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Abstract

Intracellular bacterial infections bring a considerable risk to human life and health due to their
capacity to elude immune defenses and exhibit significant drug resistance. As a result, confronting
and managing these infections presents substantial challenges. In this study, we developed a
multifunctional phage bioconjugate by integrating aggregation-induced emission luminogen (AlEgen)
photosensitizers and nucleic acid onto a bacteriophage framework (forming MS2-DNA-AIEgen
bioconjugates). These bioconjugates can rapidly penetrate mammalian cells and specifically identify
intracellular bacteria, while concurrently producing a detectable fluorescent signal. By harnessing the
photodynamic properties of AIE photosensitizer and the bacteriophage's inherent lysis capability, the
intracellular bacteria can be effectively eliminated and the functionality of the infected cells can be
restored. In macrophage models infected with either antibiotic-sensitive or resistant Escherichia coli,
MS2-DNA-AIEgen bioconjugates demonstrated excellent bacterial targeting and killing capability.
Moreover, our engineered multifunctional phage bioconjugates were able to expedite the healing
process in bacterially infected wounds observed in diabetic mice models while simultaneously
enhancing immune activity within infected cells and in vivo, without displaying any noticeable
toxicity. We envision that these innovative multifunctional phage bioconjugates, which utilize
aggregation-induced luminescence photosensitizers and nucleic acids, may present a groundbreaking
strategy for combating intracellular bacterial infections. This approach holds the potential to offer
new avenues for future research and theranostic applications in the area of intracellular bacterial

infections and associated diseases.
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Bacterial infections have long been a significant cause of severe illness and persistently high mortality
rates worldwide.> The groundbreaking discovery of penicillin in 1928, followed by its clinical
application, revolutionized antibiotic treatment and saved innumerable lives from bacterial
infections.? However, the rampant abuse and overuse of these antibiotics have led to an increasingly
dire issue of antibiotic resistance. It is projected that by 2050, 10 million people will perish annually
as a result of antimicrobial resistance.® Even more alarmingly, certain bacteria can thrive and multiply
within host cells, demonstrating significant resistance to conventional antibiotic treatments.*® These
intracellular bacteria, when not entirely eliminated, can spread from the initial site of infection to
other tissues, leading to chronic or recurring infections.” Although immune cells, such as
macrophages, play a crucial role in defending against bacterial infections by identifying, engulfing,
and breaking down invasive bacterial pathogens, certain intracellular bacteria possess specialized
secretion systems that enable them to survive within macrophages.® In such situations, macrophages
not only fail to eliminate the bacteria but may inadvertently facilitate bacterial propagation. As these
infected macrophages transport the pathogens throughout the body, they can cause severe diseases,
such as tuberculosis, septicemia, dysentery, and epidemic cerebrospinal meningitis, among others.
This hijacking of the immune system's normal defense mechanisms contributes to the persistence and
spread of these infections, making them particularly challenging to treat.®° In addition, the protective
barrier created by host macrophages significantly impedes the identification and elimination of
intracellular bacteria.!* Moreover, mounting evidence indicates that intracellular bacteria are
intricately linked to the onset and progression of malignant diseases. For instance, the existence of
bacteria within tumors has been found to potentially foster resistance to cancer therapy. This
resistance stems from the bacteria's innate ability to break down chemotherapeutic agents into
inactive metabolites.!? Infections caused by intracellular pathogenic bacteria can lead to chronic
inflammation, which in turn fosters the onset and development of tumors.*3 As a consequence, timely
diagnosis and effective treatment of intracellular bacterial infections are crucial for the prevention

and management of both bacterial infections and their associated diseases.

