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Loop-armed DNA tetrahedron nanoparticles
for delivering antisense oligos into bacteria
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Abstract

Background: Antisense oligonucleotides (ASOs) based technology is considered a potential strategy against
antibiotic-resistant bacteria; however, a major obstacle to the application of ASOs is how to deliver them into bac-
teria effectively. DNA tetrahedra (Td) is an emerging carrier for delivering ASOs into eukaryotes, but there is limited
information about Td used for bacteria. In this research, we investigated the uptake features of Td and the impact of
linkage modes between ASOs and Td on gene-inhibition efficiency in bacteria.

Results: Td was more likely to adhere to bacterial membranes, with moderate ability to penetrate into the bacteria.
Strikingly, Td could penetrate into bacteria more effectively with the help of Lipofectamine 2000 (LP2000) at a 0.125
uL/ug ratio to Td, but the same concentration of LP2000 had no apparent effect on linear DNA. Furthermore, linkage
modes between ASOs and Td influenced gene-knockdown efficiency. Looped structure of ASOs linked to one side of

the Td exhibited better gene-knockdown efficiency than the overhung structure.

Conclusions: This study established an effective antisense delivery system based on loop-armed Td, which opens

opportunities for developing antisense antibiotics.

Keywords: DNA tetrahedron, Antisense antibiotics, Nanoparticles, Drug delivery system

Background

Infections caused by antibiotic-resistant bacteria have
raised public concerns worldwide. Among the assorted
solutions, such as antibiotic combination [1] and small-
molecular compound screening [2], the antisense anti-
bacterial strategy has drawn considerable attention due
to its convenient target selection, safety and decreased
likelihood of inducing antibiotics resistance [3]. By spe-
cifically blocking the expression of targeted genes in
bacteria, antisense oligonucleotides (ASOs) have shown
great potential to kill bacteria [4] or reverse the resist-
ance of bacteria [5]. However, without vectors, ASOs can
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hardly enter bacterial cells because of their high molecu-
lar weight [6] and the complex structure of the bacterial
cell wall [7], which are the main obstacles for ASOs in
therapeutic field. Thus far, a multitude of materials have
been studied for ASOs delivery, including cell-penetrat-
ing peptides (CPPs) [4], vitamin B,, [8], liposomes [9]
and other polymers [10]. Among these materials, CPPs
are the most widely used and have proven to be effective
when covalently linked with ASOs, but their utilization is
impeded by their cytotoxicity at high concentrations and
potential immunogenicity to the host [11]. Therefore, the
development of alternative carriers is essential.

Recently, DNA nanomaterials have offered entirely
new avenues for drug delivery systems [12]. Based on
Watson—Crick base pairing, DNA nanoparticles exhibit
excellent advantages over traditional nanoparticles,
including precise manipulation of shape and size, bio-
compatibility, nontoxicity and increased likelihood of
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intelligent modification [13]. Particularly, DNA tetra-
hedra (Td) is widely used due to its simple preparation,
rigid structure and flexible optimization [14]. In previous
studies, it has been verified that Td can enter live HEK
cells without transfection agents [15] and deliver small-
molecule compounds [16] or nucleic acid drugs [17, 18]
into eukaryotic cells. Furthermore, Td has great flexibility
for structural modification by aptamers [19], folate acids
[17] or tumor-penetrating peptides [20], exhibiting con-
siderable potential for facilitating versatile drug delivery.

Nevertheless, only a few studies have focused on the
application of Td as a delivery system for antibacterial
agents. Leong reported that Td intercalated with actino-
mycin D could be internalized efficiently by Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus) and
showed stronger antibiotic effects than free actinomy-
cin D in vitro [21]. Other studies demonstrated that Td
incorporated with peptide nucleic acids targeting blacry.
M-group 1 1D cefotaxime-resistant E. coli [22] or ftsZ in
methicillin-resistant Staphylococcus aureus (MRSA) [23]
could enter bacteria to restore sensitivity to cefotaxime or
to inhibit bacterial growth by inhibiting targeted genes.
These results imply that Td could be a carrier to deliver
ASOs into bacteria. However, the delivery efficiency of
Td in different strains and the factors that influence Td
into bacteria, as well as the type of Td structure or link-
age modes with ASOs remain unclear.

In this study, we investigated the uptake characteris-
tics and efficiency of Td by different bacterial strains,
including S. aureus, E. coli, Shigella flexneri (S. flexneri),
NDM 1-Klebsiella pneumoniae (K. pneumoniae), mul-
tiple-drug resistant Pseudomonas aeruginosa (P aer-
uginosa) and Acinetobacter baumannii (A. baumannii).
Next, we designed two types of linkages modes between
Td and ASOs targeting gfp, encoding green fluorescent
protein (GEP), or acpP, encoding the acyl carrier protein
(Acp), and assessed the efficiency of delivery and gene
knockdown in E. coli.

