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DNA origami drives gene
expression in a human cell culture
system

Chang Yong Oh%3*, Haninder Kaur?, Geetu Tuteja? & Eric R. Henderson?

Self-assembling DNA nanoparticles have the potential to significantly advance the targeted delivery
of molecular cargo owing to their chemical and architectural flexibility. Recently, it has been
demonstrated that the genetic code embedded in DNA nanoparticles produced by the method of

DNA origami or related techniques can be recognized and copied by RNA polymerase in vitro. Further,
sculpted DNA nanoparticles can serve as a substrate for Cas9-mediated gene modification and gene
expression in cell culture. In the present study, we further investigate the ability of DNA origami
nanoparticles to be expressed in a human cell line with emphasis on the impact of single-stranded
DNA (ssDNA) domains and the contributions of the architectural disposition of genetic control
elements, namely promoter and enhancer sequences. Our findings suggest that while cells possess the
remarkable capability to express genes within highly folded architectures, the presence and relative
density and location of ssDNA domains appears to influence overall levels of gene expression. These
results suggest that it may be possible to nuance folded DNA nanoparticle architecture to regulate the
rate and/or level of gene expression. Considering the highly malleable architecture and chemistry of
self-assembling DNA nanopatrticles, these findings motivate further exploration of their potential as an
economic nanotechnology platform for targeted gene editing, nucleic acid-based vaccines, and related
biotherapeutic applications.

Keywords DNA nanotechnology, DNA origami, Human cell line, Flow cytometry, Green fluorescent protein
(GFP), Gene expression

Abbreviations

GFP Green fluorescent protein
IDT Integrated DNA Technologies
NEB New England Biolabs

dsDNA Double-stranded DNA

ssDNA Single-stranded DNA

dsGFP Double-stranded GFP gene

dsGFP-a  Double-stranded GFP gene obtained from aPCR
ssGFP Single-stranded GFP gene

rcf Relative centrifugal force

TAEM Tris-Acetate-EDTA supplemented with 12.5 mM of Mg(OAc),
PBSM Phosphate-buffered saline containing 12.5 mM Mg(OAc),
ATCC American Type Culture Collection

PFA Paraformaldehyde

TEM Transmission electron microscopy

NLS Nuclear localization signals

DTS DNA nuclear targeting sequences

Targeted delivery of biomaterials in vivo has significantly improved therapeutic agent efficacy and safety in
biomedicine by increasing accumulation at specific target sites and reducing off-target effects'>. Currently,
various molecules, as well as application approaches, are being explored to target specific tissues, cells, and
even subcellular compartments in vivo>*>1%. A promising strategy for the targeted delivery of nucleic acid
biomedicines is the use of self-assembling DNA nanoparticles constructed by the method of DNA origami and
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related techniques!' 2. This approach provides both chemical and architectural flexibility, thereby establishing a
platform for precise control over the nanoscale molecular arrangement of targeting agents for nanoparticle drug
delivery vehicles'>-'7. Thus, a wide range of site-specifying conjugates, attachment strategies, and active switching
mechanisms are being explored to fully leverage the DNA nanoparticle delivery platform for biomedicine!’~1.
Nonetheless, to date, self-assembled DNA nanoparticles have primarily been envisioned as delivery vessels
with internal or attached molecular cargo. However, an additional dimension has recently been added to the
potential utility of sculpted DNA nanoparticles wherein the particle itself, constructed from biologically active
genetic elements, may be both the carrier and the cargo?’-?2. Highly compact and crosslinked DNA origami
nanoparticles are recognized and copied by RNA polymerase in vitro?’. Further, a DNA origami nanoparticle
has served as a CRISPR-mediated insertion element in cell culture?!, and fully folded DNA nanostructures
were shown to be expressed in cell culture, showcasing the cells’ versatile capability to express genes embedded
in sculpted DNA nanoparticles?. Interestingly, in the latter case gene expression was achieved when utilizing
either the sense or antisense strands as the nanoparticle scaffold, suggesting that DNA origami nanoparticles are
capable of supporting both DNA replication and transcription in the cellular milieu®.

