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Abstract

Antibiotic resistance is a major challenge in the clinical treatment of bacterial infectious diseases. Herein, we constructed a
multifunctional DNA nanoplatform as a versatile carrier for bacteria-specific delivery of clinical antibiotic ciprofloxacin (CIP)
and classic nanoantibiotic silver nanoparticles (AgNP). In our rational design, CIP was efficiently loaded in the self-assembly
double-bundle DNA tetrahedron through intercalation with DNA duplex, and single-strand DNA-modified AgNP was embedded
in the cavity of the DNA tetrahedron through hybridization. With the site-specific assembly of targeting aptamer in the
well-defined DNA tetrahedron, the bacteria-specific dual-antibiotic delivery system exhibited excellent combined bactericidal
properties. With enhanced antibiotic accumulation through breaking the out membrane of bacteria, the antibiotic delivery
system effectively inhibited biofilm formation and promoted the healing of infected wounds in vivo. This DNA-based antibiotic

delivery system provides a promising strategy for the treatment of antibiotic-resistant infections.
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Antibiotic resistance is a majr challenge in the clinical treatment of bacterial infectious

diseases. Herein, we constructed a multifunctional DNA nanoplatform as a versatile carrier for
bacteria-specific delivery of clinical antibiotic ciprofloxacin (CIP) and classic nanoantibiotic
silver nanoparticles (AgNP). In our rational design, CIP was efficiently loaded in the self-
assembly double-bundle DNA tetrahedron through intercalation with DNA duplex, and single-
strand DNA-modified AgNP was embedded in the cavity of the DNA tetrahedron through
hybridization. With the site-specific assembly of targeting aptamer in the well-defined DNA
tetrahedron, the bacteria-specific dual-antibiotic delivery system exhibited excellent combined
bactericidal properties. With enhanced antibiotic accumulation through breaking the out
membrane of bacteria, the antibiotic delivery system effectively inhibited biofilm formation
and promoted the healing of infected wounds in vivo. This DNA-based antibiotic delivery

system provides a promising strategy for the treatment of antibiotic-resistant infections.

1. Introduction

Bacterial infection has been considered to be the main cause of death and poses a tremendous
threat to human health, which causes serious economic burdens worldwide.* 2 Although the
fight against microorganism-caused infections has achieved considerable success since the
discovery of antibiotics, the irrational use of antimicrobials which results in drug resistance has
already caused serious medical problems and already attracted increasing concern.1 Over the
past few decades, significant progress has been achieved in the development of
nanotechnology-based medicines for combating multidrug resistance in microorganisms.[® 7]
Nanoparticle-based antibiotic, such as silver nanoparticles (AgNP), with no cross-resistance to
most of the chemically synthesized antibiotics, has attracted more attention in drug-resistant
therapy.[-1% Eventhough AgNP exhibits broad-spectrum and robust antimicrobial properties, it

still holds the short back of instability in physiological environment and limited biosafety
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caused by non-selectivity poisoing.[& 10. 111 The hindrance in effective administration and target

recognition restricts AgNPs from handling infectious problems physiologically.

DNA nanotechnology, which emerged at the beginning of the 1980s, generates new class of
artificial medium to precisely control and organize functional ligands.*?*4 Precisely self-
assembled DNA nanostructures, such as three-dimensional DNA tetrahedron, demonstrated
excellent biocompatibility and high drug-loading capability and were used to efficiently enrich
therapeutic drugs in the treatment of many kinds of diseases.!*>2% Due to excellent fabricability,
the inner cavity of the DNA tetrahedron has been taken as a holder to deliver inorganic
nanoparticles and protect them from inactivating by external biomolecules.?* 221 Meanwhile,
functional groups can be precisely organized on DNA tetrahedron to generate vital properties
for specific recognition, such as antibody, peptide, and aptamer.[?*-?5 Through rational design,
multifunctional DNA nanoplatforms could be integrated with multiple bioactive components to
realize more excellent performance.’® 21 Based on these tailored properties of DNA
tetrahedron, we hypothesized that antibiotics-loaded multifunctional DNA nanoplatform could
overcome dilemmas in antibiotic administration and realize effective antibiotic-resistant
bacteria elimination.