In order to address these challenges, researchers have recently developed innovative solutions such
as antibody-modified antibiotics, antibiotic-peptide conjugates, bacterial metabolic labeling, and
other strategies.**° For instance, the conjugation of an anti-Staphylococcus aureus antibody to an
antibiotic known as rifalogue can markedly enhance the ant-bacterial potency of the antibiotic to kill
intracellular bacteria.!* Nonetheless, variations in antibody properties might compromise the
effectiveness of these antibody-antibiotic conjugates, potentially limiting their broader utilization.
Alternatively, probes that exploit bacterial metabolic pathways have been utilized for fluorescence
labeling of intracellular bacteria residing within living host cells, as well as for in situ photodynamic

eradication of bacteria.’® Nevertheless, widespread adoption of this approach has been hindered by
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its time-consuming and labor-intensive nature, along with its relatively low labeling efficiency.
Furthermore, most of these approaches struggle to efficiently label and visualize intracellular bacteria,
making real-time dynamic tracking of antibacterial agents' identification and killing processes against
intracellular bacteria infeasible. The aforementioned situation hampers thorough investigation into
the interplay between intracellular bacteria and antibacterial agents, which subsequently impedes
progress in devising potent and effective antibacterial treatments. Consequently, there is an
immediate need to develop advanced, biocompatible antibacterial agents that incorporate labeling
and real-time imaging capabilities, allowing for specific detection and targeted elimination of

intracellular bacteria.

Fluorescence imaging, characterized by its rapid response, high sensitivity, and user-friendly
operation, offers unparalleled benefits in real-time, in situ visualization of molecular-level biotargets
and real-time tracking of dynamic biological processes.?®?' Nonetheless, conventional organic
fluorophores, which feature expansive planar w-conjugation, tend to face significant drawbacks, such
as pronounced photobleaching, suboptimal signal-to-noise ratios, and aggregation-triggered
quenching (ACQ) effects.?>?® In contrast to ACQ fluorophores, aggregation-induced emission
luminogens (AlEgens) offer exceptional advantages as illuminated fluorescence imaging
alternatives.* When AlEgens are finely distributed at the molecular level, intramolecular motions
cause the dissipation of exciton energy through rapid nonradiative pathways, resulting in a
nonemissive nature. However, when AlEgens aggregate, the restriction of intramolecular motions
leads to strong emission, as it blocks the nonradiative decay channels.?> Owing to their high brightness,
large Stokes shifts, strong photobleaching resistance, and excellent biocompatibility, AIE-derived
probes have been widely applied in the visualization of various biomolecules, complex structures,
and dynamic processes, including specific biotargets analysis,?®?’ real-time subcellular or cellular
imaging,?®?° high-resolution tissue visualization,**3! long-term tracking of drug delivery®?33 as well
as imaging-guided disease treatment.343% Furthermore, AlEgens can display additional photodynamic,
photothermal, and photoacoustic properties by skillfully modulating their molecular structure. These
versatile abilities have been effectively utilized in the diagnosis and therapy of pathogenic
microorganisms and malignant tumors, showcasing their multifunctional potential in biomedical
applications.*3" Traditional photosensitizers, characterized by rigid and coplanar structures, often
experience reduced reactive oxygen species (ROS) sensitizing efficiency and weak fluorescence
signals at high concentrations or when aggregated.® In contrast, AIE-active photosensitizers have
been found to emit stronger fluorescence and exhibit enhanced ROS generation capabilities upon
aggregation, making them well-suited for potential practical biomedical applications with their
outstanding PDT properties.3¥*° However, significant challenges remain for PDT agents to achieve

satisfactory therapeutic outcomes, as addressing the inherent lack of targetability in ROS and ensuring
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effective delivery to the target site are critical requirements.

As a type of virus, bacteriophages demonstrate inherent specificity towards their host bacteria,
enabling them to target, infiltrate, and multiply within these hosts. This ultimately results in the lysis
of the host bacteria without the associated issue of antibiotic resistance.**** They possess the ability
to concurrently evolve and adapt to antibiotic-resistant bacterial infections.** Furthermore,
bacteriophages, which originate from the body, exhibit excellent biocompatibility and minimal
autoimmune side effects.*> Prompted by the growing crisis in antibiotic resistance, phage therapy is
experiencing a resurgence as a potent solution against bacterial infections. Numerous clinical trials
are currently underway, including the use of phage cocktail therapy to combat Acinetobacter
baumannii infections.*® Nonetheless, conventional phage therapies often face limitations due to their
modest antibacterial properties and struggles in adverse microenvironments, resulting in reduced
antibacterial efficacy in real-world infections—particularly in acute cases and specific severe
infectious diseases, such as those affecting immunocompromised diabetic patients.*”*® Although it
has been reported to promote the bactericidal activity of native phages by modifying with
chemodynamic-active palladium nanozyme,*® photothermal gold nanorod,*® photocatalytic-effect
quantum dot®* and photosensitive organic dyes,* etc., the application of phages for intracellular

bacterial labeling, imaging, and killing has not yet been reported.