In the current report, we expand upon these studies, focusing on architectural details involved in DNA
nanoparticle gene expression in cell culture. In general, folded DNA nanoparticles tend to be more resistant to
nuclease degradation than their linear counterparts, presumably owing to the former’s compact architecture?*.
However, these nanoparticles necessarily include nicks in duplex domains at juxtaposed staples and, often,
single-stranded DNA (ssDNA) domains to facilitate folding, making them susceptible to nuclease-mediated
degradation. A single scission at a ssDNA domain could render a folded DNA nanoparticle genetically inactive
while still retaining its overall architecture. Thus, it may be possible to modulate DNA nanoparticle efficacy in
cell culture by modulating the relative abundance and locations of double-stranded DNA (dsDNA) and ssDNA
domains.

Materials and methods

Primers for amplification of the Green Fluorescent Protein (GFP) gene were designed using SnapGene and staples
for DNA nanoparticles were designed using caDNAno (http://www.cadnano.org). All oligonucleotides used in
the study were purchased from Integrated DNA Technologies (IDT, Coralville, IA, USA) and their sequences are
listed in Supplementary Tables 1 and 2. Phusion® DNA polymerase (Cat # M0530S) and LongAmp°® Taq DNA
polymerase (Cat # M0323L) were used for PCR asymmetric PCR (aPCR) respectively and they were purchased
from New England Biolabs (NEB, Ipswich, MA, USA) along with their corresponding reaction components
including buffers (5x Phusion® HF buffer (NEB, Cat # M0530S) and 5X LongAmp® Taq buffer (NEB, Cat #
MO0323L) and 20 mM dNTP mix (NEB, Cat # N0447S). pPCMV-T7-EGFP was used as template for PCR and it
was purchased from Addgene (Addgene, Watertown, MA, USA, Cat # 133962). For agarose gel electrophoresis,
6% loading dye was purchased from NEB (Cat # B7024S). SYBR safe and SYBR gold were used for staining
and they were purchased from Invitrogen (Invitrogen, Waltham, MA, USA, Cat # S33102 and Cat # S11494
respectively). For DNA purification, a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA,
Cat # D4001) and a Zymoclean Gel RNA Recovery Kit from Zymo Research (Zymo Research, Cat # R1011) was
used to extract dsDNA and ssDNA from agarose gels respectively. Ultrafiltration performed as the purification
of DNA nanoparticles was performed using an Amicon ultracentrifugation filter with a 100 kDa molecular
cutoff (Millipore Sigma, Burlington, MA, USA, Cat # UFC510096). The transfection of DNA nanoparticles
was performed in HTR-8/SVneo (American Type Culture Collection (ATCC), Gaithersburg, MD, USA, Cat #
CRL-3271) cells using jetPRIME transfection reagent (VWR, Batavia, II, USA, Cat # 89129-924). The cells were
processed for flow cytometry using 0.25% trypsin (Thermofisher Scientific, Madison, WI, USA, Cat # 25200056),
and 4% Paraformaldehyde (PFA) (Fisher Scientific, Cat # AAJ61899AK). Gene-bearing DNA origami scaffolds
were prepared as previously described?, summarized as follows.

Standard PCR

Each PCR reaction mixture was prepared in 50 uL final volume, composed of 1x Phusion® HF buffer (NEB), 200
nM dNTP mix (NEB), 500 nM sense primer (GFP sense=undesired sense strand), 500 nM antisense primer
(GFP anti=desired antisense strand), 10 ng pCMV-T7-EGFP (Addgene), 0.5 uL Phusion® DNA polymerase
(NEB), and nuclease-free water to volume. Each PCR was performed using the following thermocycler steps:
30sat98°C, 30 s at 58 °C, and 1 min at 72 °C for 30 cycles.

The reaction product was mixed with 6x loading dye (1x buffer components: 2.5% Ficoll’-400, 10 mM
EDTA, 3.3 mM Tris-HCI, 0.08% SDS, 0.02% Dye 1, 0.0008% Dye 2, pH 8 at 25 °C; NEB, ) and then loaded onto
a 1% agarose gel pre-stained with SYBR safe DNA dye (Invitrogen). Electrophoresis was carried out at 8 V/cm
for 1 h. The SYBR Safe-containing DNA was visualized using a 490 nm wavelength (blue) transilluminator and
an amber filter.