Herein, we present a facile and universal strategy to deliver clinical antibiotic CIP and
nanoantibiotic AgNP for targeted anti-infection therapy (Figure 1). An addressable double-
bundle DNA tetrahedron (Th) is employed to load quinolone antimicrobial CIP!28-3% through
noncovalent intercalation with DNA duplex. Meanwhile, AgNP modified with DNA was
loaded in the Th with capture stretched from the inner cavity for the construction of the
combined anti-bacterial therapy. For targeted delivery, the bacteria-specific aptamer was
hybridized on the edge of the DNA tetrahedron (AT). The bacteria-specific dual antibiotics
loaded DNA tetrahedron, namely AT-Ag@CIP, with the controlled size and high drug load
efficacy, was successfully prepared and applied in infected wound therapy of resistant bacteria.

The treatment of the AgNP-loaded DNA tetrahedron caused break in the integrity of the
3
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bacterial membrane and synergitically enhanced the sterilization effect of the co-loaded drugs.

The rationally designed DNA tetrahedron exhibits exceptional targetability and impressively
bactericidal properties on antibiotic-resistant bacteria without observable toxicity.
Consequently, our report demonstrated a combined anti-infection therapy agent that holds

immense potential as treatment strategy for systematic infection.

2. Results and Discussion
2.1 Characterization of the antibiotic-loaded DNA tetrahedron

We constructed an addressable double-bundle DNA tetrahedron based on our previous studies
as the drug carrier for antibiotic delivery (Figure S1). There are 6 capture strands stretched from
3 arms of the DNA tetrahedron for AgNP binding and the bacteria-specific aptamer was loaded
through hybridization on the opposite side (Figure S2-S5, detailed DNA sequences are shown
in Table S1). We employed AgNP with a 5 nm diameter as nanoantibiotic for AT-Ag@CIP
preparation (Figure S6). The DNA-modified AgNP (Ag-DNA) was loaded, meanwhile, the
clinical antibiotic CIP was loaded through intercalation with DNA duplex of the double-bundle
DNA tetrahedron (Figure S7). HPLC analysis showed that there are about 457.5 = 17.5 CIP
molecules loaded in each DNA tetrahedron. The noncovalent drug loading strategy of
intercalation had a relatively high drug loading efficiency through single coculture as
reported.?!:32 After two steps of “Th fabrication and one step of drug loading, the morphology
and size distribution were obtained by atomic force microscopy (AFM) and dynamic light
scattering (DLS) (Figure 2A). A monodisperse antibiotic-loaded DNA tetrahedron was
successfully synthesized. There is no aggregation or disassembly was observed during the CIP
and AgNP loading (Figure S8). The diameter of the antibiotic-loaded “Th-Ag@CIP (15.9 +5.3

nm) is slightly larger than that of #Th (13.3 £ 2.7 nm) due to the successful antibiotic loading.
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Then, the drug release effic and physiological stability were subsequently investigated.

We found that the drug release behavior of AT-Ag@CIP was in a time-dependent manner in all
tested pH conditions. The CIP and antibacterial Ag*" were sustained-released into the external
environment over 48 h (Figure 2B-C). The addition of rhDNase caused a suddenly released of
CIP, indicating the interaction with DNA carrier maintained the sustained release of CIP (Figure
S9). Next, the tolerance of AgNPs was applied to test the stability of AT-Ag@CIP in PBS. The
5 nm AgNP has a larger surface area for efficient Ag™ hydrolysis so that achieves a better

6.331 However, the shortage of limited stability in physiological conditions

antibacterial effect.!
extremely limited its application. As shown in Figure S10, the naked AgNP aggregated in PBS
after 12 h of culture, while the *Th-Ag@CIP had negligible morphological change according
to AFM images. The strategy of taking DNA tetrahedron as drug carrier apparently improved

the applied performance of the antibiotics.

2.2 In vitro drug delivery performance of the dual-antibiotic delivery system

To investigate the cellular uptake efficiency of antibiotics delivered by DNA tetrahedron, we
employed Cy5-labeled DNA strands (red) for confocal imaging analysis. Escherichia coli (E.
coil) as one of the most prevalent pathogens in infectious diseases is increasingly involved in
clinical infection.®* 35 We first chose anti-E. coil aptamer to equip the DNA tetrahedron (“Th)
and the in vitro binding and antibiotic delivery performance was explored. As shown in Figure
3A, ATh showed the greatest affinity to bacteria, whereas a slightly detectable fluorescence
signal was observed in SSDNA and Th treatment. Then, we analyzed the incell accumulation of
the antibiotics. The HPLC analysis (experimental condition is shown in Table S2) showed that
compared to free CIP and nontargeted delivery of CIP, the AT@CIP treatment significantly
enhanced the accumulation of CIP in E. coil (Figure 3B). Consistent results were obtained in
the cell Ag (including AgNP, Ag*, and biomolecular adducts containing Ag) quantification test
by ICP-MS. The highest Ag accumulation by AT-Ag treatment reached up to 4.6 times higher