Herein, we presented a novel strategy for specific imaging and killing of intracellular bacteria based
on a delicately designed bacteriophage conjugate (MS2-DNA-AIEgen) commodified by aggregation-
induced emission photosensitizers and DNA sequences that have intrinsic targetability to the
intracellular bacteria and photodynamic inactivation (PDI) activity in bacterial Killing. Serving as the
foundation of the conjugate, phages maintain their innate precision targeting ability for their host
bacteria. By covalently linking DNA sequences to their surfaces, phages are transformed into a
classical spherical nucleic acid formula,>*** endowing them with the ability to penetrate infected cell
membranes, navigate within cells, and ultimately target intracellular bacteria. AIEgens can label and
light up the intracellular bacteria by giving a bright fluorescence signal with the guidance of phages.
Subsequently, the thorough elimination of intracellular bacteria is achieved through efficient in situ
ROS generation when exposed to white light, resulting in the restoration of activity in infected cells.
In vitro experiments revealed that MS2-DNA-AIEgen bioconjugates exhibit one-to-one specificity
and nearly 100% labeling efficiency for target bacteria, leading to a 100% mortality rate for host
bacteria, while the survival rate of non-host bacteria experiences only a negligible decrease. More
significantly, owing to the phage's specific targeting ability and the exceptional photodynamic
efficiency of AlEgen, intracellular bacteria can be comprehensively eliminated while restoring the

activity of infected and damaged macrophages. This process leads to heightened immune activity, as
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evidenced by the substantial upregulation of key immune factors, such as IL-6 and TNF-a, and the
downregulation of IL-10. Moreover, in bacterial-infected wound models of diabetic mice, we
observed accelerated healing rates after successfully eliminating the infecting bacteria by
administering MS2-DNA-AIEgen, accompanied by simultaneous positive changes in related immune
factors in mice's blood, mirroring those at the cellular level. These findings demonstrate that our
custom-designed multifunctional MS2-DNA-AIEgen bioconjugate combines the specific targeting
abilities of bacteriophages, the potent membrane penetration of spherical nucleic acids, and the
outstanding fluorescence imaging and photodynamic activity of AIE photosensitizers for coordinated
imaging and extermination of intracellular bacteria. It provides a novel avenue for dealing with
intracellular bacterial infection and is a good candidate for antibacterial agent screening, holding great
potential for the research and theranostics of intracellular bacterial infection-related diseases in the

future.

Results and Discussion

Materials Design, Preparation, and Photophysical & Bioactivity Characterization

To prepare AlE-armored bacteriophage-DNA conjugates, we initially designed and synthesized a
potent AlEgen, TVP-T, featuring a positive charge and strong reactive oxygen species (ROS)
generation capability. The synthesis procedure for TVP-T is thoroughly detailed in Figure S1, while
its precise molecular structure is characterized using *H and *3C nuclear magnetic resonance (NMR)
and high-resolution mass spectroscopy (HRMS), all of which can be found in the Supporting

Information.