Results and discussion

Td was prepared according to methods described previously
[24] (Fig. 1a) and characterized by agarose gel, atomic force
microscope (AFM) and dynamic light scattering (DLS). To
verify the formation of Td, the four strands of the Td (S1, S2,
S3, S4) were added one-by-one, and the gradually formed
complex presented distinct bands with slower mobility as
one more strand was added, indicating the successful step-
wise assembly of the Td (Fig. 1b). AFM images showed
that the Td exhibited an average diameter of approximately
10 nm, and a few aggregates were observed (Fig. 1c). DLS
analysis revealed that the Td had a hydrodynamic size
of ~ 12 nm with a polydispersity index (PDI) of 0.3 (Fig. 1d).
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Then, we studied the uptake features of Td in dif-
ferent bacteria. E. coli or S. aureus bacterial cells were
incubated with FAM-labeled Td at various concentra-
tions (0.1, 0.5, and 1 pM) for 1.5 h, and the number of
FAM-positive bacteria was analyzed by flow cytometry.
As a result, the positive ratios of E. coli incubated with
FAM-labeled Td at concentrations of 0.1, 0.5, and 1 pM
were 5%, 35%, and 49%, respectively (Fig. 2a), while the
corresponding positive ratios of S. aureus were 5%, 24%,
and 56% (Additional file 1: Figure Sla). To determine
whether the observed fluorescence signals represented
the uptake of the Td into bacteria or simple adherence to
the bacterial membrane, the bacterial cells were treated
with DNase before flow cytometry analysis [15]. And we
demonstrated that DNase had no effect on FAM fluores-
cence intensity (Additional file 1: Figure S2). We found
that after DNase treatment, the positive ratios of both
tested strains decreased to approximately 20% when
treated with 1 uM Td (Fig. 2a and Additional file 1: Fig-
ure Sla). However, the positive ratios of single-strand
S1 labeled with FAM were lower than 5% in both tested
bacteria whether treated with DNase or not (Fig. 2a
and Additional file 1: Figure Sla). Furthermore, confo-
cal laser scanning microscopy (CLSM) also confirmed
that the fluorescence intensity of the tested bacteria was
reduced significantly after treatment with DNase (Fig. 2b
and Additional file 1: Fig. S1b). Similar results were also
observed in other bacterial strains, including S. flexneri,
NDM1I-K. pneumoniae, multiple-drug resistant P. aerugi-
nosa and A. baumannii (Additional file 1: Figure S3). All
the data demonstrated that Td had a tendency to bond
with the bacterial membrane and only a fraction of Td
entered into bacterial cells successfully.

Next, Lipofectamine 2000 (LP2000) was used to
improve the uptake efficiency of the Td by bacteria
because of the following reasons: (1) We have demon-
strated that lipofectamine 2000 (LP2000) could deliver
oligonucleotides into bacteria effectively [25], and
showed no toxicity when the concentration was lower
than 10 pL/mL (Additional file 1: Figure S4). (2) Lipo-
fectamine could interact with DNA by electrostatic
force, and could be used as a modifier to increase the
liposolubility of Td [26], which may help the DNA
nanomaterials penetrate into bacterial cells more eas-
ily. Therefore, we explored the uptake efficiency of Td
mixed with LP2000 (LP2000/Td: 0.0025, 0.0125, 0.025,
and 0.125 pL/pg) for initial optimization. The Td mixed
with LP2000 (LP-Td) showed the same size as the Td
when the LP2000/Td ratio was 0.0025 (Additional file 1:
Figure S5a), while larger nanoparticles were formed
when the ratios were greater than 0.0025. And the
size increased as the ratio increased (Additional file 1:
Figure S5b, c¢). However, when the ratio of LP2000/Td
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Fig. 1 Characteristics of the Td. a A sketch of Td self-assembly. b Agarose gel of single-strand DNA, partial assembly, and Td. Lane 1: S1; Lane
2:S1452; Lane 3: ST+ 52+ S3; Lane 4: S1+ S2 4 S3+ S4. ¢ AFM images of Td showing its triangle-like shape. The scale baris 10 nm. d The

was 0.125 uL/pg, the formed nanoparticles exhibited
homogeneous sizes of approximately 30 nm (Additional
file 1: Figure S5d). Then we used this ratio (0.125 uL/ug)
to assemble LP-Td, and characterized it by TEM and
DLS (Fig. 3a, b). To further investigate whether LP2000
at this concentration could protect Td from enzymatic
hydrolysis, structural integrity of Td and LP-Td was
monitored by FRET [15]. Strand S2 and S3 were labeled
with cy3 and cy5 respectively, which were close enough
for energy transfer from the donor cy3 to the accep-
tor cy5 when Td was intact. Once Td was degraded, a
donor (cy3) was separated from an acceptor (cy5), then
the fluorescence intensity of cy5 decreased while that of
cy3 increased. Figure 3c showed that although Td and
LP-Td were both degraded in 150 U/mL DNase, LP2000
protected Td from hydrolysis when DNase was 20 U/
mL. This data indicated that LP-Td had higher enzyme
stability than Td to some extent.