Asymmetric PCR (aPCR)
Primers used in aPCR were identical to those used in standard PCR. Along with sense and antisense primers, a
3’ terminal modified primer (3" GFP blocker) was used.

For the generation of a scaffold, each aPCR reaction was carried out in 50 uL total volume, composed of
1X LongAmp® Taq buffer (60 mM Tris-SO,, 20 mM (NH 4)280 » 2 mM MgSO,, 3% glycerol, 0.06% IGEPAL®
CA-630, 0.05% Tween® 20, pH 9.1 at 25 °C) from NEB, 500 nM GFP anti, 25 nM GFP sense, 475 nM 3’ GFP
blocker, 300 nM dNTP mix (NEB), 10 ng double-stranded GFP gene (dsGFP; generated by standard PCR), 2 uL
LongAmp® Taq DNA polymerase (NEB), and nuclease-free water to final volume. Each aPCR was performed
using the following thermocycler steps: 30 s at 94 °C, 30 s at 59 °C, and 2 min at 65 °C for 25 cycles. The size of
both PCR and aPCR amplicons is 1771 bp.
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The reaction product was loaded onto a 1% agarose gel pre-stained with 1x SYBR Safe (Invitrogen),
electrophoresed, and visualized as above.

Double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) purification

dsDNA and ssDNA in agarose gels were extracted using Zymoclean Gel DNA Recovery Kit and Zymoclean
Gel RNA Recovery Kit from Zymo Research (Zymo Research) respectively. Gel bands containing target dsDNA
and ssDNA were removed using a clean razor blade. Three times the gel slice volume of the provided agarose
dissolving/binding buffer was added to each gel fragment and incubated at 55 °C on a heat block for 15 min.
Each dissolved dsDNA gel solution was transferred to a provided silica-based spin column and centrifuged
at 10,000 relative centrifugal force (rcf) for 60 s in a table-top centrifuge. 200 uL of ethanol-based DNA wash
buffer was added to each spin column and centrifuged at 10,000 rcf for 30 s. A washing step was repeated
before centrifuging at 10,000 rcf for 60 s for the complete removal of ethanol. Flow-through from all steps was
discarded. After transferring each spin column to a clean microcentrifuge tube, 6-20 pL of the provided elution
buffer (10 mM Tris-HCI, 0.1 mM EDTA, pH 8.5) was added directly to the matrix of each spin column followed
by centrifugation at 10,000 rcf for 60 s for DNA collection. For ssDNA purification, overall purification steps
are same with minor differences in centrifugation speed, time, and amount of buffer used. All centrifugation
conducted for ssDNA purification except for the final elution step was done at 12,000 rcf. Initial centrifugation
of dissolved ssDNA gel solution was done for 2 min followed by additional step of adding 400 uL RNA Prep
buffer and centrifugation for 1 min. The washing step was conducted with 800 pL ethanol-based wash buffer
and centrifugation of 30 s, and this step was repeated with 400 pL ethanol-based wash buffer and centrifugation
for 2 min to fully remove residual ethanol. A fraction of each purified dsDNA and ssDNA was mixed with 6X
loading dye (NEB) and loaded onto a 1% agarose gel pre-stained with 1x SYBR safe (Invitrogen). Electrophoresis
and visualization were carried out as above. The yield of the purified dsSDNA sample was evaluated by measuring
band intensities relative to a known control (1 kb DNA ladder; NEB, Cat # N0468S) using GelAnalyzer 19.1
available at http://www.gelanalyzer.com (accessed on 19 August 2021).