Attributing to the existence of a positively charged pyridinium group in its structure, TVP-T could be
well dissolved in a high-polarity solvent including water. More importantly, the positive charge in
TVP-T endows its capability to straightforwardly attach to the negatively charged DNA sequence by
electrostatic interactions. It was noteworthy that TVP-T has a strong capability of visible light
absorption as its absorbance covers the range from 380 nm to 600 nm (Figure 1a). The emission could
reach the near-infrared range with a maximum of 715 nm in DMSO, indicating its large Stokes shift
and good potential in bioimaging with a relatively low background (Figure S2). TVP-T exhibited an
apparent AIE property. No fluorescence was emitted when it was dissolved in a good solvent, DMSO,
whereas strong aggregated-state emission with 54-fold enhancement in intensity appeared in 99%
chloroform (Figure 1b and Figure S3). The remarkable enhancement in the absolute fluorescence
quantum yield of TVP-T in chloroform (35.44%) versus in DMSO (2.77%) further verified its typical
AIE feature. DNA with negative charges in phosphate-buffered saline (PBS buffer) could also induce
the aggregation of TVP-T and intensify its fluorescence emission, showing a linear relationship
between the emission intensity and the DNA concentration (Figures S4 and S5).
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The preparation of AIE-armored bacteriophage-DNA bioconjugates was then initiated by the amino-
carboxyl reaction between DNA and MS2 phage which can specifically target its host bacterium
strand Escherichia coli-15597. As shown in Figure 1c, with the increase in the molar ratio of DNA
to MS2 phage, the migration rate of the product on gel electrophoresis gradually slowed down. It no
longer changed when the ratio reached 1:3000, indicating the saturation of DNA conjugations.
Therefore, this ratio was chosen for the following preparation of AIE-armored bacteriophage-DNA
(MS2-DNA-AIEgen) bioconjugates. As expected, TVP-T can efficiently attach to the MS2-DNA
conjugates, since apparent enhancements in fluorescence intensity could be observed along with the
increase of MS2-DNA concentration (Figure S5). The quantum vyield of MS2-DNA-AIEgen
conjugates was measured as up to 1.22%, close to the value of aggregated TVP-T in chloroform. The
final molar ratio among the three components (MS2: DNA: AlEgen) in the bioconjugate was
determined to be 1: 204: 1.66 x 10* after thorough ultrafiltration. Dynamic light scattering (DLS)
analysis was performed to confirm the step-by-step conjugation process, with obvious increases in
the average hydrodynamic diameters from 21.0 nm of original MS2 phage to 24.4 nm following DNA
conjugation, and finally to 28.21 nm after TVP-T attachment (Figure S6). The gradual decrease in
zeta potential further verified the successful preparation of MS2-DNA-AIEgen bioconjugates (Figure
S7). The spherical morphology of the MS2 phage was kept unchanged after conjugation in TEM
imaging (Figure S8). More importantly, before and after conjugation, the plague counts of MS2 phage
in elimination of its host bacteria showed negligible changes, indicating the bioconjugate has

perfectly inherited the bacteriophage activity from the original MS2 (Figure 1d and Figure S9).

We next checked the photodynamic activity of the prepared bioconjugates. The strong absorption of
TVP-T in the visible light region enabled us to utilize white light as the photo irradiation source. The
ROS generation efficiency of the AIE photosensitizer-armored bioconjugates was initially
determined by using 2',7’-dichlorofluorescin diacetate (DCFH) as an indicator, which could emit
fluorescence with a “turn-on” process triggered by ROS. As depicted in Figure le,f, and Figure S10,
the emission intensity of DCFH gradually increased and reached 83-fold during 5 min white light
irradiation (~2.0 mW €m) in the presence of MS2-DNA-AIEgen bioconjugates, which was pretty
higher compared to the value of 27-fold from the commercial photosensitizer, Rose Bengal, with the
same concentration as the AlIEgen in MS2-DNA-AIEgen bioconjugates. In contrast, DCFH alone was
non-emissive and remained almost constant within the same period of exposure to white light
irradiation. Additionally, compared to the~75% quantum yield of singlet oxygen (*O2) from Rose
Bengal (RB) standard,>® up to 72.5% of O, quantum yield for TVP-T was determined by measuring
the decomposition rate of 9,10-anthracenediylbis(methylene)dimalonic acid (ABDA) as an indicator
(Figure S11). Meanwhile, apparent enhancements in the emission signal could be observed from the
hydroxyphenyl fluorescein (HBF) indicator for hydroxyl radicals (OH") and the dihydrorhodamine
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(DHR) indicator for superoxide radicals (O2"), indicating that *O,, OH" and O™ collaboratively
composited the generated ROS from MS2-DNA-AIEgen bioconjugates (Figures S12 and S13).
Because of these unique AIE-featured fluorescence properties and robust ROS generation capability
of the prepared living bacteriophage bioconjugates in the particular recognition, imaging, and

synergistic killing of pathogenic bacteria were highly expectable.
Discriminative Imaging and Killing of Bacteria in Vitro

