strand to 
hybridize 3DNA. All 3DNA treatments were formulated in 1X PBS. 

For in vivo treatments, mice received 1 mg/kg 3DNA treatments via 
100 μL intraperitoneal injections. Mice were monitored for signs of 
distress and body weights were monitored to assess for possible toxicity. 

Serum and organ collection 

Using a glass capillary tube coated with K2EDTA, blood was collected 
retro-orbitally into an Eppendorf containing 10 μL of K2EDTA. Samples 
were immediately placed on ice, then centrifuged at 2000 g for 15 min at 
4 ◦C. The top serum layer was transferred to a new Eppendorf. 

Organs were harvested and washed in 1X PBS twice before imaging. 
After imaging, organs were flash frozen in liquid nitrogen. 

Serum folic acid detection 

Serum was collected as described above. Folic acid levels were 
quantified using a Folic Acid ELISA Kit (# MET-5068, Cell Biolabs Inc, 
San Diego, CA), following the manufacturer’s protocol. 

qPCR detection of 3DNA nanocarrier 

Organs were added to 2 mL screw-cap microtubes containing high 
impact zirconium beads (3.0 mm) and TL buffer (# PD061, Omega, 
Norcross, GA), then shaken at 4000 RPM for 1–2 min in a Bead Bug 
Microtube Homogenizer until completely homogenized. Tubes were 
spun down in a microcentrifuge and the liquid homogenate was trans
ferred to clean microcentrifuge tubes. Plasma and organ homogenates 
from animals with no 3DNA treatment were spiked with the appropriate 
3DNA treatment to prepare standard curves specific for each sample and 
treatment. qPCR detection of 3DNA in plasma and organ homogenates 
was completed using primers specific for 3DNA sequences and the 
Promega GoTaq® Probe qPCR Master Mix (# A6102, Promega, Madi
son, WI). Each sample was run in triplicate using the Bio-Rad CFX96 
Touch Real-Time PCR Detection System instrument and analyzed with 
CFX Maestro software. 

Immunofluorescence histochemistry detection of luciferase in tumors 

Tumors were fixed in 4% paraformaldehyde (# NC9288315, Thermo 
Fisher Scientific, Waltham, MA) overnight, then transferred to 70% 
EtOH. Tissue blocks and slides were made by the Histopathology Shared 
Resource Core at OHSU. Two sections of each tumor were deparaffinized 
and rehydrated prior to antigen retrieval (# H-3300–250, Vector Lab
oratories, Burlingame, CA). Tissues were blocked with 5% BSA, 2% 
normal goat serum in TBS-T for 1 hour and then stained with luciferase 
primary antibody (1:200, # ab185924, Abcam, Cambridge, UK) in 
blocking solution overnight at 4 ◦C. After washing slides in TBST, tissues 
were incubated in goat anti-rabbit-Alexa 488 secondary antibody 
(1:500, # ab150077, Abcam, Cambridge, UK) in PBS for 1 hour. Tissues 
were then washed with PBS, after which autofluorescence was quenched 
using the TrueVIEW reagent (# SP-8400, Vector Laboratories, Burlin
game, CA). Tissues were then stained with DAPI and mounted with 
Vectashield mounting medium provided in the TrueVIEW quenching kit. 
Slides were scanned by the Advanced Light Microscopy Core at OHSU. 
ZEN Digital Imaging for Light Microscopy (RRID:SCR_013672) was used 
to quantify the mean fluorescent intensity for each section. Values were 
normalized to mean fluorescent intensity of sections not stained with 
either luciferase primary antibody or goat anti-rabbit-Alexa 488 sec
ondary antibody. 

Statistical analysis 

All analyses were performed using GraphPad Prism software (San 
Diego, CA). Specific test used is indicated in the legend of each figure. 
Briefly, statistical analysis of in vitro studies was calculated using either 
multiple Student’s two-sample t-test or a one-way ANOVA. Relationship 
between fluorescence and concentration of Alexa-750–3DNA was 
assessed by Pearson correlation. Statistical analysis of in vivo animal 
studies was calculated using a Student’s two-sample t-test to assess 
clearance, or a two-way ANOVA when assessing organ qPCR data. 
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Tumor volumes were statistically assessed with a Student’s two-sample 
t-test. Lastly, luciferase activity in tumor-bearing mice over time was 
assessed by linear regression followed by the extra sum-of-squares F test 
comparison model. All data are expressed as mean ± standard error of 
mean. 