DNA nanoparticle construction
DNA nanoparticles were designed using caDNAno (http://www.cadnano.org). DNA nanoparticles were
prepared by mixing single-stranded GFP gene (ssGFP; generated by aPCR) to a final concentration of 91.4 nM
(2.5 ug of scaffold) and each staple to a final concentration of 731.2 nM (1:8 scaffold: staple ratio) in 1xX TAE
buffer supplemented with 12.5 mM Mg(OAc), in a final volume of 50 uL. (TAEM). The staple set used for each
DNA nanoparticle is listed in Supplementary Table 3. The mixture was incubated at 90 °C for 10 min in a water
bath followed by gradual cooling to room temperature. After construction, DNA nanoparticles were purified by
ultrafiltration. The final volume of each DNA nanoparticle was scaled up to 500 pL by adding 1x Phosphate-
buffered saline containing 12.5 mM Mg(OAc), (PBSM). For the purification of final products, excess staples
were removed using an Amicon ultracentrifugation filter with a 100 kDa molecular cutoff (Millipore Sigma).
500 uL DNA nanoparticle product was applied to each filter unit followed by centrifugation at 14,000 rcf for
3 min. This step was repeated three times with the addition of 400 pL of 1X PBSM to ensure the full removal of
staples. All the flowthroughs were discarded. For the elution of purified DNA nanoparticles, the centrifugation
was done at 14,000 rcf for 5 min with the filter unit inverted. The purified products were verified by mixing with
6X loading dye (NEB) and then loading onto 1% agarose gel containing 12.5 mM Mg(OAc),. Electrophoresis
was carried out in TAEM buffer at 6 V/cm for 90 min. The gel was post-stained with 1x SYBR gold DNA dye
(Invitrogen) and visualized as above.

The quantity of each purified DNA nanoparticle was determined by measuring the quantity of the scaffold.
A fraction of each purified DNA nanoparticle (2 uL) was mixed with 18 pL nuclease-free water followed by
heating the samples at 70 °C for 10 min to purposely disintegrate the nanoparticle (i.e., remove staples.) The
heated mixtures were mixed with 6x loading dye (NEB, Cat # B7025S) and were gel electrophoresed within a 1%
agarose gel pre-strained with 1x SYBR safe (Invitrogen, Cat # $33102) as described above. Quantification was
carried out using GelAnalyzer 19.1 as described above.

DNA nanoparticle transfection

The transfection of DNA nanoparticles was performed for a total of three biological replicates using HTR-8/
SVneo (ATCC) cells and jetPRIME transfection reagent (VWR). HTR-8/SVneo is an immortalized epithelial-
like cell line that is often used as a model for trophoblast cells of the placenta. The cell line was originally derived
from cells that grew out of chorionic explants of human first-trimester placenta. Cells were cultured as described
previously®®. Briefly, 50,000 cells were seeded per 24-well plate and transfections were performed after 24 h
using 141.5 fmol (corresponding to 500 ng of GFP plasmid) of origami samples with a 1:2 ratio of the jetPRIME
reagent. Media was replaced 24 h after transfection. Images were taken after 48 h of transfection (Olympus
Fluorescent Microscope, AST-0008943) and the GFP images were processed using Image] software?’. The cells
were dissociated using 0.25% trypsin (Thermofisher Scientific), and then fixed with 4% PFA (Fisher Scientific)
for 15 min at room temperature, followed by a 2x PBS wash and resuspension in 500ul of PBS. The PFA fixed cells
were kept on ice and transported to The Iowa State University Flow Cytometry Facility for assessing percentage
of GFP positive cells.

Flow cytometry

Data acquisition and analysis were conducted using an unmodified BD FACSCanto flow cytometer (BD
Biosciences, San Jose, CA) with a 488 nm laser for GFP excitation and measurement of cell forward (FSC) and
side scatter (SSC) properties. Green fluorescence was collected through a 525/50 nm band pass (BP) filter, while
forward and side scatter data were acquired using 488/10 nm BP filters. Voltages for scatter and fluorescence

Scientific Reports |

(2024) 14:27364 | https://doi.org/10.1038/s41598-024-78399-y nature portfolio


http://www.gelanalyzer.com
http://www.cadnano.org
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

detectors were adjusted based on untreated or mock-transfected cells. Data from these negative controls were
used to differentiate GFP(-) and GFP(+) events. GFP fluorescence data were presented on four-decade log
scales with bi-exponential scaling, while FSC and SSC were displayed using linear amplification. In order to
differentiate intact cells from debris and other extraneous events, FSC and SSC properties of the cells were used
for establishing the analysis standards. Data acquisition employed a medium flow rate of 60 pL/min, collecting
a minimum of 10,000 gated cell events for each sample. The FACSDiva software (ver. 8.0.1, BD Biosciences) was
used for data analysis, and percentages of GFP positive cells were adjusted relative to the positive control.