5
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than AgNP treatment (Figure 3) After testing the performance of the targeted delivery system

on antibiotics delivery, we investigated the effect of free antibiotics and delivery system on the
cellviability of different cell lines (HaCat, L929, HUVEC, RSC 96, and Raw). As shown in
Figure 3D and Figure S11, the DNA tetrahedron reduced the killing effects of CIP and AgNP
on mammalian cells, indicating excellent biocompatibility of the DNA tetrahedron-based
antibiotic carrier.

2.3 Anti-bacterial effect of the dual-antibiotic delivery system

We then tested the anti-bacterial effect of the dual-antibiotic delivery system. As presented in
Figure 4A, the Live/Dead staining and related quantification revealed that Th-Ag@CIP and AT-
Ag@CIP significantly induced bacteria death. More than 50.2% of bacteria were killed after
the treatment of AT-Ag@CIP. Furthermore, the growth curve of E. coil treated with the
antibiotic mixture or dual-antibiotic delivery system furtherly revealed that the strategy of co-
delivery of CIP and AgNP could apparently improve the therapeutic effect of the antibiotics
(Figure 4B). The addition of two antibiotics simultaneously inhibited the proliferation of the
bacteria, impressively, the AT-Ag@CIP thoroughly cleared the bacteria in the test (Figure S12).
To expand the application of the targeted antibiotic delivery system, we changed the sequence
of the bacteria-specific aptamer to explore the bactericidal effect on variety of species of
bacteria. Instead of the E. coil-specific aptamer A, the S. aureus-specific aptamer A’ was
modified to prepare A’T-Ag@CIP for Gram+ S. aureus caused infection, and the P aeruginosa-
specific aptamer A” was modified to prepare ~”T-Ag@CIP for another Gram- P. aeruginosa
caused infection (Figure 4C). CIP is broadly applied in various infectious diseases through
taking A subunit of the essential enzyme DNA gyrase as the target, while the CIP resistance
that occurred in first-line treatment is now rising among systemic infectious diseases.*® *1 The
excellent bactericidal activity of the AT-Ag@CIP inspired us to apply these bacteria-specific

dual-antibiotic delivery systems for resistant bacteria killing. The induction and culture of CIP-
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resistant bacteria were conducted through adding increased concentration of CIP into the culture

medium as shown in Figure S13A. The minimum inhibitory concentration (MIC) of the bacteria
on CIP increased from 0.5 uM (E. coli), 1.0 uM (S. aureus), and 2.0 uM (P. aeruginosa) to 4.0
uM (CIP resistant E. coli: CREC), 8.0 uM (CIP resistant S. aureus: CRSA), and 8.0 uM (CIP
resistant P. aeruginosa: CRPA) (Figure S13B). After the induction, the tolerance of 3 kinds of
bacteria to CIP significantly increased.

Then we applied DNA tetrahedron, CIP+AgNP, Th-Ag@CIP, and aptamer-modified
antibiotic delivery system on bactericidal test. According to Figure 4C, the aptamer-modified
DNA tetrahedron had no effect on bacterial growth. The drug mixture CIP+AgNP depressed
the proliferation of all of the bacteria strains, however, a reduced inhibition effect was observed
when the mixture was applied to CIP-resistant strains. Apparently, the strategy of the antibiotic
co-delivery significantly enhanced the bacterial elimination effect, especially when the
antibiotic carrier was modified with bacteria-specific aptamer. On bacterial elimination effect,
the AT-Ag@CIP, A T-Ag@CIP, and A" T-Ag@CIP achieved 6.1, 6.0, and 4.2 times higher than
antibiotic mixture on CIP-sensitive bacteria and 5.5, 3.8, and 3.2 times higher than antibiotic
mixture on CIP-resistant bacteria separately. In nanoantibiotic treatments, AgNP without
modification showed a slight inhibition effect on all of the bacteria strains (Figure S14). The
defect of poor stability in physiological environment restricts the application of the AgNP in
sterilization.38-4%1 With protection and guidance from DNA tetrahedron, the AT-Ag, ' T-Ag, and
A"T-Ag showed a notably increased antibacterial effect on all bacteria strains. Furthermore, free
CIP had barely no inhibition effect on resistant bacteria, while the AT@CIP, *T@CIP, and
A T@CIP effectively restrained the growth of CREC, CRSA, and CRPA. Agar plate diffusion
assay was also rendered for testing the sterilization effect. Different drugs were added in the
hole punched in the agar plate containing bacteria and the inhibition zone was measured after
incubation (Figure 5). The largest inhibition zone caused by AT-Ag@CIP, # T-Ag@CIP, and

A"T-Ag@CIP indicates the powerful antibacterial of the targeted dual-antibiotic delivery system.
7
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In summary, the bacteria-speciic dual-antibiotic delivery system enhanced the antibacterial

effect of the loaded antibiotics, especially in antibiotic-resistant bacteria treatment.