Results 

Folic acid and transferrin receptors are highly expressed in pancreatic 
ductal adenocarcinoma 

To improve therapeutic delivery, we sought to identify receptors 
upregulated in PDAC cells to exploit for active targeting. Since trans
ferrin, folic acid, and epidermal growth factor receptors are common 
nanoparticle targets due to their high expression in a number of solid 
tumors, relative to normal tissues [20,34–36], we quantified and eval
uated these receptors in a panel of PDAC cell lines. Expression of 
transferrin and folic acid receptors were significantly higher in all four 
PDAC cell lines analyzed, in comparison to the normal immortalized 
pancreatic ductal cell line HPNE (ranging from -3–7-fold, 
p<0.01–0.0001 and -4–8-fold, p<0.05–0.001, respectively). Epidermal 
growth factor receptor expression was significantly higher in only two 
PDAC cells lines in the panel (MIA PaCa-2: -4-fold, p<0.0001 in; 
PANC-1: -16-fold, p<0.05 in; Fig. 1a.b). Moreover, a tissue microarray of 
patient PDAC samples showed positive staining for transferrin receptor 
in 100% of PDAC samples (n = 77; 2+: 64%, 1+: 36%), positive staining 
for folic acid receptor in 100% of PDAC samples (n = 80; 2+: 54%, 1+: 
46%), and positive staining for epidermal growth factor receptor in 42% 
of cases (n = 72; 2+: 4%, 1+: 38%; Fig. 1c, Supplemental Table 1). 
Importantly, in normal pancreas tissue, transferrin and epidermal 
growth factor receptor expression was not detected, and only low levels 
of folic acid receptor was detected (Supplemental Table 1). These results 

prompted further pursuit of transferrin and folic acid receptors for active 
targeting of 3DNA to PDAC tumors, by conjugating folic acid (FA) and 
transferrin (Tf) to the 3DNA. 

Folic acid-conjugated 3DNA allows for targeting and internalization of 
3DNA in folic acid receptor-positive cells 

We then tested the ability of the 3DNA to specifically bind and 
internalize into tumor cells by means of folic acid receptor targeting. 
Unconjugated 3DNA (UN-3DNA) and folic acid-conjugated 3DNA (FA- 
3DNA) were incubated with folic acid receptor-positive KB cells in FA- 
depleted media, a model for testing surface binding and internaliza
tion of FA-based treatments [37–40]. For visualization, both UN-3DNA 
and FA-3DNA were conjugated with Alexa-647 fluorophores. Imaging 
revealed that only FA-3DNA bound to the KB cell surface as indicated by 
the co-localization of Alexa-647 and Hoechst nuclear staining (Supple
mental Fig. 2a). To visualize internalization of the 3DNA, this experi
ment was repeated in the presence of LysoSensor™ Green DND-189, a 
dye that fluoresces in acidic environments such as late endosomes and 
lysosomes. Co-localization of Alexa-647 and LysoSensor was observed in 
the majority of cells treated with FA-3DNA (Supplemental Fig. 2b). Few 
cells showed only membrane localization of Alexa-647, suggestive of 
binding but not internalization. These data indicate that the FA conju
gation to the 3DNA platform facilitated binding and internalization of 
the 3DNA into the cancer cells. 

3DNA targets primary tumors in an orthotopic model of PDAC 

Given that conjugating FA to 3DNA allowed binding and internali
zation in vitro, we next aimed to determine whether targeting transferrin 
or folic acid receptors improves binding and internalization of 3DNA 
into PDAC tumors, in vivo. Utilizing an orthotopic in vivo model of PDAC, 