According to the results of flow cytometry and
CLSM, the positive ratio in E. coli improved gradually
as an increased amount of LP2000 was added, reach-
ing 83% when the concentration of Td was 0.5 uM and
the LP2000/Td ratio was 0.125 pL/pg (Additional file 1:
Figure S6a, b). However, increasing the LP2000/Td
ratio only slightly improved the positive ratio of Td in
S. aureus, reaching a peak value of only 40%, even at the
highest LP2000/Td ratio (Additional file 1: Figure Séc,
d). This result may be attributed to the existence of more

peptidoglycan in Gram-positive bacteria, which hindered
the interaction between LP-Td and the lipid membrane.
Strikingly, bacteria treated with single-strand DNA
exhibited very low positive ratios (<10%) regardless of
how much LP2000 was added in those ratios. However,
because the difference of molecular weights between Td
and single-strand DNA led to distinct absolute amounts
of LP2000, we added the same amounts of LP2000 (0.125
uL/pg to 1 uM Td) to 1 pM single-strand DNA and then
incubated with E. coli and S. aureus, to eliminate this
interference and further clarify the superiority of Td to
enter bacteria. The positive ratios were 20% and 18% in
E. coli and S. aureus, respectively (Additional file 1: Fig-
ure S7a). Importantly, when LP2000 with a 0.125 uL/pg
ratio to Td was added, DNase treatment had no influence
on the ratio of FAM-positive bacteria, as demonstrated
by the results of flow cytometry (Fig. 4a and Additional
file 1: Figure S8a) and CLSM image analysis (Fig. 4b and
Additional file 1: Figure S8b). Furthermore, Triton X-100
was used to disrupt LP-Td nanoparticles which may
adhere to bacterial membrane, and the positive ratios did
not decrease (Additional file 1: Figure S7b). All results
indicated that most of the Td crossed the membrane and
entered bacteria with the help of LP2000. To fit a dose
response curve for uptake efficiency, E. coli or S. aureus
were incubated with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 or 1 uM FAM-labeled LP-Td for 1.5 h, and then the
positive ratios were tested by Flow cytometry. Graphpad
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Fig. 2 Td uptake by E. coli. a Flow cytometry and b confocal microscopy imaging to analyze the uptake efficiency of Td by E. coli. The bacterial cells
were incubated with different concentrations of FAM-labeled Td (0.1, 0.5, or 1 uM) for 1.5 h and then were either treated or not treated with DNase
before flow cytometry and confocal microscopy analyses. SS single-strand DNA, Td DNA tetrahedron. SS was used as a control. Scale bars represent
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prism was used to fit a curve, which was shown in
Additional file 1: Figure S9, and the dose-responsive
equations for uptake efficiency were obtained. E. coli:
Y =22+4(79.93 —22)/(1+ 10~ ((— 0.4657-X)*9.243));  S.
aureus: Y =28.54+(91.12 —28.54)/(1 4 10" ((— 0.2352-
X)*2.919)). And the EC, for E. coli and S. aureus were
0.34 and 0.58 puM respectively. Y means relative uptake
efficiency (%), and X means the concentration of LP-Td.
Next, the influences of incubation temperature and
time on the uptake efficiency of LP-Td were also investi-
gated. As a result, the uptake efficiency did not decrease
when E. coli and S. aureus were treated with LP-Td at 4 °C
compared to 37 °C, indicating that the uptake process in
bacteria was energy-independent (Additional file 1: Fig-
ure S10a). After incubation with 0.5 pM LP-Td for 10,
30, 60, 180 min, we found that the uptake efficiencies in