As individual components of the MS2-DNA-AIEgen bioconjugates, the MS2 phage exhibits specific
targeting of host bacteria, while the AIEgen possesses characteristic AIE properties. Together, these
features ensure the high specificity and efficiency of MS2-DNA-AIEgen bioconjugates for labeling
and imaging their target host bacteria, Escherichia coli-15597 (abbreviated as EC15597 in figures).
As depicted in Figure 2a, the MS2-DNA-AIEgen bioconjugates effectively labeled Escherichia coli-
15597, displaying a bright fluorescence signal after a 40-minute incubation period. The exceptional
co-localization between the blue-colored Hoechst dye, which stains bacterial nuclei, and the red-
colored AlEgen from the bioconjugates, demonstrates an almost perfect 100% staining efficiency of
the MS2-DNA-AIEgen bioconjugates in targeting their host bacteria. Bacteriophage is well known
for its pinpoint targetability to its host bacteria.*>*® To assess the specificity of the MS2-DNA-AIEgen
bioconjugates in targeting bacteria, MS2-host Escherichia coli-15597 and non-host Escherichia coli-
8739 were co-cultured. As anticipated, the MS2-hosted Escherichia coli-15597 emitted a strong red
fluorescence due to the binding of MS2-DNA-AIEgen bioconjugates, as shown in Figure 2b.
Conversely, the non-host Escherichia coli-8739, characterized by a much longer morphology,
remained unstained and exhibited no fluorescence. The targeting capabilities of the MS2-DNA-
AlEgen bioconjugates were further investigated using a homogenous mixture consisting of MS2-host
Escherichia coli-15597 and non-host Escherichia coli M15-82088. Imaging results displayed in
Figure S14 revealed that the MS2-hosted Escherichia coli-15597 were almost entirely lit up by the
MS2-DNA-AIEgen conjugates. In contrast, a negligible fluorescence signal was detected from the
non-host Escherichia coli M15-82088, confirming that the specifically engineered MS2-DNA-
AIEgen bioconjugates exhibit a high degree of specificity and labeling efficiency towards their target
bacteria. When compared to the commercially available Hoechst nucleic staining, the MS2-DNA-
AlEgen conjugate displayed significantly greater photostability while under continuous excitation,
following its binding to the host bacteria (as shown in Figure S15). Moreover, the bioconjugate
exhibited remarkable resistance to nuclease activity and maintained its structural integrity, as
evidenced by negligible alterations in its photophysical properties or structural breakdown in the
presence of 50 U/L DNase | or cell lysates. These findings highlight the potential of employing such
bioconjugates in living cell studies (refer to Figure S16 and S17).
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In addition to their distinctive fluorescence characteristics, the rapidly emerging AIE photosensitizers
have proven highly effective in generating reactive oxygen species (ROS) in their aggregated state,
responding to controlled external irradiation. These AIE photosensitizers have been successfully
deployed in various applications, including microbial eradication, tumor suppression, and multi-
faceted disease treatments.®*°%°" Building on the demonstrated exceptional ROS generation
capability of MS2-DNA-AIEgen bioconjugates, we proceeded to assess their antibacterial efficacy
against both antibiotic-sensitive and drug-resistant Escherichia coli strains. To evaluate the combined
antibacterial potential of MS2-DNA-AIEgen, MS2-host Escherichia coli-15597 were exposed to
either bare bacteriophages (MS2), DNA-conjugated bacteriophages (MS2-DNA), or MS2-DNA-
AlEgen bioconjugates for comparison. Figure S18 reveals that in the absence of light, none of these
treatments effectively killed the bacteria, as bacterial survival rates consistently remained above 82%.
In stark contrast, when subjected to 30 minutes of white light irradiation, MS2-DNA-AIEgen
bioconjugates exhibited remarkable antibacterial action, eradicating over 99% of the host Escherichia
coli-15597. However, under the same irradiation conditions, the MS2 phage and phage-DNA
conjugate group, both containing the same phage concentration as MS2-DNA-AIEgen bioconjugates,
only demonstrated 13% and 17% bactericidal efficacy, respectively. These findings underscore the
critical contribution of the photodynamic activities of AIE photosensitizers within the conjugates.
Similar to the results observed in the antibiotic-sensitive bacteria group, efficient inhibition of
bacterial growth was also achieved in drug-resistant (DR) Escherichia coli-001 after treatment with
1.0 x 10 PFU/mL of MS2-DNA-AIEgen bioconjugates (Figure 3a). As the concentration of MS2-
DNA-AIEgen conjugates increased from 0 to 1.5 x 10' PFU/mL, the bacterial survival rate of host
antibiotic-sensitive Escherichia coli-15597 gradually decreased from 80% to 10%, demonstrating a
concentration-dependent antibacterial trend (Figure 3b). This antibacterial efficiency is significantly
higher than that of the bare MS2 phage, further highlighting the crucial role of the photodynamic
activity of the encapsulated AIE photosensitizers in the bioconjugates (Figure S19). For the DR-type
host Escherichia coli-001, a 100% bacterial killing efficiency was achieved by simply increasing the
concentration of MS2-DNA-AIEgen bioconjugates to 5 x 10'° PFU/mL (Figure 3c). Additionally, an
irradiation time-dependent bactericidal pattern was observed, as the host bacterial survival rate
decreased from 100% to 2.26% when the white light irradiation time was extended from 0 minute to
30 minutes (Figure S20).