Results

DNA nanoparticle construction, purification, and verification

To assess the capability of DNA nanoparticles to be able to express embedded genes in cell culture, a custom
scaffold was synthesized by asymmetric PCR (aPCR) as previously described?. The scaffold contained a human
Cytomegalovirus (CMV) promoter and a CMV enhancer to support gene expression in human cells, and the
Enhanced Green Fluorescent Protein (EGFP) gene for fluorescence-based visualization of gene expression.
The design of DNA nanoparticles in this study was carried out using caDNAno®3. The overall architecture was
roughly cylindrical, featuring a consistent crossover pattern across various forms of the structure (Fig. 1). The
DNA nanoparticles, referred to as GHL (GFP gene Honeycomb structure with a Linear promoter and enhancer),
incorporated linear duplex promoter and enhancer domains (i.e., not folded using staple oligonucleotides) to
investigate the gene expression capability of a folded architecture. We previously observed a positive correlation
between the abundance of ssDNA domains within DNA nanoparticles and overall levels of transcription in a
nuclease-free in vitro system®’. We proposed that the increased structural flexibility conferred by ssDNA in
that system facilitated polymerase activity. However, ssDNA is generally more susceptible to nuclease-mediated
scission than dsDNA24?°. Therefore, to assess the influence of ssDNA domains on gene expression in a cellular
milieu, multiple DNA nanoparticles with an identical overall design but with varying levels of ssDNA were
prepared. These variants were labeled as GHL PO (DNA nanoparticle with linear duplex promoter/enhancer
with single-stranded gene; Promoter/enhancer domains were Only duplex within the structure), GHL HS (DNA
nanoparticle with linear duplex promoter/enhancer and a half complement of staples; Half-Set of staples used),
and GHL FS (DNA nanoparticle with linear duplex promoter/enhancer and a mostly full complement of staples;
Full-Set of staples used), in order of increasing number of staples (Table 1; Fig. 1, and Supplementary Fig. 1). Due
to different levels of ssDNA domains, each sample has slightly varied molecular weight (Supplementary Table 4).
Notably, although GHL FS had the greatest number of staples among the aforementioned DNA nanoparticles,
it retained ssDNA domains at the ends of duplex DNA helices primarily to minimize end-to-end adhesion of
DNA nanoparticles® but also to enhance flexibility and potentially facilitate folding®'. Finally, to fully eliminate
ssDNA domains within the nanoparticle, the staples at the edges of GHL FS were replaced for the full coverage
of ssDNA domains, resulting in the GHL FSC (DNA nanoparticle with linear duplex promoter/enhancer, a
full complement of staples (Full-Set of staples used), and fully Covered single-stranded end of helices) variant
(Table 1; Fig. 1, and Supplementary Fig. 1).

To mitigate any influence of the presence of excess staples, they were removed by ultrafiltration.
Electrophoretic analysis confirmed effective staple elimination. However, some nanoparticle samples showed
noticeable smearing, which often indicates sample aggregation (Fig. 2). This aggregation was likely attributable
to end-to-end adhesion (pi bond stacking) in these samples, a phenomenon known to occur in DNA origami
with blunt-ended helices (*>%; Fig. 3).

Gene expression of DNA nanoparticles in cultured cells

Expression of the genetic content of DNA nanoparticles was evaluated by transfection of a human trophoblast
cell line in culture and subsequent image analysis of GFP production. Each sample was initially qualitatively
analyzed for the presence of fluorescence indicative of successful GFP gene expression. All samples, except the
ssDNA negative control, expressed GFP, with the linear duplex (control) sample clearly capable of the highest
level of gene expression (Fig. 4).

