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DNA Nanoflower Eye Drops with Antibiotic-Resistant Gene
Regulation Ability for MRSA Keratitis Target Treatment

Meixin Ran, Rong Sun, Jiaqi Yan, Arto T. Pulliainen, Yu Zhang,* and Hongbo Zhang*

Methicillin-resistant Staphylococcus aureus (MRSA) biofilm-associated
bacterial keratitis is highly intractable, with strong resistance to f-lactam
antibiotics. Inhibiting the MRSA resistance gene mecR1 to downregulate
penicillin-binding protein PBP2a has been implicated in the sensitization of
B-lactam antibiotics to MRSA. However, oligonucleotide gene regulators
struggle to penetrate dense biofilms, let alone achieve efficient gene regulation
inside bacteria cells. Herein, an eye-drop system capable of penetrating
biofilms and targeting bacteria for chemo-gene therapy in MRSA-caused
bacterial keratitis is developed. This system employed rolling circle
amplification to prepare DNA nanoflowers (DNFs) encoding MRSA-specific
aptamers and mecR1 deoxyribozymes (DNAzymes). Subsequently, f-lactam
antibiotic ampicillin (Amp) and zinc oxide (ZnO) nanoparticles are
sequentially loaded into the DNFs (ZnO/Amp @ DNFs). Upon application,
ZnO on the surface of the nanosystem disrupts the dense structure of biofilm
and fully exposes free bacteria. Later, bearing encoded aptamer, the
nanoflower system is intensively endocytosed by bacteria, and releases
DNAzyme under acidic conditions to cleave the mecR1 gene for PBP2a
down-regulation, and ampicillin for efficient MRSA elimination. In vivo tests
showed that the system effectively cleared bacterial and biofilm in the cornea,
suppressed proinflammatory cytokines interleukin 14 (IL-1p) and tumor
neoctrosis factor-alpha (TNF-a), and is safe for corneal epithelial cells. Overall,
this design offers a promising approach for treating MRSA-induced keratitis.

1. Introduction

Bacterial keratitis (BK) is a potentially
vision-threatening eye infection that
can lead to visual impairment or even
blindness.[!! Tt is often caused by corneal
trauma, wearing contact lenses, or the
use of contaminated surgical instruments
during ophthalmic procedures.[?! Staphylo-
coccus aureus is the most common causative
pathogen for bacterial keratitis, with ~#30%
of cases attributed to methicillin-resistant
S. aureus (MRSA). The MRMecR1 gene is
a unique resistance gene in MRSA that
encodes penicillin-binding protein PBP2a
through the mecR1 signaling pathway.’]
PBP2a has a low affinity for g-lactam an-
tibiotics and can catalyze cell wall synthesis
even in the presence of f-lactam antibiotics,
which contributes to its high level of antibi-
otic resistance.l*! Consequently, disrupting
the mecR1 pathway is a promising strategy
to restore the susceptibility of MRSA to
p-lactam antibiotics by reducing PBP2a
protein expression.

Oligonucleotide therapeutics can reg-
ulate target genes intracellularly by sup-
plementing downregulated genes or
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silencing overexpressed genes, offering unique advantages
compared to traditional drugs.®) Deoxyribozymes (DNAzymes)
are a type of oligonucleotide therapeutic agent based on single-
stranded DNA.[® Under the assistance of metal ions and follow-
ing the base-pairing principle, they can specifically cleave target
messenger RNA (mRNA) at certain sites without interfering with
other cellular mechanisms. Compared to small interfering RNA
(siRNA) and antisense nucleotides, DNAzymes show higher
potential for clinical translation due to their superior stability,
lower immunogenicity, and lower cost.”]

Of note, researchers have already designed DNAzymes to in-
hibit the mecR1 gene,!®] which achieved sensitization therapy for
planktonic MRSA to f-lactam antibiotics. However, even though
DNAzymes have demonstrated the ability to effectively cleave tar-
get mRNA in vitro,%] their potential gene therapy applications
within bacteria still face several limitations. These include diffi-
culties in achieving bacterial targeting, challenges in being taken
up by bacteria, and the lack of sufficient cofactors within bacte-
ria. In addition, 80% of bacterial infections are related to bacte-
rial biofilm formation. Bacteria within biofilms exhibit different
morphologies and physiological functions compared to plank-
tonic bacteria, leading to a significantly increased antibiotic tol-
erance ranging from 10 to 1000 times.' Consequently, it is cru-
cial to enhance the penetrability of DNAzymes into biofilms and
achieve enhanced bacterial targeting and endocytosis.

The application of nanotechnology not only enhances the sta-
bility of gene drugs but also enables targeted delivery through
modifications, thereby improving therapeutic efficacy.'!l Re-
cently, the use of isothermal rolling circle amplification!'?!
(RCA)technology to prepare DNA nanoflower systems, equipped
with various DNA functional components and metal ions has
been widely developed in the field of cancer therapy. Inspired by
this, we hypothesize to concatenate mecR1-specific DNAzymes
and bacterial-targeting aptamers!*3] to create a nanoflower system
through RCA,["* which is capable of targeting bacteria and silenc-
ing mecR1 mRNA. The nanoflowers are formed bases on DNA
templates through magnesium phosphate precipitation, which
can enable efficient DNAzyme-based gene regulation within bac-
terial cells, under acidic conditions with Mg?* as co-factor. Ad-
ditionally, zinc oxide (ZnO) nanoparticles, which are pH sen-
sitive, low cytotoxic, well bioavailable, and biocompatible, are
widely used to treat biofilm-associated infections by disrupting
the biofilm.[5] Therefore, the incorporation of ZnO nanoparti-
cles into the nanosystem will enhance its ability to penetrate the
biofilm.