In order to investigate the specificity of MS2-DNA-AIEgen bioconjugates for targeted bacterial
killing, non-host bacteria were subjected to the same treatment conditions. As evident in Figure 3a,
d, no notable changes in the bacterial activity of non-host Staphylococcus aureus-25923 occurred

across the range of tested MS2-DNA-AIEgen bioconjugate concentrations. Comparable results were
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also observed in the treatment of non-host DR-type Escherichia coli C600-23724. As illustrated in
Figure S21, the survival rate of non-host DR-type Escherichia coli C600-23724 remained unaffected
and consistently exceeded 90%, regardless of the applied concentration of MS2-DNA-AIEgen
bioconjugates. These findings demonstrate that MS2-DNA-AIEgen bioconjugates exhibit potent
photodynamic inactivation (PDI) activity and intrinsic targetability to their host bacteria, resulting in
the specific elimination of targeted bacteria upon light irradiation. The ensuing bacterial
morphological alterations were thoroughly investigated using scanning electron microscopy (SEM)
imaging. As shown in Figure 3e, f, the bacterial membranes of both antibiotic-sensitive and DR-type
Escherichia coli exhibited significant damage upon exposure to the MS2-DNA-AIEgen
bioconjugates and subsequent irradiation. A considerable number of pores and wrinkles formed on
the membrane surface, leading to the distinct disintegration of the bacterial structures. In contrast,
under dark conditions, the morphologies of both antibiotic-sensitive or DR-type host bacteria
remained unharmed and intact. Although phage therapy itself can specifically target and inhibit the
growth of host bacteria, its effectiveness is contingent upon the dosage employed. Given that a
relatively low concentration of bacteriophage was used, both MS2 and MS2-DNA had only a minor
impact on the treated bacteria, failing to cause widespread membrane destruction and, consequently,
bacterial death (Figure S22). To further assess the antibacterial efficacy of the bacteriophage
conjugates, calcein-AM and propidium iodide (PI) co-staining were employed. Notably, when
treating bacteria with MS2-DNA-AIEgen bioconjugates under darkness, almost all bacteria remained
alive, as evidenced by the emitted green fluorescence signal. In stark contrast, after 30 minutes of
white light exposure, the mortality rates of both antibiotic-sensitive and drug-resistant bacteria
approached 100%, as indicated by the red-colored Pl staining (Figures S23 and S24). These findings
confirm the potent antibacterial activity of the PDI-active AlEgens within these bioconjugates. To
assess whether the modified phage could maintain its targetability and bactericidal activity following
long-term storage, MS2-DNA-AIEgen was stored at -80 T for 7 weeks. As demonstrated in Figure
S25, the host Escherichia coli-15597 could still be fluorescently labeled with near 100% efficiency.
Furthermore, the impressive antibacterial effect was well preserved, as 1.0 x10'° PFU/mL of MS2-
DNA-AIEgen bioconjugates entirely eradicated the host bacteria upon white light exposure (Figure
S26). The phage-guided targeting was crucial in achieving this exceptional antibacterial performance.
Firstly, MS2 selectively identified both antibiotic-sensitive and drug-resistant (DR) Escherichia coli
strains, binding to their membrane surfaces and initiating the phage's bacterial infection process.
Subsequently, this interaction allowed the AlEgens to firmly attach themselves to the bacterial
surfaces in situ, generating a significant amount of ROS upon exposure to white light. This synergy
between the two processes resulted in the targeted bacteria's membrane disruption and ultimately led

to their eradication.
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Intracellular Bacterial Labeling, Imaging and Elimination