For quantitative analysis of gene expression, each sample was transfected in three biological replicates and
analyzed by flow cytometry to quantify the number of GFP-positive cells per sample. As a positive control, a
linear duplex GFP PCR product (dsGFP) made with a high-fidelity Taq-based system (Phusion) was used to
establish the maximum expression potential for this gene ensemble under the transfection conditions used. To
evaluate the impact of the potential for the introduction of coding errors during aPCR using the lower fidelity
enzyme LongAmp Tagq, the dsDNA product of the aPCR reaction (dsGFP-a) was included in these analyses. This
dsDNA control exhibited a reduced level of gene expression in comparison to dsGFP produced by the higher
fidelity Phusion PCR system as would be expected for a Taq-based system known to introduce sequence errors
(i.e., LongAmp vs. Phusion).

A single-stranded antisense strand (ssGFP) comprised of the bare origami scaffold was employed as a
negative control based on the previous reports that ssDNA is highly susceptible to nuclease degradation in cell
culture and should, therefore, result in a minimum level of gene expression“’zg. As expected, and consistent with
initial qualitative analyses (Fig. 4), ssGFP exhibited a basal level of gene expression that was substantially lower
than all of the experimental samples.

Expression levels were quantitatively assessed by flow cytometry analysis (Fig. 5 and Supplementary Fig. 2).
All of the DNA nanoparticles in this study supported gene expression, exhibiting roughly equivalent, but not
identical, levels of gene expression regardless of their folded states and in agreement with previous reports on
the expression of DNA nanoparticles in mammalian cells?®. P-values were calculated by a student t-test between
DNA nanoparticle samples and ssGFP (negative control). Three out of four samples (GHL HS, GHL FS, and
GHL FSC) showed differences with p-values less than 0.1 (Supplementary Table 5). GHL PO had a p-value
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Fig. 1. Schematic diagram and 3D rendered model of various DNA nanoparticles. DNA nanoparticles with
linear promoter/enhancer (GFP gene Honeycomb structure with a Linear promoter and enhancer; GHL). GHL
PO: DNA nanoparticle with linear promoter/enhancer and single-stranded gene; GHL HS: DNA nanoparticle
with linear promoter/enhancer and a half complement of staples; GHL FS: DNA nanoparticle with linear
promoter/enhancer and a mostly full complement of staples; GHL FSC: DNA nanoparticle with linear
promoter/enhancer and a full complement of staples. (a) Overall architectural scheme of DNA nanoparticles
and its size. (b) 3D rendered models and corresponding schematic diagrams of various DNA nanoparticles.
3D models were rendered using oxDNA. For the oxXDNA images, regions that are relatively more compact and
comprised of strands with various colors represent duplex domains. Regions that are relatively less compact
and with single-colored strands represent ssDNA domains. For schematic diagrams, white represents long,
linear duplex DNA, gray represents folded duplex DNA and thin black lines represent single-stranded DNA.
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Name

Contents

dsGFP

Fully linear double-stranded GFP gene

dsGFP-a

Fully linear double-stranded GFP gene, produced as a byproduct of aPCR

ssGFP

Single-stranded antisense strand for nanoparticle scaffold

GHL PO

DNA nanoparticle with a linear duplex promoter/enhancer and single-stranded GFP gene; variant of GFP gene Honeycomb structure with a Linear
promoter and enhancer, Promoter/enhancer domains are Only duplexes within the structure

GHL HS

DNA nanoparticle with a linear duplex promoter/enhancer and a half complement of staples (i.e., loosely folded); variant of GFP gene Honeycomb
structure with a Linear promoter and enhancer, the structure folded with a Half-Set of staples

GHL FS

DNA nanoparticle with a linear duplex promoter/enhancer and a mostly full complement of staples (i.e., tightly folded with single-stranded edges);
variant of GFP gene Honeycomb structure with a Linear promoter and enhancer, the structure folded with a Full-Set of staples

GHL FSC

DNA nanoparticle with a linear duplex promoter/enhancer and a full complement of staples (i.e., tightly folded with no ssDNA domains); variant of
GFP gene Honeycomb structure with a Linear promoter and enhancer, the structure folded with a Full-Set of staples and Covered single-stranded ends

Table 1. Names of DNA samples used in this study.

greater than 0.1 presumably due to its structural similarity to ssGFP. Flow cytometry further revealed that
GFP-expressing cells transfected with DNA nanoparticles exhibited a generally reduced level of fluorescence in
comparison to positive controls. The details of the influence of DNA nanoparticle architecture as a mechanism
to regulate gene expression levels remain to be determined.