Drawing on the hypotheses discussed earlier, we have
designed a functional DNA nanoflower eye-drop system,
that integrated bacteria-targeting aptamer and mecR1-cleaving
DNAzyme, for the treatment of MRSA-caused keratitis (as
shown in Scheme 1). This system was simultaneously loaded
with ZnO and p-lactam antibiotic ampicillin, abbreviated as
ZnO/Amp@DNFs. Experimental results showed that when
ZnO/Amp@DNFs nanoplatform was dropped into the eye, the
released zinc oxide nanoparticles could first suppress the extra-
cellular polymeric substance (EPS) of biofilm, and expose free
bacteria. Subsequently, the aptamer-encoded DNA nanoflowers
could recognize MRSA and be preferentially internalized by
the bacteria. Under acidic conditions in the bacteria microenvi-
ronment, the nanoflower system released both Mg?* ions and
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DNAzymes to form the activated gene-regulatory machinery,
which silenced the mecR1 gene and ultimately restored the sen-
sitivity of MRSA to f-lactam antibiotics. Both in vitro antibiofilm
assays and in vivo animal experiments of bacterial keratitis have
demonstrated the effectiveness of this nanoplatform for treating
Dbacterial keratitis. Based on the programmable RCA assembly
strategy, our DNAzyme nanoplatform design shows tremendous
potential in developing multifunctional intelligent gene thera-
pies for biofilm-associated bacterial keratitis.

2. Results and Discussion

To verify the cleavage ability of DNAzymes on MecR1 mRNA, a
polyacrylamide gel electrophoresis (PAGE) experiment was first
conducted (Figure S1, Supporting Information), and lane 1 was
setas a DNA ladder. From the results, we found when DNAzymes
(lane 2) incubated with substrate strand MecR1 mRNA (lane
3), a new and lagging band was generated (lane 4). However,
due to the absence of a metal cofactor, no substrate strand was
cleaved. Next, different concentrations of Mg?* ions (0.1, 1, and
5 mM) were added to the system and we found that DNAzymes
could efficiently cleave the MecR1 mRNA substrate (lanes 5, 6,
and 7). During this process, the efficiency of cleavage increased
with the concentration of metal ions. When the metal ion con-
centration reached 5 mM, the substrate was completely cleaved
(lane 7). Therefore, this in vitro experiment demonstrated that
DNAzymes are capable of cleaving the Mec-A mRNA.

To achieve targeted downregulation of antibiotic-resistant gene
MecR1 mRNA within the bacteria, DNA nanoflowers (DNFs)
material were prepared using the rolling circle amplification!¢!
method. The DNA template strand for RCA contained a
DNAzyme sequence for MecR1 mRNA silencing and an aptamer
sequence for MRSA targeting. As the total number of base pairs
in the DNA template sequence exceeded 100 bp, which increased
the risk of synthetic errors, we divided the RCR template DNA
strand into two parts and designed two primers to initiate RCA
with the help of phi29 enzyme (Figure 1a).

Subsequently, we validated the binding ability between the
DNA template strand and the primers, as well as the DNFs forma-
tion, by using the PAGE method. As shown in Figure 1b, the four
lanes on the right corresponded to two DNA template strands
and two primers. When the four strands were incubated together
(group 1+2+3+4), multiple staggered bands of DNA were ob-
served, due to the binding between the template strands and the
primers. Then, upon the addition of phi29 DNA polymerase for
6 h to form DNA nanoflowers (DNFs), we found that most of the
DNA was retained at the top of the gel. These results indicated
that DNFs were successfully synthesized, since as a nanomate-
rial, the DNFs cannot move inside the gel.

Afterward, we analyzed the morphology and elemental com-
position of the DNFs. Under transmission electron microscopy
(TEM), we observed that the internal structure of the DNA
nanoflowers was dense, while the surface appeared porous and
loosely arranged. Scanning electron microscopy (SEM)['! re-
vealed that the surface of the DNFs exhibited a petal-like struc-
ture, with a diameter of ~#450 nm, which is consistent with the
TEM results (Figure 1c). To further identify the components of
the DNA nanoflower materials, we conducted an elemental anal-
ysis by using energy dispersive X-ray (EDS) (Figure 1d,e). As
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A DNA nanoflower construction with aptamer and DNAzyme
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Scheme 1. Preparation process and mechanism of action of DNA nanoflower eye drops. A) Preparation process of DNA nanomaterials. B) Loading of

zinc oxide and ampicillin. C) Bacterial clearance in keratitis.