2.4 Antibacterial mechanism of AT-Ag@CIP

Following the assessment of the bactericidal effect, we analyzed the antibacterial mechanism
of AT-Ag@CIP on CIP-resistant strain CREC. Since the resistance of synthetic antibiotics
mostly relates to the decrease in the accumulation of drugs in bacteria, the permeation barriers
are critical for the effect of antibiotics.[* 4> 421 The Ag* hydrolyzed from nanoantibiotic AgNP
has multiple mechanisms in antibacterial application, including disrupting membrane and
leakage of intracellular content, affecting permeation, and damaging bacterial DNA.[8 4l
Therefore, the combination of destroying the membrane of bacteria and increasing the
transmembrane of antibiotics may overcome antimicrobial resistance. As illustrated in Figure
6A, the targeted dual-antibiotic delivery system exerts bacteriostatic effect through synergistic
killing followed specific recognition. To observe the detailed action of AT-Ag@CIP in the
membrane of the antibiotic-resistant bacteria, we utilized scanning electron microscopy (SEM)
for the investigation of the disruption of the membrane. A clear rod shape with an integrated
surface was observed for CREC treated with PBS and ATh (Figure 6B). In contrast, significant
morphology changes were observed in AT-Ag@CIP treated CREC, barely no contact structure
can be observed in the field of the SEM image. The antibiotics mixture only caused a slight
collapse in the cell structure as the red arrows indicated, which was mainly realized by the
disruption effect of Ag* on bacterial out structure (Figure S15). To confirm the mechanism of
membrane disruption, the ONPG assay was utilized for membrane permeability analysis. [3-
galactosidase leaked from bacteria cytoplasm can turn ONPG into yellow product for the
quantification of bacterial content leakage (Figure S16). As shown in Figure 6C, remarkably
increased leakage was measured in the AT-Ag@CIP treated group. The leaked K* and alkaline
phosphatase (AKP) were also measured to further quantitatively assess the leakage and evaluate

8
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permeability (Figure 6D-E). nsistent with the results of ONPG test, the AT-Ag@CIP

treatment led to the highest leakage of K* and AKP from CREC cells. Compared with the
antibiotic mixture group, the significantly increased leakage demonstrated that the targeted co-

delivery of the antibiotics can more effectively destroy the bacterial structure.

2.5 Anti-biofilm effect of the dual-antibiotic delivery system

Biofilm as dominant form of bacterial growth is aggregates of bacteria and extracellular
matrices of macromolecules that provides protection for the resident microorganisms in
infections.[** 431 Unlike the planktonic state, bacteria in biofilms are wrapped up with self-
produced matrix, rendering them resilient to antibiotics through reducing the penetration of
antibiotics.[“® 471 Various materials have been developed and applied for biofilm clearance,
eventhough, biofilm-associated infections still hold particularly challenging problems,
especially in antibiotic resistance. In order to evaluate the anti-biofilm formation effects of the
bacteria-specific dual-antibiotic delivery system, we conducted biofilm imaging by staining the
samples with a bacterial Live/Dead staining kit. As shown in Figure 7A, CREC treated with
PBS, AgNP, CIP ointment, AGNP+CIP mixture, Th-Ag@CIP, and AT-Ag@CIP were cultured
for biofilm formation. Intensive green fluorescence represented successful formation of biofilm
in PBS control. The AT-Ag@CIP treatment caused largely death (red signal) of bacteria and
showed the strongest inhibition effect in restraining biofilm formation. Then, we applied
different drugs in the biofilm inhibition test to furtherly evaluate the anti-biofilm efficacy. The
degradation of the biofilm was visualized by crystal violet staining and then optical density
measurements were used for quantitative analysis (Figure 7B). It is worth mentioning that the
antibiotic mixture showed slight disruption in biofilms, especially in the antibiotic-resistant
strain. However, when CIP and AgNP were delivered simultaneously, the residual biofilms
decreased gradually on both CIP-sensitive E. coil and CIP-resistant CREC. The modification
of bacteria-specific aptamer especially enhanced the inhibition effect with a decrease in the