Discussion

Self-assembling DNA nanoparticles represent a potentially powerful platform for exploring the uses of
architecturally engineered genetic material in living systems?°~2>3, In the present study, we explored the impact
of various DNA origami nanoparticle design parameters on gene expression in mammalian cell culture. These
parameters include the presence of ssDNA domains and the overall flexibility of the architectures mediated by
the ratio of ssDNA to dsDNA domains.

Previous study has shown that sculpted DNA nanoparticles are somewhat immunogenic and the level
of immunogenicity can be subtly influenced by architectural variation®. Although immunogenicity is not
directly relevant to the current study (evaluating expression of DNA nanoparticles in cell culture) it will be
of fundamental importance in ongoing work in which sculpted DNA nanoparticle expression is studied in
living systems in which various factors including ss/dsDNA ratio, nanoparticle shape and dimensions, and,
critically, the influence of readily modifiable surface moieties (e.g., CpG domains*) offer a suite of fine tuning
opportunities to optimize performance.

Our results revealed that the presence of ssDNA domains in DNA nanoparticles has a minor adverse
impact on gene expression. For example, the construct GHL PO, containing the maximum number of ssDNA
domains amongst the nanoparticles examined in this study, supported the minimum level of gene expression
(Fig. 5). Based on this observation one might anticipate a graded inverse relationship between levels of gene
expression and relative abundance of ssDNA and concomitant single-strand specific nuclease sensitivity.
However, a comparison between GHL PO and the other DNA nanoparticles studied here suggests that once
the staple coverage reached a threshold level of dsSDNA coverage, the susceptibility of gene expression to ssDNA
nuclease plateaued (Fig. 5). It is noteworthy that the samples analyzed by flow cytometry were prepared in
phosphate buffered saline supplemented with magnesium (PBSM), rather than the more conventional Tris-
acetate EDTA supplemented with magnesium buffer (TAEM), the former of which has been shown to enhance
DNA nanoparticle resistance to nuclease attack®”. Thus, the preparation conditions may have influenced the
observed levels of resistance to nuclease. Additional variables could have influenced the observed adverse effect
on gene expression such as potential differences on transfection efficiencies between ssDNA and dsDNA. These
considerations notwithstanding, it is remarkable that a recent study by Kretzmann et al.** demonstrated the ability
of cells to process complex structured genes. Particularly striking was the observation that DNA nanoparticles
constructed using sense strand scaffolds, rather than the gene-encoding antisense strand, still expressed the
encoded gene within cells. This would require that the sense strand first be replicated to create the template
strand which may then be transcribed to create the gene product. Thus, it may be the case that self-assembling,
sculpted DNA nanoparticles are both transcription- and replication-competent in cell culture?. It is noteworthy
that in the Kretzmann et al. study the constructs employed included a eukaryotic origin of replication whereas
the constructs used in the present study did not. Thus, it may be possible to not only modulate transcriptional
activity as a function of DNA nanoparticle preparation method and architectural details but to also regulate
expression longevity by modulation of the ability to self-replicate in the cellular milieu. Further studies are
required to understand the limitations and flexibility of the myriad construct variations possible with the self-
assembling DNA nanoparticle platform.