DNA nanoflowers were formed by magnesium pyrophosphate
sedimentation on the template DNA strand, we detected the
presence of Mg elements in the DNA nanoflowers. Addition-
ally, since DNA itself contains elements such as C, P, and O, we
were also able to detect these elements in the DNA nanoflowers
(Figure 1d,e).

Based on the aforementioned results, we have demonstrated
the successful preparation of DNA nanoflower materials. How-
ever, numerous studies have shown that the size of nanomate-
rials can affect their antibacterial properties. Smaller nanoparti-
cles have larger surface area-to-volume ratios, which increases
the probability of contact with and penetration through the bac-
terial cell membrane.['®! Therefore, theoretically, we aim to pre-
pare smaller DNFs to increase the efficacy of our nanoparticles.

Small 2023, 2304194

2304194 (3 of 12)

By controlling the RCA reaction time, we can regulate the size of
the DNFs, and we found that the shorter the reaction time, the
smaller the DNFs formed. However, through screening of reac-
tion times (30 min, 1 h, 2 h, 4 h), we found if the reaction time
is too short, the DNFs may not form completely and may not be
able to load drugs (Figure 1f,g). When the reaction time was 2 h,
the DNFs had an optimal morphology and smallest particle size
of #130 nm base on TEM and dynamic light scattering (DLS) re-
sults, as shown in Figure 1h.

After verifying the successful preparation of DNA nanoflow-
ers, the drug-loading capacity of DNFs was further tested. We
incubated 100 ug of ampicillin with 100 pug of DNFs overnight
and found that 100 pg of DNFs could load around 35 pg of
ampicillin (abbreviated as Amp@DNFs), with a drug loading
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Figure 1. Preparation and characterization of DNA nanoflowers. a) Preparation of DNFs via RCA. b) Electrophoresis results of RCA reaction products
on polyacrylamide gel. c) Characterization of DNFs obtained after 6 h of reaction time under transmission electron microscopy (TEM) and Scanning
electron microscopy (SEM). d) Energy dispersive X-ray (EDS) spectrum of DNFs. ) EDS mapping of elements in DNFs. f) DNA nanoflowers obtained
after 30 min of reaction time. g) TEM image of DNFs after 1 h RCA reaction. h) TEM image of DNFs after 2 h RCA reaction.

capacity as high as 25.9%. Due to the acidic pH in the microen-  the pH-responsive release of Amp within the Amp@DNFs sys-
vironment of biofilms!'® and the pH-sensitive degradation abil-  tem was confirmed.

ity of DNA nanoflowers, we further investigated the pH-sensitive Subsequently, we explored the synergistic antibacterial activ-
drug release ability of the Amp@DNFs system (Figure S2, Sup- ity of Amp and ZnO nanoparticles on planktonic MRSA. The
porting Information). The results showed that within 12 h, the = TEM result for ZnO was shown in Figure 2a, with the size around
Amp@DNFs formulation could release over 80% of the Amp in 5 nm. Theoretically, ZnO and ampicillin should have the poten-
a release medium with pH 5.0. However, only 20% of the drug  tial for synergistic effects, since ZnO can inhibit biofilm forma-
was released in a release medium with a pH of 7.4. Therefore,  tion and disrupt the bacterial cell wall, which can help ampicillin
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Figure 2. Synergistic effect of ZnO and Amp, as well as Amp@DNFs, and therapeutic efficacy and safety verification of the final formulation. a) TEM image
of ZnO. b) Synergistic effect of ZnO and Amp. c) Synergistic effect of ZnO and Amp inside ZnO/Amp@DNFs system. d) Particle size of nanoparticles

as determined by Dynamic Light Scattering (DLS).

e) Nanoparticle potential. f,g) SEM image and EDS data of element analysis of the final formulation

Amp/ZnO@DNFs. h) Antibiofilm experiments of each group against MRSA. i) Safety verification of the final formulation on human corneal epithelial

cells. (*: p < 0.05, **: p < 0.01, n = 3).

inhibit the transpeptidase on the inner surface of the bacterial cell
membrane. Upon experimental observation, it was found that
the minimum inhibitory concentration (MIC) of ZnO nanopar-
ticles and ampicillin exhibited a significant decrease when used
in combination compared to their individual usage (Figure S3,
Supporting Information and Figure 2b). The MIC values of ZnO
NPs and ampicillin were measured to be 64 and 128 pg mL™,
respectively. However, upon co-administration, the MIC of ZnO
was found to reduce to 8 ug/mL and the MIC of ampicillin was
reduced to 64 uyg mL.

However, when the Amp and ZnO are loaded into nanopar-
ticles as ZnO/Amp@DNFs, they will undergo sustained-release
processes. Therefore, we further investigated the synergistic ther-
apeutic effect of ZnO and Amp inside the ZnO/Amp@DNFs
system (Figure S4, Supporting Information). From the results,
the DNFs carrier enhanced the therapeutic effect of Amp, re-
ducing its MIC value to 64 ug mL~!. Moreover, upon adminis-
tration of ZnO/Amp@DNFs, the MIC values of ZnO and Amp
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decreased to 4 and 32 pg mL™!, respectively (Figure 2c). There-
fore, in the subsequent anti-biofilm experiments, 4 pg mL™! of
ZnO and 32 pg mL~! of Amp were selected as the treatment con-
centration.