9
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Next, we test biofilm formation-related self-aggregation on both two kinds of bacteria (Figure
7C). Significant inhibition effect was found on both two strains after being treated with AT-
Ag@CIP (average inhibition rate: 66.7% in E. coil and 68.7% in CREC). As an important
indicator in biofilm formation, the break of aggregation of bacteria is of great significance in

48, 49

biofilm inhibition.*® 4] The bacteria-specific dual-antibiotic delivery system with powerful

antibacterial efficacy holds great potential in the application of biofilm clearance.

2.6 In vivo anti-infection effect of the dual-antibiotic delivery system

The excellent antibacterial activity of the dual-antibiotic delivery system in vitro encouraged
us to study the anti-infection therapy effect in vivo. The antibiotic-resistant E. coil K12 J53
(BNCC361521) was used to establish infected wound models in BALB/c mice. The infected
wounds were administered with PBS, ATh, Ag+CIP, Th-Ag@CIP, and AT-Ag@CIP by directly
dripping on wounds at 6 h after infection. The wound healing was monitored photographically
as shown in Figure 8 A. The wound size gradually reduced on day 8 after the treatment of dual-
antibiotic delivery system (Figure 8B). On day 12, the administration of AT-Ag@CIP elicited
the highest wound closure. Only 5.4% wound area was measured after the treatment of AT-
Ag@CIP, which is remarkably lower than Th-Ag@CIP treatment. In contrast, the wound
treated with PBS and “Th remained 40.1% and 42.0% wound area, separately (Figure S17).
These results demonstrated that the modification of targeted aptamer is crucial for AT-Ag@CIP

in efficiently kill pathogens and accelerate the process of wound healing.

After different treatments, bacteria at wound were detected by the agar plate to evaluate the
bactericidal effect of the dual-antibiotic delivery system. As shown in Figure 8C, a large number
of bacteria on the agar plates of the PBS group were observed. As expected, the number of
bacteria decreased through the treatment of the delivery system. The AT-Ag@CIP group

displayed almost no bacteria on the agar plate, which demonstrate an obvious antimicrobial
10
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capacity in vivo. In infected wounds, the reactive oxygen species (ROS) is consistent with

50511 In the ROS quantitative imaging test, As

inflammation caused by bacterial infection.!
expected, a dramatically diminished red fluorescence was observed in AT-Ag@CIP group. In

summary, the bacteria-specific dual-antibiotic delivery system “T-Ag@CIP holds powerful

antibacterial efficacy in infected wound healing.

3. Conclusion

In this study, we successfully constructed a bacteria-specific dual-antibiotic delivery
nanoplatform to transport clinical antibiotic CIP and classic nanoantibiotic AgNP for antibiotic-
resistant infection therapy in vivo. This structurally well-defined DNA nanocarrier
demonstrated several unique advantages for targeted antibiotics delivery. Firstly, the
addressable double-bundle DNA tetrahedron is suitable to arrange bacteria-specific aptamer to
binding with specific pathogenic bacteria. Secondly, the multifunctional DNA nanocarrier is
tailored for loading CIP through intercalation with DNA duplex and holding DNA-modified
AgNP into the cavity through DNA hybridization. Finally, dual-antibiotic loaded DNA
nonoplatform can realize combined antibacterial therapy with bacteria-specific recognition.
After the treatment of AT-Ag@CIP on antibiotic-resistant infection, we observed powerful
antibacterial effect with deformed and broken bacterial structure, noticeable clearance of the
resistant biofilm, and rapid healing of infected wounds. This dual-antibiotic delivery system
can be developed into a versatile platform to transport other functional components such as
therapeutic genes and protein drugs for antibacterial treatment. We believe this multifunctional

DNA nanoplatform will open a new avenue for targeted anti-infection therapy.

4. Experimental Section

4.1 Assembly of DNA Tetrahedron

Nucleic acid sequences for the assembling of the Th in this work were shown in Table S1. The

purchased DNA strands were dissolved in ddH20. The denatured PAGE was employed for
11
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further purification of DNA strands. The final concentration was measured by Nanodrop. Firstly,

the purified DNA strands (100 nM) of each Y-shape motif (V1, V2, V3, and VV4) were equally
mixed in a 1XTAE/Mg?* buffer (pH = 8.3), respectively. The aforementioned assembly samples
were kept at 95 <C (5 min) and then cooled down to 37 <C for 1 h. Then four Y-shape motifs
and aptamer DNA hybrids were assembled with a molecular ratio of 1:1:1:1:3. Then the mixture
was cooled down from 37 to 25 <C in 12 h and stored at 4 <C.