E. coli and S. aureus reached the maximum value at the
first time point (10 min) and remained at relatively con-
stant values at longer incubation times, indicating that
the process of LP-Td internalization in bacteria was fairly
quick (less than 10 min) (Figure S10b). As a transfection
reagent, LP2000 is commonly used in eukaryotic cells
with an LP2000/DNA ratio of 2-3 pL/pg. In the present
study, much less LP2000 (with an LP2000/Td ratio of
0.125) could significantly facilitate bacterial uptake of Td;
by contrast, this amount of LP2000 had no effect on the
uptake of single-strand DNA. Based on these results, we
speculate that in this uptake process, the unique struc-
ture of the Td increases its binding with bacterial sur-
face, while the hydrophobicity of LP2000 increases the
transmembrane ability of the Td. Therefore, LP-Td could
be successfully internalized by bacteria. Furthermore,
the quantity of LP2000 used here (1 pM Td; 0.125 pL/pg
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LP2000/Td ratio, corresponding to 10 puL/mL LP2000)
exerted no toxicity on E. coli and S. aureus. In fact, E. coli
could endure higher concentrations of LP2000 (Addi-
tional file 1: Figure S4).

To investigate whether the LP-Td complex could deliver
ASOs into bacteria and exert gene inhibitory effects,
two different strategies were designed to link functional
ASOs to the Td: 1) Td-L, in which a single strand was
protruding from the side of the Td as a loop (Td-L) (with
3 additional nucleotides at the end of both linking sites
to expose antisense sequences), and 2) Td-O, in which
the single strand was overhanging at one vertex of the Td
(with 7 additional nucleotides added to the end of linking
site to expose antisense sequences) (Fig. 5a). To improve
stability, ASOs were modified by phosphorothioate. The
agarose gel results indicated the successful formation
of both structures, which exhibited distinct bands with
a slightly slower mobility than Td (Fig. 5b). DLS dem-
onstrated that the sizes of Td-L and Td-O were similar
to that of Td (Fig. 5¢) and increased to~30 nm when
LP2000 was added (Figure S11).

Next, the gene-inhibiting effects of Td-L and Td-O
carrying anti-gfp ASOs were studied in E. coli express-
ing GFP (GFP-E. coli). Mismatched ASOs linked to Td

(Td-L,,;, and Td-O,,;) were used as controls to confirm
the specific gene-inhibiting effect. A confocal study
showed that Td-L,; .4, Td and Td-L,; at a concen-
tration of 1 pM all had no influence on the fluorescent
intensity of GFP-E. coli (Fig. 6a, b). In contrast, when
treated with LP-Td-L,; ., (1 pM), a 75% reduction in
GFP fluorescence intensity was observed in GFP-E. coli,
while LP-Td and LP-Td-L, also had no effect (Fig. 6a,
b). However, unlike Td-L,; 5, Td-O,yi.45 did not affect
GFP fluorescence regardless of whether LP2000 was used
(Fig. 7a, b), implying the importance of the specific struc-
ture of Td-L for the gene inhibitory effect.

Then, we tested whether the observed decrease in
fluorescence intensity in GFP-E. coli resulted from tar-
geted gene inhibition. After incubating for 3 h, bacteria
were collected, and total RNA was extracted to detect
the mRNA level of gfp. The results in Fig. 6¢ show that
when treated with LP-Td-L,;; .4, at concentrations of 0.5
and 1 pM, gfp expression decreased by 41.5% and 60.5%,
respectively, while treatment with 0.1 uM LP-Td-L,;.
g did not lead to an observable decrease in gfp expres-
sion. Moreover, no significant decreases in gfp mRNA
level were observed in the other groups at all concen-

trations. In addition, Fig. 7c indicates that Td-O,. 4,
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Fig. 4 Td uptake by E. coli with the help of LP2000. a Flow cytometry and b confocal microscopy imaging to analyze the uptake efficiency of Td
mixed with LP2000 (LP-Td) by E. coli. The bacterial cells were incubated with different concentrations of FAM-labeled LP-Td (0.1, 0.5, or 1 uM) for 1.5 h
and then either treated or not treated with DNase before flow cytometry and confocal microscopy analyses. The LP2000/Td ratio was 0.125 pL/ug.
SS: single-strand DNA; Td: DNA tetrahedron; LP: LP2000. SS was used as a control. Scale bars represent 10 um
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and LP-Td-O,p.4, did not inhibit the gfp expression
level, consistent with the confocal results. However,
flow cytometry analysis demonstrated that the bacterial
uptake efficiencies of Td-L and Td-O were comparable
(Fig. 5d), indicating that the loop structure in Td-L facili-
tated its gene inhibition activity. The loop design may
help ASOs combine with RNA or increase the sensitiv-
ity of the ASOs/RNA complex to RNase. Further studies
to uncover the underlying mechanisms of the antisense
effect of Td-L can provide potential strategies to design
more effective linkage modes between Td and ASOs.
Finally, we investigated the antibacterial activity of
Td-L carrying anti-acpP ASOs (Td-L,;. 4,p)- Here, acpP
is a gene encoding the acyl carrier protein Acp, which
is critical for fatty acid biosynthesis in E. coli. As shown
in Fig. 8a, 0.1 uM LP-Td-L,; 4., did not influence the
growth of E. coli. When the concentration was increased
to 0.5 uM, LP-Td-L,, 40p significantly inhibited the
growth of E. coli at 5 h after treatment, as highlighted