After obtaining the MIC treatment concentration, we charac-
terized the final formulation ZnO/Amp@DNFs. It was reported
that when smaller metal nanoparticles are loaded into the in-
terior of DNFs, the nanoflowers can be compressed to form a
more compact structure.[?] Therefore, after loading ZnO into
DNA nanoflowers, the particle size of Amp@DNFs nanoparti-
cles decreased from over 130 nm to around 95 nm (Figure 2d).
In addition to changes in particle size, we also observed changes
in the electric potential of the DNFs before and after ZnO addi-
tion (Figure 2e). We found that the DNFs had a negative poten-
tial of approximately —20 mV, but after adding ZnO NPs (about
+30 mV) into the DNFs, the potential of the ZnO/Amp@DNFs
shifted to —6 mV, indicating that the ZnO NPs were successfully
loaded into the DNFs. Moreover, we also conducted elemental

© 2023 The Authors. Small published by Wiley-VCH GmbH
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analysis on the Amp/ZnO@DNF NPs (Figure 2f,g). We found
that, in addition to magnesium, a large amount of zinc was de-
tected inside the ZnO/Amp/DNFs nanoparticles, which proved
further evidence of successful ZnO loading.

After demonstrating the successful preparation of
ZnO/Amp/@DNFs, we further investigated its MRSA tar-
geting ability. As nanoparticles have limited residence time at
the infection site in a real physiological environment during eye
drop treatment, we evaluated the interaction between nanopar-
ticles and bacteria after short-term exposure (1 h), and the NPs
were loaded with Cy3 dye. After incubation, the NP-bacteria
complexes were centrifuged and washed with PBS to remove
unbound NPs. The mixture was then resuspended in PBS
buffer and the ability of NPs to specific target bacterial cells
was detected by centrifugation, imaging, and flow cytometry.
MRSA aptamer incorporate NPs showed significantly higher Cy3
fluorescence intensity (>4 times higher) compared to groups
without aptamer modification (Figure S5, Supporting Informa-
tion). These data suggest that the MRSA aptamer significantly
enhances the binding ability of ZnO/Amp/@DNFs to the target
bacteria.

Next, the biofilm inhibition ability of ZnO/Amp/@DNFs was
tested by using the crystal violet staining method. The ex-
periment included a blank group, Amp group, ZnO group,
Amp+ZnO group, and the final formulation ZnO/Amp@DNFs
group, each corresponding to numbers 1 to 5, as shown in
Figure 2h. Crystal violet was diluted with ethanol and its ab-
sorbance peak was recorded at 590 nm. The results showed
that compared to the blank group, the co-administration of ZnO
and Amp could remove around 80% of the biofilm, while the
final formulation group could remove more than 96% of the
biofilm. These results demonstrated the inhibitory effect of the
ZnO/Amp@DNFs on biofilm. Additionally, human corneal ep-
ithelial cells (HCEC) were also used to verify the safety of the
final formulation on the cornea, and the results showed that
ZnO/Amp@DNFs did not exhibit significant toxicity to HCEC
cells within 24 h (Figure 2i). Therefore, ZnO/Amp@DNFs have
specific bactericidal and biofilm-inhibiting capabilities.

To further analyze the inhibitory effects of the
ZnO/Amp@DNFs on biofilms, we conducted a live/dead
staining analysis using SYTO 9/propidium iodide (PI) flu-
orescence staining method, under confocal laser scanning
microscopy. SYTO 9 emits green fluorescence, while PI emits
red fluorescence, allowing for visualization of the status of
MRSA within the biofilm (Figure 3a). The results reflected that
Amp or ZnO alone can inhibit bacterial activity to some extent,
but the combination between ZnO and Amp greatly enhanced
the inhibition of MRSA. Furthermore, with the help of DNFs,
ZnO/Amp@DNFs demonstrated the strongest bactericidal abil-
ity (Figure 3a). Based on the image in Figure 3a, the COMSTAT
2.1 program in the Image] plugin[?!! was used to quantitatively
analyze the average diffusion distance index (Figure 3d). The
average diffusion distance (ADD) represents the distance of
diffusion between the nutrient sources and the microorganisms
in the biofilm.[?? The lower the numerical index, the lower the
distance at which the bacteria in the biofilm obtain nutrient
sources, indicating a smaller number of bacteria. From the
results, it can be observed that a single treatment of Amp or ZnO
reduced the average diffusion distancel?®! by ~50% and 20%,
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respectively. When Amp and ZnO were combined, the ADD was
reduced by ~75%. Furthermore, with the assistance of DNFs,
the inhibition rate of ZnO/Amp@DNFs on ADD reached 84%,
and the ADD was only about 0.03 um, which demonstrated the
inhibitory effect of ZnO/Amp@DNFs on biofilms (Figure 3d).