Macrophages that phagocytose bacteria often struggle to completely digest them, allowing the
bacteria to survive and reproduce inside the phagosome. This significantly hinders the macrophages'
effectiveness and can lead to severe infectious diseases.®*® Contrary to extracellular bacteria, those
residing inside macrophages are shielded, which challenges the process of targeting and eliminating
them.™ To study the impact of intracellular bacteria on macrophages' immunity and activity, we
designed an intracellular bacteria model. This involved co-incubating macrophages with MS2-hosted
antibiotic-sensitive Escherichia coli-15597 and drug-resistant Escherichia coli-001 strains (see
Supporting Information for details). Intracellular bacterial infections considerably impair the
functionality of normal macrophages, with activity dropping from 100% to 20% as the concentration
of invading bacteria increases from 0 to 4 < 10" CFU/mL (Figure S27). To assess the potential
application of the designed MS2-DNA-AIEgen bioconjugates in treating bacterial-infected
macrophages, the toxicities of these bioconjugates on macrophages and normal epidermal cells were
first examined. As illustrated in Figure S28 and S29, regardless of illumination, the viability of
RAW264.7 and HaCaT cells all remained up to 90% upon treatment by 2.4 =< 10'° PFU/mL of MS2-
DNA-AIEgen bioconjugates, suggesting their excellent biocompatibility. The cellular uptake
efficiency of the phage conjugates was significantly enhanced due to the DNA modification
surrounding the phage, as compared to those without DNA conjugation. In addition, the entry rate
was accelerated (Figure S30-S32), which aligns with the widely accepted findings in the field of
spherical nucleic acid systems.>*4 After the successful endocytosis, the MS2-DNA-AIEgen
bioconjugates were anticipated to locate and target the host bacteria. To achieve this, host bacteria
were initially labeled with the nuclear dye, DAPI, thus creating an intracellular bacterial model. This
model was established by co-incubating DAPI-stained bacteria and RAW264.7 macrophages, with
the intracellular bacteria emitting blue fluorescence. As depicted in Figure 4a, following incubation
with the MS2-DNA-AIEgen bioconjugates, a remarkable overlap was observed between the red
fluorescence emitted by AlEgens in the bioconjugates and the blue fluorescence of intracellular
bacteria, with a Pearson coefficient reaching up to 82%. The targetability of MS2-DNA-AIEgen
bioconjugates towards intracellular host bacteria was further confirmed by imaging a larger area, as
shown in Figure S33. To demonstrate the specificity of the MS2-DNA-AIEgen bioconjugates
targeting intracellular bacteria, we established an intracellular bacterial infection model utilizing non-
host Escherichia coli-8739. As illustrated in Figure S34, the MS2-DNA-AIEgen bioconjugates were
unable to detect the non-host bacteria Escherichia coli-8739, failing to illuminate them with red-
colored fluorescence, which aligns with the extracellular bacterial imaging outcomes. Comparable

results were obtained in another intracellular bacterial model featuring non-host Staphylococcus

https://doi.org/10.26434/chemrxiv-2023-gw0xm ORCID: https://orcid.org/0000-0002-8414-5164 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-gw0xm
https://orcid.org/0000-0002-8414-5164
https://creativecommons.org/licenses/by-nc-nd/4.0/

aureus-25923; there was a negligible overlap between the blue-colored bacteria and red-colored

bacteriophage conjugates, with the Pearson coefficient as low as 12% (see Figure S35).