Fig. 1. Transferrin and folic acid receptors are highly expressed in pancreatic ductal adenocarcinoma. A) Representative Western blot analysis of transferrin receptor, 
folic acid receptor, and epidermal growth factor receptor from whole protein lysates of the normal immortalized pancreatic ductal cell line HPNE and a panel of 
PDAC cells (MIA PaCa-2, PANC-1, HS766t, 4671-T). Cell line 4671-T-CRC (4671-T) is a conditionally reprogrammed cell line from a primary PDAC tumor generated 
and gifted by Dr. Rosalie Sears from Oregon Health & Sciences University. Protein quantification depicted under each band was normalized to β-actin and relative to 
HPNE. B) Quantification of A. Average of relative protein expression ± standard error of the mean (n = 4). Statistical analysis was calculated using multiple Student’s 
two-sample t-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, n.s. not significant. C) Representative immunohistochemistry staining for transferrin receptor, 
folic acid receptor, and epidermal growth factor receptor of patient tissues, both normal and PDAC, as well as the full panel of tissues. 
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MIA PaCa-2-luciferase tumor-bearing mice were treated with Alexa-750- 
conjugated 3DNA treatments (Alexa-750–3DNA; Supplemental Fig. 1b). 
Importantly, we validated that there was no cross-reactivity between the 
fluorescence of the Alexa-750–3DNA and the luciferase bioluminescence 
of the tumor cells (Supplemental Fig. 3a). Moreover, we showed that 
fluorescence of the Alexa-750–3DNA detected by the In Vivo Imaging 
Software (IVIS) was correlated with the concentration of Alexa- 

750–3DNA (R2=0.9239, p = 0.0022; Supplemental Fig. 3b). 
Since the high FA levels found in many rodent laboratory chows has 

been shown to outcompete and interfere with responses to FA- 
conjugated drugs by elevating FA serum levels well beyond the human 
range (i.e., 6–37 nM) [41,42], we assessed the FA serum levels of mice on 
our standard laboratory chow. We found mouse serum FA concentra
tions within the human range, therefore not requiring the use of a 

Fig. 2. FA-3DNA and Tf-3DNA increase targeting of 3DNA to PDAC tumors, in vivo. A) Images of tumor-bearing mice over time after treatment with folic acid- 
conjugated 3DNA (FA-3DNA), transferrin-conjugated 3DNA (Tf-3DNA), oligo control 3DNA (Oligo-3DNA), or no treatment (NT). Images taken at 36 h are not 
shown. Bioluminescence of tumors are shown in the left panels. 3DNA was monitored over time by fluorescence, as seen in the right panels. Bioluminescence and 
fluorescence intensity for each image is to the same scale. B) Quantification of the fluorescence depicted in A. C) qPCR detection of 3DNA in vascular circulation at 
indicated time points. Serum was extracted from blood collected at time points and used for 3DNA qPCR quantification. Values were normalized to 18S. Statistical 
analysis of time course data presented in B and C were calculated using a Student’s two-sample t-test of the area under the curve. **p<0.01. D) qPCR detection of 
3DNA in homogenized organs 3 h after re-injection of the same treatment. Right graph depicts only pancreas samples. Values were normalized to 18S. Statistical 
analysis was calculated using two-way ANOVA. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, n.s. not significant. n = 3 mice for each experimental arm. 
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FA-free diet for testing FA-3DNA treatments in this model (Supple
mental Fig. 3c). 

Orthotopic PDAC tumor-bearing mice were treated with Alexa- 
750–3DNA conjugated with either folic acid (FA-3DNA), transferrin (Tf- 
3DNA), or an oligonucleotide control (Oligo-3DNA) which contains only 
the single-stranded DNA extension used to attach targeting moieties. An 
additional group received no treatment (NT). Mice were imaged at 
several time points between 0 and 36 h after treatment for fluorescent 
detection of the 3DNA (Fig. 2a). Analysis of fluorescence levels during 
the time course showed no significant differences between the 3DNA 
treatment groups, but each had significant increase over the NT group 
(Fig. 2b). Using primers designed against the 3DNA, qPCR detection and 
precise quantification of 3DNA in serum showed no significant differ
ence in the amount of 3DNA in circulation over time between the 
different treatment groups (Fig. 2c). 