Afterward, as shown in Figure 3b, the inhibitory effect of
the ZnO/Amp@DNFs nanoplatform on biofilm was further ob-
served by obtaining colony-forming units (CFUs). The corre-
sponding quantitative histogram of bacterial survival rate was
generated by calculating the CFU amount divided by the control
group CFU amount (Figure 3e). The survival rate results showed
that the nanoflower system could inhibit about 98% of bacterial
colony formation, which was much higher than the inhibition
ability observed with the combination group of Amp and ZnO
(about 80%), demonstrating its strong antibacterial ability.

In addition, the morphology and structure of bacteria under
each treatment group were further characterized by transmis-
sion electron microscopy (TEM) (Figure 3c). Compared to the
blank control group, bacteria treated with Amp and ZnO showed
more cytoplasmic aggregations with numerous cell contents loss.
When Amp and ZnO were used in combination, we found that
some bacterial cell walls showed signs of dissolution. However,
under the mediation of DNFs, a large number of bacteria in the
ZnO/Amp@DNFs group showed cell wall dissolution, with con-
tents aggregated and leaked. These results revealed the inhibitory
effect of the ZnO/Amp@DNFs nanoplatform on MRSA.

To demonstrate the inhibitory effect of the DNA nanoflower
material on the PBP2a protein expression inside bacteria, west-
ern blotting was performed (Figure 3f). The results showed that
neither Amp nor ZnO nanoparticles could reduce the expression
of PBP2a protein, whether used alone or in combination. How-
ever, when the ZnO/Amp@DNFs nanosystem was introduced,
the expression of PBP2a protein inside bacteria was significantly
down-regulated. Therefore, these results demonstrated the reg-
ulatory effect of the DNFs system on the drug-resistant gene ex-
pression of bacteria.

Encouraged by the excellent antibacterial performance of
ZnO/Amp@DNFs, we further carried out its in vivo therapeu-
tic effect through a rabbit model of BK infection. The rab-
bits were randomly divided into five groups, including the con-
trol group, ZnO group, Amp group, ZnO+Amp group, and
ZnO/Amp@DNFs group. As shown in Figure 4a, 5 uL MRSA
(1000 CFU) was injected into the rabbit cornea using an injec-
tion method to construct the BK model. The formed rabbit cornea
exhibited signs of corneal opacity, photophobia, eyelid tearing,
redness, and increased secretion. Subsequently, the rabbits were
treated according to different groups and were observed and pho-
tographed daily to assess the severity of infection based on the
level of bacterial keratitis. After treatment, the rabbits were sacri-
ficed and their corneas were dissected for subsequent biochem-
ical experiments. In addition, the DNF (drug-loaded nanofor-
mulation) nanomaterials are encapsulated in 1.5 mL Eppendorf
tubes in doses required for daily use, followed by freeze-drying.
These tubes are then stored at 4 °C.

In Figure 4a, the control group (1) showed gradually worsening
infection of the cornea after 12 days, with corneal opacity, conges-
tion, edema, and exudation with abundant neovascularization. In
contrast, the ZnO+Amp group (4) showed better therapeutic ef-
fects than either ZnO (3) or Amp (2) monotherapy, with slight
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Figure 3. Antimicrobial experiments and bacterial morphology characterization. a) Confocal laser scanning microscopy images of MRSA stained with
SYTO 9/propidium iodide (Pl). b) Bacterial agar plate culture. c) TEM characterization of bacterial morphology. d) Diffusion distance between bacteria

and nutrient substances in confocal microscopy images. e) Bacterial survival rate in agar plate culture. f) Bacterial protein expression level. (*:

**:p <0.01,n=3).

relief of corneal conditions and gradual disappearance of some
opacity and edema. After treatment with ZnO/Amp@DNFs, the
cornea became transparent, inflammation was effectively con-
trolled, and there was almost no new blood vessel formation.
Moreover, the clinical grading score of the ZnO/Amp@DNFs
treatment group (grade 1: Clinical action rarely required) was also
greater than the ZnO+Amp group (grade 3: Moderate, clinical ac-
tion usually required) (Figure 4d).
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p < 0.05,

Furthermore, the results of the corneal scoring showed that
rabbits treated with ZnO/Amp@DNFs had the lowest level
of corneal infection and the clearest corneas upon dissection,
with relatively low levels of opacity, demonstrating improve-
ment in light transmission (Figure 4b). On the 12" day, the
cornea in the ZnO/Amp@DNFs treatment group had almost
fully recovered, with a corneal ulcer area of about 2 mm?, com-
pared with the ZnO+Amp group of about 16 mm? (Figure 4e).
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Figure 4. In vivo therapeutic experiment of DNA nanoflower-based therapy for bacterial keratitis. The figure includes a) antibacterial experiment pho-
tos of the cornea, b) comparison photos of corneal transparency (ulcer area), c) bacterial colony experiment after cornea extraction, d) clinical score
photos of antibacterial effect on the cornea, e) quantitative measurement of corneal ulcer area, f) quantitative measurement of bacterial colony count,
g) Masson trichrome staining experiment (black arrow represents blood vessels), h) Gram staining experiment of bacteria (black arrow represents bac-
teria), i,j) immunohistochemistry experiment of pro-inflammatory cytokines IL-18 and TNF-q, k,I) corneal thickness characterization and quantitative
analysis. (*: p < 0.05, **: p < 0.01, n = 3). 1: Control, 2: Amp; 3: ZnO; 4: Amp+ZnO; 5: ZnO/Amp@DNFs.