by the reduced colony-forming units (CFU) in the LP-
Td-L,pti-app group compared to the other groups. Fur-
thermore, 1 pM LP-Td-L,. ,,p exhibited inhibitory
effects on bacterial growth at 3 h and stronger effects at
5 h. Then, we further analyzed the mRNA level of acpP
to examine whether the LP-Td-L, ,p-induced bac-
terial inhibition was mediated by targeting acpP. As a
result, the mRNA level of acpP was found to signifi-
cantly decrease in the LP-Td-L,, 4,p group compared
to the other groups. The mRNA expression level of acpP
decreased by 23% and 43% after treatment with 0.5 uM
and 1 uM LP-Td-L,; ¢, respectively (Fig. 8b). Collec-
tively, these results demonstrated that LP-Td-L,. scpp
exhibited antibacterial activity via its gene inhibitory
effects targeting acpP and that LP2000 played a fairly
essential role in the process.
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Conclusions

In this study, we investigated the uptake efficiency of
DNA tetrahedron (Td) in different bacterial strains.
Interestingly, the Td adhered to the surface of the bacte-
rial membrane efficiently, but a few could penetrate the
membrane, probably due to its hydrophilicity. However,
a very low ratio of LP2000 to Td facilitated the penetra-
tion of the Td into bacteria within a few minutes in an
energy-independent manner. Compared with single
strand DNA, Td showed superiority of crossing bacterial
membrane with the help of LP2000, the reason of which
may be its characteristic structure. In addition, based on
the optimized LP-Td system, the modes of ASOs linked
with the Td had a significant impact on gene knockdown
efficiency, with the looped structure of ASOs linked to
one side of Td exhibiting excellent gene-inhibiting activ-
ity. Importantly, LP-Td-L,; ,.,r showed gene inhibitory
effects targeting the acpP gene and eventually inhibited
bacterial growth. Therefore, this study provides novel
insights into the uptake features of Td in bacteria and
highlights the importance of linkage strategy between
ASOs and Td. In further research, multivalent ASO-
containing particles could be designed based on the supe-
rior structure of Td and the selectivity of ASOs linking

modes, which will open novel opportunities for develop-
ing effective antisense delivery systems.

Material and method

Materials

All oligonucleotides were obtained from Sangon Bio-
tech (China). Magnesium chloride hexahydrate was
purchased from Tian Li (China). Trizma base was
obtained from Sigma-Aldrich (USA). Agarose was pur-
chased from Lonza (USA). DNase I was obtained from
Solarbio (China). Lipofectamine 2000 (LP2000) was
purchased from Invitrogen (USA). FM4-64 was pur-
chased from Molecular Probes (USA). Phosphate-buft-
ered saline (PBS) and Mueller—-Hinton broth (MHB)
were purchased from Boster (China) and Land Bridge
(China), respectively. The PrimeScript RT Reagent Kit
with DNA Eraser and Premix Taq RT-PCR System
were from Takara Bio Inc (Japan). Thse water used
in all experiments was prepared via a Millipore Milli-
Q purification system with a resistivity greater than
18 MQ cm ™
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Fig. 6 Gene-inhibiting efficiency of LP-Td-L targeting gfp in E. coli expressing GFP. a Confocal microscopy imaging to investigate GFP fluorescence

intensity after treating bacteria with 1 pM Td-L, 4141,

with or without LP2000 for 6 h. Red fluorescence was from FM4-64. b Semiquantitative analysis
of GFP fluorescence intensity. ¢ Quantitative real-time PCR analysis of gfp mRNA levels after exposure to different concentrations of Td-L,

anti-gfp or

LP-Td-Lopigpp (01,05, 0r T pM) for 3 h. Td-L;; was used as a negative control to confirm specific gene inhibiting of ASOs. Scale bars represent 10 um.

"*".p<0.05;"**" p<0.01 versus control group

Methods

Self-assembly of Td

All single strands(S1, S2, S3, S4) in equimolar quan-
tities were mixed in TM buffer (12.5 mM Tris, 5 mM
MgCl,, pH="7.8-8.0), heated to 95 °C for 5 min with an
M] MiniTM 48-well personal thermal cycler, and then
cooled rapidly on ice for at least 1 h.

Preparation of LP-Td

Td and LP2000 were diluted in PBS respectively, and
mixed. Then the mixture was incubated for 15 min at
room temperature to form the LP-Td.