Finally, it is noteworthy that the chemical malleability of DNA nanoparticles enables the incorporation
of diverse molecular and chemical species, offering advantages such as enhanced cellular uptake, improved
stability, and intra-/intermolecular targeting**~**. For example, coating DNA nanoparticles with lipid moieties
through electrostatic interactions enhances stability under physiological conditions and promotes increased
cellular uptake?>*>~. Wu et al. demonstrated this approach by coating DNA nanoparticles with lipid fatty acids
to enhance cell penetration??. Additionally, introducing nuclear localization signals (NLS) through intercalation
or conjugation significantly enhances the nuclear import of transfected DNA, resulting in improved overall gene
expression®#84°, For example, Liedl et al. enhanced gene expression in DNA nanoparticles by incorporating

Scientific Reports|  (2024) 14:27364 | https://doi.org/10.1038/s41598-024-78399-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3kb

2kb
1.5kb

1kb

0.5kb

Fig. 2. Generation and purification of DNA nanoparticles from GFP gene-containing scaffolds. Representative
agarose gel electrophoresis display of the purified DNA nanoparticles used in this study. M: molecular

marker; 1: dsGFP (fully duplex GFP gene); 2: ssGFP (single-stranded antisense strand (i.e., scaffolds for DNA
nanoparticles)); GHL: DNA nanoparticles with linear promoter/enhancer; 3: PO (GHL PO; DNA nanoparticle
with linear promoter/enhancer and single-stranded gene); 4: HS (GHL HS; DNA nanoparticle with linear
promoter/enhancer and a half complement of staples); 5: FS (GHL FS; DNA nanoparticle with linear
promoter/enhancer and a mostly full complement of staples); 6: FSC (GHL FSC; DNA nanoparticle with linear
promoter/enhancer and a full complement of staples). For lanes 1 and 2, the band at approximately 1.7 kb
represents dsGFP, and the band at approximately 0.7 kb represents ssGFP. The bands between 1.7 kb and 1 kb
for lanes 3, 4, 5, and 6 represent successfully self-assembled DNA nanoparticles with linear duplex promoter/
enhancer.

DNA nuclear targeting sequences (DTS)**. In summary, self-assembling DNA nanoparticles hold great potential
as a platform for targeted in vivo gene expression and gene modification.

Conclusion

This study demonstrates that self-assembling DNA nanoparticles are capable of gene expression in a human cell
culture system. In contrast to our previous findings in a nuclease-free test tube system where increased single-
stranded DNA (ssDNA) domains enhanced transcription efficiency, in cell culture we observed a moderate
inverse relationship between gene expression and the degree of exposed ssDNA domains?*. This may be attributed
to the increased susceptibility of ssDNA to degradation by cellular nucleases in comparison to double-stranded
DNA (dsDNA)?**?°. Combined with previous research, these findings emphasize the potential of gene-bearing,
self-assembling DNA nanoparticles containing nuanced architectural features to serve as a platform technology
for biomedicine and related fields.
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Fig. 3. Verification of the structural integrity of ultracentrifugation-filtered DNA nanoparticles by
transmission electron microscopy (TEM). A representative DNA nanoparticle with key structural elements is
located to the lower right of each representative TEM field. The black arrows point to the representative DNA
nanoparticles within the TEM field. ssDNA and loosely crosslinked domains appear as relatively amorphous
consolidated networks whereas linear duplexes containing the promoter and enhancer appear as curved tails
due to the enhanced persistence length of dsDNA relative to ssDNA3!. Compact, highly crosslinked origami
regions display the canonical multi-helix particle morphology. Scale bar: 50 nm.
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dsGFP

Fig. 4. Qualitative fluorescence analysis of GFP expression from various DNA nanoparticle architectures in
mammalian cell culture. All architectures were capable of supporting GFP expression at a level greater than
single stranded DNA (ssGFP) but not as efficiently as linear duplex DNA (dsGFP). Scale bar: 200 pum.
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Fig. 5. Quantification of GFP-expressing cells from various DNA samples. GFP-expressing cells were
identified by flow cytometry. The percentage of GFP-expressing cells for each DNA sample was calculated and
adjusted relative to a positive control (dsGFP). The average relative percentage of each sample is represented

as a bar. Error bars represent one standard deviation from the mean of three independent experiments (*
represents p-value less than 0.1). P-values were calculated by student t-test between DNA nanoparticle samples
and ssGFP (negative control). The raw data is presented in Supplementary Table 6.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information file.
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