Additionally, MRSA bacteria were collected from corneal tissues  against corneal bacteria. It can simultaneously achieve bacterial
for plate culturing 10 days after treatment. Compared to other  clearance and improvement of ocular inflammation symptoms.

groups, ZnO/Amp@DNFs showed significantly fewer colonies In addition, we further evaluated the therapeutic effects of
(Figure 4c,f). The above results demonstrate from a macroscopic  different treatments on bacterial keratitis from a pathologi-
perspective the inhibitory ability of the DNA nanoflower system  cal and histological perspective, including antimicrobial and
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anti-inflammatory effects. Firstly, Masson’s trichrome staining
was used to evaluate the structure of corneal stromal collagen, as
shown in Figure 4g, where blue represents collagen fibers and
purple/red represents blood vessels (black arrow). The control
group showed irregular lamellar structure with severe corneal
edema. The Amp and ZnO combination group exhibited a more
orderly collagen fiber arrangement, but blood vessels still ap-
peared in large numbers. In the ZnO/Amp@DNFs treatment
group, a neat blue arrangement was observed with almost no
blood vessels, indicating that ZnO/Amp@DNFs can significantly
alleviate the bacterial-induced disruption of collagen and changes
in the structural arrangement.

Then, Gram staining of tissue sections (Figure 4h) showed that
there were dark purple clusters in the corneal stroma of the Amp
or ZnO treatment group, indicating the presence of MRSA. How-
ever, in the Amp and ZnO combination group, there were almost
no bacteria marked with dark purple (black arrow) in the stro-
mal layer. Encouragingly, in the ZnO/Amp@DNFs group, there
were no dark purple clusters present in either the corneal sur-
face or the stromal layer, indicating that the ZnO/Amp@DNFs
nanomedicine can completely achieve bacterial clearance.

The results in Figure 4i,j show that the control group exhibited
severe infiltration of pro-inflammatory cytokines (IL-14, TNF-a)
and a significant increase in corneal thickness. The expression of
inflammatory factors was reduced when Amp or ZnO was used
alone, but the treatment effect was not as significant as that of the
combination treatment with Amp and ZnO. It is worth noting
that the ZnO/Amp@DNFs group showed almost no expression
of inflammatory factors, indicating that the nanoflower system
can effectively inhibit the inflammatory response in bacterial ker-
atitis. In addition, the corneal thickness is shown in Figure 4k,1.
The corneal thickness of the control group was about 1500 pm.
After treatment with Amp or ZnO alone, the corneal condition
was slightly improved, with a thickness of about 1000 ym. Af-
ter treatment with Amp and ZnO in combination, the inflamma-
tory response was effectively controlled, and the corneal thick-
ness was significantly reduced to about 700 um. Of note, in these
treatments, the ZnO/Amp@ DNFs treatment group had a corneal
thickness that returned to normal, at only about 500 pm. There-
fore, the above results indicate that DNFs can effectively enhance
the combination therapy of Amp and ZnO, and are an effective
antibacterial system for treating bacterial keratitis.

Furthermore, the biocompatibility of ZnO/Amp@DNFs eye
drops, such as preliminary toxicity and the effect on eye function
were assessed by administering them to healthy rabbit eyes for 7
days. The results showed that there were no significant changes
in the corneal epithelial defect area of healthy rabbits treated with
ZnO/Amp@DNFs under both white light and cobalt blue light
(Figure 5a). The H&E staining images (Figure 5b) revealed that
there was no significant difference in the structure and thick-
ness of the cornea, conjunctiva, and retina between infected and
healthy eyes after treatment with ZnO/Amp@DNFs.

In addition, we further tested the tear secretion function of rab-
bit eyes. The wetting length of fluorescein was similar in healthy
eyes, and healthy eyes treated with ZnO/Amp@DNFs, which
were around 14 mm (Figure 5¢,d). However, the length of the tear
fluorescence strip in the control group was significantly short-
ened (around 7 mm), indicating the occurrence of dry eye symp-
toms. After treatment with ZnO/Amp@DNFs, the infected eyes
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showed a recovery in tear secretion function, without any signif-
icant effect on healthy eyes.

Overall, these preliminary toxicity test results suggested that
ZnO/Amp@DNTFs eye drops do not cause local toxicity and can
induce the recovery of tear secretion function in infected rabbit
eyes. These findings indicated that ZnO/Amp@DNFs eye drops
may be a promising option for treating eye infections.