Mice were then re-injected with the same treatment 24 h after 3DNA 
clearance, as determined by fluorescence signal equaling that of NT 
mice. For optimal 3DNA detection, organs were collected at the time 
point corresponding to when fluorescence of the 3DNA began to wane in 
Fig. 2a–c (i.e., 3 h post-treatment). 3DNA detection in organs via qPCR 
showed a significant increase in 3DNA presence in tumor-bearing 
pancreas when mice were treated with either FA-3DNA or Tf-3DNA, in 
comparison to Oligo-3DNA treatment (p<0.0001; Fig. 2d). This strongly 
indicated that conjugation of a targeting moiety significantly increased 

delivery of the 3DNA to tumors. Passive delivery of Oligo-3DNA was 
seen, as indicated by increased 3DNA detection in tumor-bearing 
pancreas of mice treated with Oligo-3DNA, in comparison to NT mice. 
Moreover, FA-3DNA and Tf-3DNA detection in the liver, lung, and 
kidneys were significantly lower than in the tumor-bearing pancreas, 
while the Oligo-3DNA treatment showed no significant changes in 
detection across any organs in that treatment group. 

3DNA clears quickly without the presence of a tumor 

To assess specific delivery to tumor cells in the pancreas, both tumor- 
bearing and non-tumor-bearing mice were treated with Alexa-750 un
conjugated 3DNA (UN-3DNA), FA-3DNA, or NT (images not shown). 
Mice were imaged at several time points after treatment (Fig. 3a). 
Defining 3DNA clearance as a fluorescent signal equaling to that of NT 
mice, we found that in tumor-bearing mice, UN-3DNA cleared in half the 
time it took for FA-3DNA to clear (p<0.05; Fig. 3b). In mice without 
tumors (non-tumor-bearing), FA-3DNA and UN-3DNA treatments 
cleared faster compared to their clearance rate in mice with tumors. 

After 24 h post-clearance, mice were re-injected with the same 3DNA 
treatment, and organs were collected at the time point corresponding to 
the approximate half-life of 3DNA in Fig. 3a,b (i.e., 7 h post-treatment). 
In tumor-bearing mice, there was a higher accumulation of FA-3DNA in 
both pancreas and liver samples, in comparison to UN-3DNA samples, as 

Fig. 3. 3DNA clears quickly without the presence of a tumor. A) Representative images of both tumor- and non-tumor-bearing mice over time after treatment with 
folic acid-conjugated 3DNA (FA-3DNA) or unconjugated 3DNA (UN-3DNA). Mice not treated (NT) are not pictured. Tumors are shown by bioluminescence in the left 
panels. 3DNA was monitored over time by fluorescence, as seen in the right panels. B) Quantification of the fluorescence depicted in A. Statistical analysis was 
calculated using a Student’s two-sample t-test for each treatment at each time point in comparison to NT mice. Significance is indicated at the bottom of the graph. C) 
qPCR detection of 3DNA in homogenized organs 7 h after re-injection of the same treatment. Values were normalized to 18S. Statistical analysis was calculated using 
a two-way ANOVA. Brackets mark significance between organs and treatments. Bars mark significance between treatments of the same organ. Asterisks directly 
above of bars indicate significance between tumor-bearing organs and non-tumor-bearing organs. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, n.s. not sig
nificant. n = 3 mice for each experimental arm. Bioluminescence and fluorescence intensity for each image is to the same scale. 
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shown by qPCR quantification (Fig. 3c). Additionally, both FA-3DNA 
and UN-3DNA treatments showed significantly higher quantification 
of 3DNA detected in the pancreas and livers of tumor-bearing mice, in 
comparison to the non-tumor-bearing mice (Fig. 3c). Altogether, these 
data validate that the addition of FA targeting moieties allows for 
accumulation in tumor-bearing pancreas, and that a tumor is required 
for prolonged presence of the 3DNA in the pancreas and other organs. 

Targeted 3DNA successfully delivers siRNA to tumors 

Next, we determined whether 3DNA can efficiently deliver func
tional siRNA payloads to tumors. Because our in vivo model utilizes 
PDAC cells exogenously expressing luciferase, we sought to test the ef
ficacy of 3DNA-siLuciferase delivery. To ensure stability of siRNA when 
in circulation in vivo, the standard ribonucleotide bases were swapped 
for proprietary chemically modified versions which protect the sugar 
backbone from ribonuclease attack. We confirmed that the modified 
siLuciferase was able to significantly decrease luciferase activity of MIA 
PaCa-2-luciferase cells in comparison to siControl (p = 0.0003), 
although with a slight loss in potency as compared to unmodified 
siLuciferase (Fig. 4a). 