4.2 Construction of the ATh-Ag@CIP

The synthesis of AgNP followed the procedure reported by S. Agnihotri and coworkers!® 52
with some changes, and the modification of AgNP with DNA strand was according to the
original procedure presented by S. Pai.’*! Briefly, the AgNP colloid synthesized by NaBHa and
TSC reduction was concentrated by centrifugation (8,000 rpm, 40 min) and re-dispersed in 1 x
TBE buffer in the dark. Cap-Ag (8 uM) with 9 ps backbone modified base was added to the
AgNP solution and cultured overnight. Then 4 M NaCl was added to raise the final NaCl
concentration to 350 mM and the solution was kept shaking at room temperature for 12 h. Then
the excess of Cap-Ag was removed by centrifugation.

The pre-assembled DNA tetrahedron (100 nM) was mixed with Ag-DNA at a molecular of
1:1. Then the mixture was added with CIP and furtherly cultured at room temperature for 9 h
in the dark. After the loading process, the residual drug was removed using Amicon stirred cell
(UFSC05001) equipped with 3 kDa filter (PLHK04310). The ATh and ATh-Ag@CIP were
imaged with a MultiMode 8 atomic force microscopy (Bruker) under ScanAsyst-Fluid mode
on mica. Dynamic light scattering (DLS) of DNA tetrahedron (20 nM) was measured by the
Malvern Zetasizer Nano-ZS (U.K.).

4.3 Cellular internalization analysis

For bacterial binding test, 100 uL of E. coli solution (10° CFU/mL) was added into 900 pL of

PBS solution with Cy5 modified ssDNA (ssDNA®Y®) or Cy5 labeled DNA tetrahedron (Th®Y

12
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incubated at 37 °C for 15 min in the dark and collected by centrifugation (5000 rpm, 1 min).
The bacteria were added to a clean glass slide and immobilized with a glass coverslip for CLSM
(Carl Zeiss, Jena, Germany) observation.

For the measurement of CIP in bacteria, activated E. coli solution (10° CFU/mL) was
transferred to 6-well plates and incubated with CIP, Th@CIP, and ATh@CIP 37 °C for 0.5 h.
Then, the suspension was centrifuged and washed with PBS for 3 times. The concentration of
the antibiotic was determined by HPLC analysis. For the measurement of Ag in bacteria,
activated E. coli solutions were incubated with AgNP, Th-Ag, and ATh-Ag at the final
concentration of 50 nM AgNP at 37 °C for 2 h. After cell counting, the harvested bacteria were
digested with nitric acid/aqua regia for [CP-MS measurement.

4.4 Bacterial Apoptosis Assay

The drugs and drug mixture were incubated with E. coli (10° CFU/mL) at 37 °C for 2 h. Then
the samples were collected (5000 rpm, 1 min) and resuspended with PBS. After that, the treated
E. coli were stained with DMAO (Ex/Em=503/530 nm) and EthD-III (Ex/Em=530/620 nm) of
the Live & Dead Bacterial Staining Kit (Yeasen Biotech Co., Ltd.). Then 5 pL of each sample
was used for CLSM observation.

4.5 Induction of the CIP-resistant bacteria

The monoclonal of the bacteria was transferred into 3 mL Mueller-Hinton (MH) broth. The
culture was incubated at 37 < at 220 rpm until ODsoo reached 0.4~0.6. Then spread the
bacterial culture out on MH-agar plate containing CIP. The initial concentration of CIP is half
of the MIC of the bacterial strains. Subsequently, the concentration of CIP was doubled in each
induction cycle. After 5 rounds of induction, the CIP-resistant bacteria were consecutively
cultured for 5 times to ensure stable inheritance of drug resistance. Then the MIC was measured

to verify the drug resistance.

13
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4.6 Antimicrobial activity tests

The drug-treated bacteria were resuspended to reach a final cell density of 10° CFU/mL using
LB broth. Subsequently, the drugs were added, and the mixture was transferred into a 24-well
plate. After 12 h incubation, 10 pL bacterial suspensions were obtained and evenly dispersed
on LB-agar plate.