3. Conclusion

In conclusion, we have successfully developed a highly effec-
tive antibacterial strategy based on ZnO/Amp@DNFs, which
has demonstrated great potential in eradicating MRSA and its
biofilm. The RCA-powered nanoflower system offers a power-
ful tool for amplifying mecR1 mRNA-cleaving DNAzymes and
MRSA-targeting aptamers while providing the necessary cofac-
tors to greatly enhance their therapeutic efficacy. Meanwhile, the
released ZnO had an inhibitory effect on EPS and enhanced
the penetration ability of the biofilm. The exposed bacteria com-
bined with the aptamer of ZnO/Amp@DNFs to enhance the en-
docytosis of nanoparticles. In both in vivo and in vitro studies,
ZnO/Amp@DNFs were found to suppress PBP2a expression,
downregulate IL-14 and TNF-a inflammatory factors, and exhibit
negligible toxicity. The use of a nano-droplet formulation may
also reduce dosing frequency and treatment burden. Overall, our
findings suggest that ZnO/Amp@DNFs have significant poten-
tial for clinical applications in the treatment of bacterial infec-
tions, providing a novel approach to combat antibiotic-resistant
bacteria and improve patient outcomes. For future prospects, we
believe that the incorporation of photosensitizing agents into the
nucleotide substrates used in rolling circle amplification can sig-
nificantly enhance the therapeutic efficacy of DNA nanoflowers
(DNFs). This strategy enables DNFs to acquire photodynamic
therapy (PDT) capabilities. By combining the targeted delivery of
DNFs with the photodynamic eradication of neovascularization,
this approach will show immense potential for achieving ground-
breaking treatment outcomes.

4. Experimental Section

Synthesis of DNA Nanoflowers: To avoid synthesis errors in DNA se-
quences longer than 100 bases, the template strand was fragmented into
two pieces (T1 and T2). Then, based on the template strand, primer
strands P1 and P2 were designed for the both-end ligation of T1 and T2
into a circular template. Linear template strands (T1 and T2, 2 uM each)
and primer strands (P1 and P2, 4 uM each) were heated in a ligase reac-
tion buffer at 95 °C for 5 min and slowly cooled to room temperature over
a period of more than 3 h (0.5 °C min~! cooling rate). Subsequently,
gaps in the hybridized DNA were closed by T4 ligase (20 U pL™") through
overnight incubation at 16 °C, followed by heating at 65 °C for 10 min to
terminate the enzyme reaction. To remove excess primer strands, the lig-
ated template DNA was incubated with exonuclease | (480 mU uL=") in a
reaction buffer at 37 °C for 3 h, followed by incubation at 80 °C for 15 min
to heat-terminate the enzyme reaction. For a single RCA reaction, circular
DNA template strands and dNTPs (1 mM) were combined with recombi-
nant albumin, phi 29 reaction buffer, and phi 29 polymerase (1 U uL™),
and heated at 30 °C for different reaction times (30 min, Th, 2 h, 4 h). The
RCA reaction was terminated by heating at 75 °C for 10 min. Then NFs
were washed with water without ribozyme, centrifuged and precipitated,
and stored at 4 °C for future use.
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Figure 5. Biosafety and irritation test of the eye with ZnO/Amp@DNFs eye drops. a) Sodium fluorescein staining of healthy corneas with or without
ZnO/Amp@DNFs treated on days 1, 3, and 7. ZnO/Amp@ DNFs nanoparticles (40 pg mL™', n = 3). b) Histological examination of the cornea, con-
junctiva, and retina of Healthy, ZnO/Amp@DNFs treated on days 1, 3, and 7, (n = 3). c¢) Sodium fluorescein thread measurement by Schiemer tear test
strips. d) Quantitative analysis of wetting length of control, healthy, ZnO/Amp@ DNFs+healthy, and ZnO/Amp@DNFs treated groups. (*: p < 0.05, **:

p <0.01,n=3).
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Synthesis of ZnO:  The synthesis procedure of ZnO nanoparticles was
conducted as follows: First, 3.73 mmol of zinc acetate was added to 40 mL
of anhydrous ethanol and heated to 70 °C until fully dissolved under vigor-
ous stirring. Next, 7.22 mmol of sodium hydroxide was dissolved in 25 mL
of refluxing ethanol in a separate flask. Both solutions were cooled in an
ice bath before slowly adding the sodium hydroxide solution into the so-
lution containing zinc acetate. The mixture was stirred for 2 h at 60 °C,
resulting in the precipitation of ZnO nanoparticles. The precipitates were
collected and washed thrice with anhydrous ethanol using ultrasonication,
followed by vacuum drying at room temperature to obtain the final ZnO
nanoparticles.

MIC Values Testing for ZnO/Amp@ DNFs for Anti-Free MRSA Experi-
ments:  The synergistic effect for ZnO and Amp were tested by combining
two therapeutic agents directly, or after loading into the DNA nanoflowers.
For the MIC values testing of ZnO NPs and ampicillin, different concen-
tration of ZnO (0, 1,2, 4, 8, 16, 32, and 64 ug mL™") was combined with
Ampicillin (0, 0.5, 1, 2, 4, 8, 32, 64, 128, 256, and 512 pg mL’1) for syn-
ergistic therapy. For MIC testing of ZnO NPs and ampicillin after being
loaded inside the DNFs, different amounts of Amp and ZnO were loaded
inside the DNFs. For Amp, the concentration was 0, 0.5, 1, 2, 4, 8, 32, 64,
128, 256, and 512 ug mL~7, and for ZnO, the concentration was 0, 1, 2, 4,
8, 16,32, and 64 ug mL~".