To test the capability of the 3DNA system to effectively deliver the 
modified siLuciferase to PDAC tumors, orthotopic tumor-bearing mice 
were treated with either FA-3DNA or Tf-3DNA conjugated with modi
fied siLuciferase (FA-3DNA-siLuc-mod; Tf-3DNA-siLuc-mod) or control 
siRNA with similar modifications (FA-3DNA-siControl-mod; Tf-3DNA- 
siControl-mod). Linear regression analysis of luciferase activity over 
time indicated that FA-3DNA-siLuc-mod treatment significantly reduced 
luciferase activity compared to FA-3DNA-siControl-mod treatment 
(p<0.0001, Fig. 4b). Tf-3DNA-siLuc-mod showed decreased luciferase 
activity in comparison to Tf-3DNA-siControl-mod, although not 

reaching statistical significance (Supplemental Fig. 4a). Importantly, at 
the termination of these experiments, there was no difference in tumor 
volumes between the siControl and siLuciferase groups, indicating that 
the difference in luciferase activity is a direct consequence of the siRNA 
efficacy and not differences in tumor growth (Fig. 4c, Supplemental 
Fig. 4b). This indicates that FA-3DNA delivery of siRNA is highly 
effective and durable, showing significant decrease in luciferase activity 
up to day 13. Moreover, 3DNA treatments were well tolerated in mice, as 
indicated by no significant changes in body weights (Supplemental 
Fig. 5). 

For the FA-3DNA delivery system, the most significant and largest 
difference in luciferase activity in FA-3DNA-siLuc-mod treated versus 
FA-3DNA-siControl-mod treated mice was observed at 5.5 days post 
treatment. Therefore, we repeated this experiment and tumors were 
assessed at 5.5 days post treatment for luciferase expression via fluo
rescent immunohistochemistry. We found that FA-3DNA-siLuc-mod 
treated mice had significantly less luciferase protein expression 
compared to FA-3DNA-siControl-mod treated tumors (p = 0.0266, 
Fig. 4d). Taken together, these data show that the FA-3DNA is capable of 
delivering functional siRNA to PDAC tumors with high durability after a 
single injection. 

Discussion 

Nanoparticle therapies provide the potential to increase treatment 
accumulation in tumors while simultaneously reducing adverse effects 
[16–21]. Here, we provide evidence that the 3DNA® Nanocarrier 
developed by Code Biotherapeutics is capable of selectively targeting 
PDAC tumors for functional siRNA delivery; thus, holding the possibility 
of addressing the need for improved treatment delivery and efficacy. 

We were able to identify that the expression of transferrin and folic 

Fig. 4. FA-3DNA can deliver functional siRNA to PDAC tumors. A) Relative luciferase activity measured with the One-Glo Luciferase Assay. Averages of biolumi
nescence counts ± standard error of the mean (n = 3). Statistical analysis was calculated using a one-way ANOVA. B) Luciferase activity overtime observed in mice 
treated with either FA-3DNA-siControl-mod or FA-3DNA-siLuc-mod, normalized to luciferase activity for each mouse at day 0. Data represents mean relative 
luciferase activity ± standard error of the mean (n = 5). Statistical analysis was calculated using linear regression model. C) Tumor volumes at the end of the 
experiment in B (i.e., day 19). Statistical analysis was calculated using a Student’s two-sample t-test. D) Averages of mean intensity of luciferase expression ±
standard error of the mean, measured by fluorescent immunohistochemistry of tumors 5.5 days after treatment with either FA-3DNA-siControl-mod or FA-3DNA- 
siLuc-mod. Two sections of the same tumor were used for analysis. Representative images are found to the right of the corresponding bar graph. Statistical anal
ysis was calculated using a Student’s two-sample t-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, n.s. not significant. 
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acid receptors were significantly elevated in PDAC compared to normal 
pancreas (Fig. 1), and that this could be exploited for targeting of the 
3DNA to tumors. Both FA-3DNA and Tf-3DNA increased 3DNA accu
mulation in PDAC tumors in comparison to an Oligo-3DNA control 
(Fig. 2), demonstrating the ability to improve delivery of 3DNA to PDAC 
tumors by targeting overexpressed receptors on the PDAC cell surface. 
We also showed that FA-3DNA accumulated in tumor-bearing pancreas 
more than normal pancreas and other organ sites (e.g., liver, lung, kid
ney; Fig. 3), supporting previous work in which investigators assessing 
3DNA biodistribution found 3DNA did not accumulate in the liver [32]. 
Moreover, 3DNA treatments were well tolerated in our model, as indi
cated by no significant changes in behavior or body weight. This sup
plements existing 3DNA safety studies where mouse and rabbit models 
showed no toxicity associated with chronic treatment of various 3DNA 
formulations as measured by behavior, body weight, and cytokine 
activation [24,33,43]. Additionally, investigators showed no integration 
of 3DNA into the host genome, eliminating concerns of unintentional 
3DNA genome integration [43]. These data suggest that actively tar
geting PDAC tumors with FA-3DNA is not only safe, but increases de
livery of the therapy to tumors while minimizing non-specific effects, 
due to little 3DNA accumulation in non-tumor-bearing organs. Assess
ment of additional non-tumor-bearing organs (e.g., brain, heart, in
testines, etc.), as well as elucidating the mechanism of uptake and the 
uptake rate would be beneficial for fully characterizing and under
standing this delivery system. 