In the agar diffusion test, 200 pL of the bacterial suspension (10° CFU/mL) was added into
and spread out on LB-agar plate surface. Then, a hole about 1 mm in diameter was punched and
fulfill with 5 pL test compounds. The dishes were incubated overnight at 37 °C. The zone of
inhibition was evaluated by measuring the diameter of the bacterial growth inhibition zone
around the membrane in millimeters.

4.7 Morphological observation of bacterial structure

The CIP-resistant CREC treated with different drugs were collected and washed with PBS for
3 times. Then, the bacteria were fixed overnight in 4% paraformaldehyde at 4 <C, dehydrated
with anhydrous ethanol concentration gradient, and then dried in vacuum. Then the samples

were coated with gilded film before imaging by electron microscope (Hitachi S4800+EDS).

4.8 Membrane permeability assay

To investigate inner membrane permeability, the activity of cytoplasmic -galactosidase from
E. coli was measured using ONPG.[?% % Briefly, the activated E. coli (10° CFU/mL) were
treated with different drugs and incubated with ONPG (300 pg/ml) for 0.5 h at 37 °C in a 96-
well plate. Subsequently, the indicator product ONP was determined by measuring the
absorbance at 420 nm (Varioskan® LUX, Thermo Scientific, USA). To investigate the leakage
of cell content of the bacteria, E. coli (10° CFU/mL) treated with drugs were centrifuged and
filtrated to obtain the supernatants. Subsequently, the obtained supernatants were analyzed
through colorimetric detection kit to quantify the content of K™ and alkaline phosphatase

(GENMED).
14
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4.9 Biofilm formation test

Bacteria were cultured in agar plate containing 1 ml of broth supplemented with drugs. After
12 h of growth, the broth was carefully removed, and 0.5 mL of PBS was added into the dish.
The bacteria were scraped from the surface using a cell scraper and transferred to a 1.5 mL tube.
Then the samples were resuspended by gentle pipetting and the tubes were then incubated
statically for 10 min. The ODecoo of the supernatant was measured for auto-aggregation analysis.

E. coli and CREC (10° CFU/mL) were pipetted into 48-well plates and incubated at 37 °C
for 12 h. LB broth supplemented with drugs was added to the wells and incubated for another
24 h in static conditions. For fluorescence imaging, Live/Dead staining kit was added, and the
mixture was cultured for 15 min in the dark for fluorescence microscope observation. For
crystal violet stain, the plates were then washed vigorously by submersion in ddH20O and left to
dry for 15 min at room temperature. Crystal violet solution (I mL of 0.1 wt %) was added and
incubated for 15 min. After washed thoroughly with ddH20, the plate was left to dry for 2 h.
Acetic acid (1 mL, 30 wt %) was added to each well to solubilize the crystal violet. This solution

was measured at 570 nm with 30 wt % acetic acid used as blank.

4.10 In Vivo Antibacterial Study

All animals received care in compliance with the guidelines outlined in the Guide for the Care
and Use of Laboratory Animals. The procedures were approved by the Institutional Animal
Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences. The Balb/c
mice (6 weeks old) mice (20-25 g) were anesthetized and full-thickness cutaneous wound (6
mmx6 mm) area was created on the back. Then, 10 pL of bacterial solution (1x10” CFU/mL)
was introduced onto the wound. Then, the mice were randomly divided into 5 groups (n=5) and
treated with different drugs at 6 h after the infection. To observe the wound healing process,
wounds were photographed at Day 0, 4, 8, and 12. Wound healing rates were calculated

according to the equation:

15
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_ Wound area at certain day
Relative wound area = X 100%
Wound area at day 0

(1)

To measure the amount of bacteria in the infected tissues, the tissues were homogenized,
diluted with PBS, and then plated on LB-agar plate for 16 h. The viable bacteria were observed

and photographed.

4.11 Statistical Analysis

The data from one representative experiment among at least three independent experiments are
expressed as the mean =SEM. One-way ANOVA followed by Tukey multiple comparisons
was used to determine the statistical differences between the groups. Quantitative data are
presented as mean S.D. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were
considered statistically significant. Statistical analysis was conducted using GraphPad Prism

software (version 8.02).
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Figure 1. Schematic illustration of the preparation and anti-bacterial mechanism of the
antibiotic-loaded DNA tetrahedron for targeted bacteria killing. ~Th: double-bundle DNA

tetrahedron with bacteria-specific aptamer; AT-Ag@CIP: CIP and AgNP co-loaded ATh.
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Figure 2. Characterization of the antibiotic-loaded DNA tetrahedron. (A) AFM images and
DLS analysis of ATh and AT-Ag@CIP. (Scale bars: 20 nm). The average diameter of ATh and
AT-Ag@CIP was measured in PBS at room temperature. (B) Sustained CIP release analysis of
ATh-Ag@CIP in PBS with different pH. (C) Measurement of Ag*" hydrolyzed from AT-