Preparation of ZnO/Amp@DNFs for Antibiofilm  Experiments:
ZnO/Amp@DNFs were synthesized by adding an additional 32 ug
Amp and 4 ug of ZnO nanoparticles to 100 pug DNFs. The obtained
product was washed with ultrapure water and centrifuged at 8000 rpm for
15 min for a total of three times. The nanoparticles were then redispersed
multiple times by ultrasonication and suction.

Analysis of Native Polyacrylamide Gel Electrophoresis (PAGE):  Different
samples (T1, T2, P1, P2, T1+T2+P1+P2, DNFs) and a super low range
DNA ladder (ranging from 10 to 300 bp) were loaded into an 18% native
PAGE gel and run at a constant voltage of 100 V in 1x TBE running buffer
for 1.5 h. After staining with GelRed for 5 min, images were obtained using
the GelDoc Go gel imaging system (Bio-Rad) at an excitation wavelength
of 365 nm.

Characterization of DNFs and ZnO/Amp@DNFs: To study the mor-
phology and elemental distribution, DNFs were imaged by a field-emission
SEM (FE-SEM) with EDS. In addition, a JEM-1400 Plus transmission elec-
tron microscope (TEM) was also employed for DNFs examination at 80 kV
voltage. The hydrodynamic diameter and zeta potential of DNFs were ob-
tained using a Zetasizer Nano ZS instrument (Malvern, UK).

Target Ability of ZnO/Amp@DNFs to MRSA: MRSA was incubated
with the aptamer-modified and unmodified ZnO/Amp@DNFs loaded with
cy3 for 1 h, and then the bacterial-nanoparticle complex was harvested,
which was photographed after gentle centrifugation. In addition, the up-
take of MRSA was analyzed by flow cytometry, and the fluorescence in-
tensity was analyzed. The excitation wavelength of cy3 is 488 nm and the
maximum emission wavelength is 570 nm.

Antibacterial Analysis Against Biofilms: Biofilms established for 24
h were treated with different preparation groups (control, ZnO, Amp,
ZnO+Amp, ZnO/Amp@DNFs) and incubated with nanoparticles for 12
h. The dead bacteria on the biofilm surface were then washed off with PBS,
and the biofilms were collected and spread on agar plates and incubated
at 37 °C under aerobic conditions for 24 h. The number of bacterial cells
was calculated by counting all colonies on the agar plates.

Morphological Characterization: After treating MRSA with different
groups (control, ZnO, Amp, ZnO+Amp, ZnO/Amp@DNFs), bacteria
were collected by centrifugation. Then, the bacteria were fixed, dehydrated,
permeabilized, embedded, ultrathin sectioned, stained, and observed un-
der JEM-1400 Plus TEM.

Establishment of the BK Model and Therapeutic Strategy: The animal
experimentation was approved by the University Ethics Committee of
Shenyang Pharmaceutical University (license number: SYPU-IACUC-2022-
1224-401). 15 Japanese white rabbits were randomly divided into five
groups, with three rabbits in each group. Under sterile conditions, 5 uL
of MRSA (ATCC 43300) containing 1000 colony-forming units (CFU) was
injected into the corneal stroma of both eyes of the rabbits to establish an
experimental bacterial keratitis (BK) model. After 24 h of inoculation, the
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rabbits’ eyes were examined under a slit-lamp microscope and scored for
corresponding indicators: clinical observation indicators including secre-
tion, stromal infiltration, and stromal edema, with each observation indi-
cator scored on a scale of 0 to 4 according to the severity. Rabbits with
similar levels of inflammation were selected for further experimental re-
search. Then, rabbits were treated with control, ZnO, Amp, ZnO+Amp,
and ZnO/Amp @ DNFs via topical instillation respectively three times
one day.

The anterior segment morphology was observed using slit lamp biomi-
croscopy on days 1, 3, 7, and 12, and scored based on the four indicators
mentioned above (0-16 points). On day 12, the rabbits were euthanized,
and their corneas were removed and photographed for overall appearance
and clarity evaluation. The size of the ulcer area was analyzed using Image|
software.

The excised corneas were homogenized in 1.0 mL sterile PBS using a
KZ-11 Tissue homogenizer (Wuhan Servicebio Technology Co., Ltd.). After
high-speed centrifugation (10000 g, 10 min), the supernatant was diluted
20 times with LB medium, and 100 pL of the diluted solution was used for
MRSA selection medium agar plates. The number of colonies grown on the
plate after overnight incubation at 37 °C represented the live bacterial den-
sity (CFU mL™") (n = 3). After 12 days of treatment, tissue specimens were
collected and fixed in 4% paraformaldehyde for histopathological analysis
(H&E, Masson staining, gram staining) and immunohistochemical anal-
ysis (TNF-a, IL-15).

Biosafety of ZnO/Amp@DNF: After treating for 1, 3, and 7 days in
vivo, 0.5% fluorescein sodium (2 pL) was added to the cornea to stain the
corneal epithelial defects. Fluorescent images were captured in the cobalt
blue channel using a slit-lamp imaging system and quantified using Im-
age] software. On the 12th day, a 30 mm long Schiemer tear test strip was
placed in the inferior fornix of rabbit eyes for 30 s. When the fluorescein
sodium line comes into contact with tears, the color changes from orange
to yellow.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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