We demonstrated for the first time that the FA-3DNA can deliver 
functional siRNA to PDAC tumors, supplementing published work 
showing FA-3DNA delivery of siRNA against Human Antigen R (HuR, 
ELAVL1) to ovarian tumors [24]. Utilizing the FA-3DNA for siRNA de
livery, we were able to reduce the activity of the exogenously expressed 
luciferase in MIA PaCa-2-luciferase tumors (Fig. 4). A single treatment of 
FA-3DNA-siLuc-mod was capable of decreasing luciferase activity for up 
to 13 days, demonstrating robust durability of the treatment. In all, these 
data suggest that 3DNA is a promising platform to deliver therapeutics 
directly to PDAC tumors. 

A limitation of these studies is that they were performed in an 
immunocompromised model. Due to this, we were unable to address the 
influence of the immune system on 3DNA delivery and vice versa. Of 
note, others have determined 3DNA treatments in immunocompetent 
models do not induce immunogenicity [33,43], yet they did not assess 
whether there were immune responses to the siRNAs being delivered by 
the 3DNA platform. Performing these studies in immunocompetent 
models would provide insight on whether the modified siRNAs are 
capable of inducing an immune reaction, in addition to determining if 
the targeting ability of the 3DNA is impacted by an intact immune 
system. 

Delivery of siRNA via FA-3DNA holds potential for inhibiting 
promising targets for which small molecule inhibitors either have had 
minimal clinical success or do not yet exist. The Know Your Tumor 
initiative and others have demonstrated that up to 50% of patients with 
PDAC have actionable mutations (e.g., AKT, MEK/ERK) [44–46]. Small 
molecule approaches of targeting these activated pathways in PDAC 
have shown limited therapeutic success [5,25–30]. Use of FA-3DNA to 
deliver either siRNA against oncogenic targets (e.g., KRAS) or whole 
genes to overcome loss of tumor suppressors (e.g., TP53) could expand 
therapeutic possibilities and target “undruggable” proteins through use 
of genetic manipulation. Additionally, this platform could be utilized to 
enhance and personalize immuno-oncologic therapies, such as delivery 
of immune checkpoint inhibitors or neoantigens [47]. With the 2-layer 
3DNA having 36 single-stranded arms available for conjugations, mul
tiple payloads targeting different oncogenic pathways can be delivered. 
The clinical relevance of delivering various payloads is supported by the 
Know Your Tumor initiative, which data shows on average, patient tu
mors have four different oncogenic driver mutations. Thus, using the 
3DNA platform, treatments can be tailored to a patient’s tumor genomic 
profile by conjugating multiple siRNAs or whole genes that would target 

the mutational landscape, opposed to a singular pathway. Inhibiting 
multiple oncogenic pathways may help increase effectiveness while 
minimizing the chance of compensation or resistance by the tumor 
[48–52], ultimately providing better therapeutic outcomes. 
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