Ag@CIP in PBS with different pH.
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Figure 3. Internalization and biocompatibility of antibiotic-loaded DNA tetrahedron. (A)
Confocal images of E. coil with indicated treatments for 0.5 h. (Scale bar: 50 pum). (B)
Measurement of CIP accumulation in E. coil treated with different drugs containing CIP at
different times. (C) Accumulation of Ag in E. coil after treated with different drugs containing
AgNP for 3 h. (D) Cell viability analysis of different cells treated with drugs or drug mixture

for 48 h. (***P < 0.001, ****P < 0.0001).
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Figure 4. Anti-bacterial effect of the dual-antibiotic delivery system with different targeting
aptamer modification. (A) Live/Dead staining of E. coil treated with different drugs. Green
fluorescence indicates live bacteria; Red fluorescence indicates dead bacteria. (Scale bar: 100
um). (B) Curves of bacteria growth after treatment with different concentrations of the
antibiotic mixture or delivery system. The dosage is based on the concentration of CIP (0-100
uM). (C) Relative bacterial viability analysis of both CIP-sensitive and CIP-resistant bacteria

after different treatments. The illustration shows that 3 kinds of bacteria-specific aptamer were
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rendered to prepare AT-Agl (for E. coil infection), # T-Ag@CIP (for S. aureus infection),
and A"T-Ag@CIP (for P. aeruginosa infection) separately for different infection therapy. (*P

< 0.05, **P < 0.01, ***P < 0.001).
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Figure 5. Agar plate diffusion assay of different treatments on CIP-sensitive and CIP-resistant

bacteria. The length of the red arrows in the photos indicates the semidiameter of the aseptic

area.
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Figure 6. Antibacterial mechanism analysis of AT-Ag@CIP. (A) lllustration of the bactericidal
mechanism of the dua-antibiotic loaded “T-Ag@CIP on bacteria Killing. (B)
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(C) ONPG assay of CREC for membrane permeability analysis. (D) Cell leakage analysis of
K*. (E) Cell leakage analysis of alkaline phosphatase (AKP). (*P < 0.05, **P < 0.01, ***P <

0.001).

26



WILEY

AINP

— PBS — CIP ointment — Th-Ag@CIP

— AgNP — AgNP+CIP  — AT-Ag@CIP
0 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175

CIP ointment

Distance
B 125- C 125-
s T :
S, 11 A  d —_ 1.0 NL ik kK
g 100 xnk R 100 I—*-*I*—u
= c
g 754 * % 751 I *%
£ 50- | —— 9 50
E 5 e
5 254 ) < 257
2 I f
| | 0 —
A, 2 3 D, 3 4
8y 49%0 "i.q 7:4 8s 7 494'p 77’~4 7:4
*, 9%, 9@, * %opn, 7@
/) i < n (879 (&)Y

Figure 7. Anti-biofilm analysis of the dual-antibiotic delivery system. (A) Biofilm formation
analysis of CREC treated with different drugs. The biofilm was stained by bacterial Live/Dead
staining kit. Green fluorescence indicates live bacteria; Red fluorescence indicates dead bacteria.
(B) Biofilm inhibition analysis of different drugs and drug mixture. After culture, E. coil and

CREC biofilm were measured by crystal violet stain. (C) Self-aggregation analysis of E. coil

and CREC. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 8. In vivo anti-infection therapy. (A) Photographs of the infected wounds of different
treatment groups. (B) Quantified wound area on day 0, 4, 8, and 12. (C) Photographs of bacterial
colonies from different treatment groups. (D) ROS quantitative imaging of infected skin on Day

4. Red fluorescence signal represents ROS. Blue fluorescence signal represents nucleus stained

by DAPI. Scale bar: 30 um. (*P < 0.05, ***P < 0.001).
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(e] Access

A self-assembly DNA tetrahedron-based antibiotic delivery system with precisely organized
bacteria-specific aptamer was constructed to achieve targeted delivery of clinical antibiotic
ciprofloxacin (CIP) and classic nanoantibiotic silver nanoparticles (AgNP) for the efficient
therapy of resistant infection.
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