Agarose gel electrophoresis

A 1% (w/v) agarose gel was prepared with EtBr. A total
of 5 pL prepared Td mixed with loading buffer was
loaded and run at 95 V for 35 min. To identify the Td
with ASOs, a 2% (w/v) agarose gel was used.

AFM imaging

All samples were diluted to 2.5 nM in TM buffer
(12.5 mM Tris, 5 mM MgCl,). Then, 10 puL of Td was
dropped onto freshly cleaved mica and incubated for
5 min to allow strong absorption onto the surface.
Then, the mica was rinsed using filtered deionized
water and gently dried with compressed nitrogen. Next,
the samples were scanned in tapping mode on an Agi-
lent 5500 SPM.

Dynamic light scattering

A 2 uM solution of Td was prepared based on the above-
mentioned protocols and then diluted to 0.2 uM with
ultrapure water. After passing through a 0.22 pm filter,
samples were analyzed by a Malvern Zetasizer Nano ZS
to measure the hydrodynamic size and size distribution.

TEM

LP-Td was dropped on a grid and incubated for 4 min,
then remaining solution was absorbed by filter paper. The
TEM images were obtained by JEM-2100Plus with 80 kV.

Enzymatic stability experiment
Td was self-assembled with S1, cy5-S2, cy3-S3 and
S4. Then the fluorescence of 0.2 pM Td or LP-Td was

measured by F-2500 FL Spectrophotometer after incuba-
tion with 0, 5, 20, 150 U/mL DNase for 15 min. The fluo-
rescence intensity of 560 nm (cy3) and 665 nm (cy5) was
recorded.

Transfection of bacteria

FAM-labeled S1 was used for the preparation of fluo-
rescently labeled Td. Bacteria (1 x 10° CFU/mL) were
incubated with 0.1, 0.5, or 1 uM FAM-Td in PBS and
then treated with 500 U/mL DNase for 15 min. FAM-S1
was used as a control. To optimize the transfection con-
ditions, LP2000 was mixed with Td at ratios of 0.0025,
0.0125, 0.025, and 0.125 pL/pug before incubating with
bacteria, and the optimum ratio (0.125 uL/pug) was used
in subsequent experiments.

Flow cytometry

The uptake efficiency of Td in bacteria was estimated
by flow cytometry. The transfected samples were cen-
trifuged at 6000 g/min for 5 min and washed twice
with PBS. After resuspending in PBS, the samples were
detected with a blue laser (488 nm excitation) and a
530/30 filter in the BL1 detector by a NovoCyte'" flow
cytometer.

Confocal microscopy

Bacteria were stained with 20 g/mL FM4-64 on ice for
1 min, then centrifuged and resuspended in PBS again.
Then, 3.5 pL of sample was dropped onto a slide and
dried in air. Next, 5 pL of antifade mounting medium
was added and covered with a coverslip. All images
were obtained using an Olympus FluoView" FV1000
microscope. The set wavelengths were 543 nm excita-
tion for FM4-64 and 488 nm excitation for FAM and
GFP.

Cell growth assay

Escherichia coli bacteria were cultured in LB medium
until the early log stage, then diluted to 1 x 10> CFU/
mL and treated with Td-L at 0.1, 0.5, or 1 uM for 1, 3,
or 5 h. At every time point, a 10 uL bacterial suspension
was diluted and plated. After incubating at 37 °C over-
night, colony counts in every sample were expressed as
CFU/ml
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Fig. 7 Gene-inhibiting efficiency of LP-Td-O targeting gfp in E. coli expressing GFP. a Confocal microscopy imaging to investigate GFP fluorescence
intensity after treating bacteria with 1 pM Td-O,; ¢, with or without LP2000 for 6 h. Red fluorescence was from FM4-64. b Semiquantitative analysis
of GFP fluorescence intensity. € Quantitative real-time PCR analysis of gfo mRNA levels after exposure to different concentrations of Td-O, 47, OF
LP-Td-O,g¢, (0.1,0.5, 0r T uM) for 3 h.Td-O,,;; was used as a negative control to confirm specific gene inhibiting of ASOs. Scale bars represent

10 um."™*": p < 0.05;"**": p <0.01 versus control group
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Fig. 8 Bacterial growth inhibitory effect of LP-Td-L by inhibiting the acpP gene in E. coli. a Colony counting of £. coli after treatment with different
»(0.1,0.5, or 1 uM) with or without LP2000 for different times (1, 3 or 5 h). b Quantitative real-time PCR analysis of acpP
mMRNA levels after exposure to different concentrations of Td-L, yi.acpp OF LP-Td-Lypi.gepp (0.1, 0.5, 01 1 uM) for 3 h.Td-L,; was used as a negative
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RT-PCR

After incubation with Td, the bacteria were harvested.
The total RNA of the bacteria was extracted and then
reverse-transcribed using the PrimeScript RT Reagent
Kit with DNA Eraser. Amplification was performed
according to the following steps: denaturation at 95 °C
for 5 min and 40 cycles of 95 °C for 10 s and 58 °C for
30 s. gyrA was used as an internal control.

Statistical analysis

The results are shown as the mean=+ SD from at least
three independent experiments. Statistical analyses
were suitably implemented in Prism 6 (GraphPad, La
Jolla, CA) with one-way ANOVA. A p value <0.05 indi-
cated a significant difference between group means.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512951-020-00667-6.

E Additional file 1. Additional figures. }

Acknowledgements
Not applicable.

Authors’ contributions

Conceptualization, YH; XL and XX; methodology, YH and ZC; software, ZC and
XM; formal analysis, YH; ZH and JM; writing—original draft preparation, YH and
XX; writing—review and editing, ML; XL. All authors read and approved the
final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(81972359, 51675411) and Fourth Military Medical University JSTS201805.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing financial interest.

Author details

! Department of Pharmacology, Fourth Military Medical University, No.

169, Changle West Road, Xi'an 710032, Shaanxi, People’s Republic of China.

2 Department of Neurosurgery, Xijing Hospital, Fourth Military Medical Univer-
sity, Xi'an, China.

Received: 9 March 2020 Accepted: 24 July 2020
Published online: 04 August 2020



https://doi.org/10.1186/s12951-020-00667-6
https://doi.org/10.1186/s12951-020-00667-6

Hu et al. J Nanobiotechnol

(2020) 18:109

References

1.

Brochado AR, Telzerow A, Bobonis J, Banzhaf M, Mateus A, Selkrig J, Huth
E, Bassler S, Zamarreno Beas J, Zietek M, Ng N, Foerster S, Ezraty B, Py B,
Barras F, Savitski MM, Bork P, Gottig S, Typas A. Species-specific activity of
antibacterial drug combinations. Nature. 2018;559:259-63.

Kim W, Zhu W, Hendricks GL, Van Tyne D, Steele AD, Keohane CE, Fricke N,
Conery AL, Shen S, Pan W, Lee K, Rajamuthiah R, Fuchs BB, Vlahovska PM,
Wuest WM, Gilmore MS, Gao H, Ausubel FM, Mylonakis E. A new class of
synthetic retinoid antibiotics effective against bacterial persisters. Nature.
2018;556:103-7.

Hegarty JP, Stewart DB Sr. Advances in therapeutic bacterial antisense
biotechnology. Appl Microbiol Biotechnol. 2018;102:1055-65.

Good L, Awasthi SK, Dryselius R, Larsson O, Nielsen PE. Bactericidal anti-
sense effects of peptide-PNA conjugates. Nat Biotechnol. 2001;19:360-4.
Daly SM, Sturge CR, Felder-Scott CF, Geller BL, Greenberg DE. MCR-1
Inhibition with peptide-conjugated phosphorodiamidate morpholino
oligomers restores sensitivity to polymyxin in Escherichia coli. Mbio.
2017,8:¢01315.

Frazier KS. Antisense oligonucleotide therapies: the promise and the
challenges from a toxicologic pathologist's perspective. Toxicol Pathol.
2015;43:78-89.

Good L, Sandberg R, Larsson O, Nielsen PE, Wahlestedt C. Antisense PNA
effects in Escherichia coli are limited by the outer-membrane LPS layer.
Microbiology. 2000;146(Pt 10):2665-70.

Rownicki M, Wojciechowska M, Wierzba AJ, Czarnecki J, Bartosik D, Gryko
D, Trylska J. Vitamin B12 as a carrier of peptide nucleic acid (PNA) into
bacterial cells. Sci Rep. 2017;7:7644.

Meng J, He G, Wang H, Jia M, Ma X, Da F, Wang N, Hou Z, Xue X, Li M,
Zhou'Y, Luo X. Reversion of antibiotic resistance by inhibiting mecA in
clinical methicillin-resistant Staphylococci by antisense phosphorothio-
ate oligonucleotide. J Antibiot (Tokyo). 2015;68:158-64.

Zhao Z, LiY, Shukla R, Liu H, Jain A, Barve A, Cheng K. Development of a
biocompatible copolymer nanocomplex to deliver VEGF siRNA for triple
negative breast cancer. Theranostics. 2019;9:4508-24.

. El-Andaloussi S, Jarver P, Johansson HJ, Langel U. Cargo-dependent cyto-

toxicity and delivery efficacy of cell-penetrating peptides: a comparative
study. Biochem J. 2007;407:285-92.

Lee DS, Qian H, Tay CY, Leong DT. Cellular processing and destinies of
artificial DNA nanostructures. Chem Soc Rev. 2016;45:4199-225.

LinkoV, Ora A, Kostiainen MA. DNA Nanostructures as smart drug-deliv-
ery vehicles and molecular devices. Trends Biotechnol. 2015;33:586-94.
Hu'Y, Chen Z, Zhang H, Li M, Hou Z, Luo X, Xue X. Development of DNA
tetrahedron-based drug delivery system. Drug Deliv. 2017;24:1295-301.
Walsh AS, Yin H, Erben CM, Wood MJA, Turberfield AJ. DNA cage delivery
to mammalian cells. ACS Nano. 2011;5:5427-32.

20.

21.

22.

23.

24.

25.

26.

Page 12 of 12

Kim K-R, Kim D-R, Lee T, Yhee JY, Kim B-S, Kwon IC, Ahn D-R. Drug delivery
by a self-assembled DNA tetrahedron for overcoming drug resistance in
breast cancer cells. Chem Commun (Camb). 2013;49:2010-2.

Lee H, Lytton-Jean AKR, Chen'Y, Love KT, Park Al, Karagiannis ED, Sehgal A,
Querbes W, Zurenko CS, Jayaraman M, Peng CG, Charisse K, Borodovsky
A, Manoharan M, Donahoe JS, Truelove J, Nahrendorf M, Langer R,
Anderson DG. Molecularly self-assembled nucleic acid nanoparticles for
targeted in vivo siRNA delivery. Nat Nanotechnol. 2012;7:389-93.

Yang J, Jiang Q He L, Zhan P, Liu Q, Liu S, Fu M, Liu J, Li C, Ding B. Self-
Assembled double-bundle DNA tetrahedron for efficient antisense
delivery. ACS Appl Mater Interfaces. 2018;10:23693-9.

Charoenphol P, Bermudez H. Aptamer-targeted DNA nanostructures for
therapeutic delivery. Mol Pharm. 2014;11:1721-5.

Xia Z,Wang P, Liu X, LiuT,YanY, Yan J, Zhong J, Sun G, He D. Tumor-pen-
etrating peptide-modified DNA tetrahedron for targeting drug delivery.
Biochemistry. 2016;55:1326-31.

Setyawati MI, Kutty RV, Tay CY, Yuan X, Xie JP, Leong DT. Novel thera-
nostic DNA nanoscaffolds for the simultaneous detection and killing

of Escherichia coli and Staphylococcus aureus. Acs Appl Mater Inter.
2014;,6:21822-31.

Readman JB, Dickson G, Coldham NG. Tetrahedral DNA nanoparticle
vector for intracellular delivery of targeted peptide nucleic acid antisense
agents to restore antibiotic sensitivity in cefotaxime-resistant Escherichia
coli. Nucleic Acid Ther. 2017;27:176-81.

Zhang Y, Ma W, Zhu', ShiS, Li Q, Mao C, Zhao D, ZhanY, Shi J, Li W, Wang
L, Fan C, Lin Y. Inhibiting methicillin-resistant Staphylococcus aureus by
tetrahedral DNA nanostructure-enabled antisense peptide nucleic acid
delivery. Nano Lett. 2018;18(9):5652-9.

Goodman RP, Schaap IAT, Tardin CF, Erben CM, Berry RM, Schmidt CF,
Turberfield AJ. Rapid chiral assembly of rigid DNA building blocks for
molecular nanofabrication. Science. 2005;310:1661-5.

Chen Z, HuY, Meng J, Li M, Hou Z, Zhou Y, Luo X, Xue X. Efficient
transfection of phosphorothioate oligodeoxyribonucleotides by lipo-
fectamine2000 into different bacteria. Curr Drug Deliv. 2016;13:784-93.
Garcia-Chaumont C, Seksek O, Grzybowska J, Borowski E, Bolard J.
Delivery systems for antisense oligonucleotides. Pharmacol Ther.
2000;87:255-77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Loop-armed DNA tetrahedron nanoparticles for delivering antisense oligos into bacteria
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	Conclusions
	Material and method
	Materials
	Methods
	Self-assembly of Td
	Preparation of LP-Td
	Agarose gel electrophoresis
	AFM imaging
	Dynamic light scattering
	TEM
	Enzymatic stability experiment
	Transfection of bacteria
	Flow cytometry
	Confocal microscopy
	Cell growth assay
	RT-PCR
	Statistical analysis


	Acknowledgements
	References