The exceptional antibacterial capabilities of MS2-DNA-AIEgen bioconjugates outside cells
prompted an in-depth examination of their intracellular antibacterial performance. Infected
macrophages were co-incubated with MS2-DNA-AIEgen bioconjugates and subsequently exposed
to white light. Figure 4b and Figure S36 illustrate that the proportion of viable intracellular
Escherichia coli-15597 bacteria dwindled substantially as irradiation time increased from 0 to 30
minutes—from 100% to a mere 0.52%. This decrease corresponds to the irradiation time-dependent
lethal effect of MS2-DNA-AIEgen bioconjugates observed in extracellular bacteria. Next,
macrophages infected with both antibiotic-sensitive and DR-type Escherichia coli-001 were treated
using varying concentrations of MS2-DNA-AIEgen bioconjugates. As illustrated in Figure 4c and
Figure S37, the remaining antibiotic-sensitive bacteria steadily decreased from 100% to 10% as the
concentration of MS2-DNA-AIEgen bioconjugates increased from 0 to 2 x 10%° PFU/mL, after
exposure to white light. Moreover, a stronger antibacterial effect was observed in the group of
macrophages infected with DR-type Escherichia coli-001. A concentration of 2.4 x 10*° PFU/mL
MS2-DNA-AIEgen bioconjugates was sufficient to completely eliminate the intracellular bacteria
(Figure 4d and Figure S38). The activity of macrophages was observed to decrease significantly
following bacterial infection, prompting further investigation into the potential of MS2-DNA-AIEgen
bioconjugates to restore macrophage activity. Infected RAW264.7 cells were co-incubated with
various concentrations of MS2-DNA-AIEgen conjugates for 1 hour and then exposed to white light
irradiation for 30 minutes. As depicted in Figure 4e, there was a substantial increase in the activity of
macrophages infected with Escherichia coli-15597, with activity restored from 15% to 80% after
treatment with 1.6 <10%*° PFU/mL MS2-DNA-AIEgen conjugates. A similar pattern emerged for DR-
type Escherichia coli-001 infected macrophages, as their activity levels rose from 8% to 72%
following the introduction of 2.4 %< 10'° PFU/mL MS2-DNA-AIEgen conjugates (Figure 4f). These
findings provide compelling evidence that MS2-DNA-AIEgen conjugates are capable of specifically
imaging and eradicating intracellular bacteria while simultaneously restoring the activity of infected

macrophages.

To ascertain that the critical role of the photodynamic activity of AlEgen in causing the death of
intracellular bacteria, we employed the DCF-DA indicator to assess and characterize the intracellular
ROS generated under different treatment conditions. As demonstrated in Figures S39 and S40,
macrophages treated with MS2-DNA-AIEgen conjugates exhibited a distinct bright green color upon
white light irradiation, signifying the production of a substantial amount of intracellular ROS.

Conversely, the fluorescence signals in the other treatment groups were considerably weaker,
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suggesting that the antibacterial effect can be primarily attributed to the PDI activity of MS2-DNA-
AlEgen conjugates. The morphological changes in macrophages before and after various treatments
were further investigated using scanning electron microscopy (SEM) imaging. As illustrated in Figure
S41a, healthy macrophages displayed three-dimensional structures with intact cell membranes and
smooth surfaces. In contrast, the cell membranes of bacterially-infected macrophages exhibited
noticeable damage, and endolysin from macrophages leaked out, indicating that the invasion and
infection by bacteria led to the disruption and even death of macrophages (Figure S41b). Upon co-
incubation with MS2-DNA-AIEgen conjugates and white light irradiation, the cellular morphology
of infected macrophages showed considerable recovery, aligning with the previously established
intracellular antibacterial activity. This further confirms that MS2-DNA-AIEgen conjugates can
effectively restore the viability of bacterially-infected macrophages (Figure S41c).

Wound Treatment After Bacterial Infection in Diabetic Mice

Over 170 million people across the globe are affected by diabetes mellitus, and this number continues
to rise. Diabetes significantly diminishes the quality of human life, leading to pain, suffering, and
disability. One major complication faced by diabetic patients is impaired and delayed wound healing
following bacterial infections. Wound healing is a complex process that includes interconnected and
overlapping stages such as hemostasis, inflammation, proliferation, and remodeling. Macrophages
are essential components in each of these phases, and they have been shown to play a pivotal role in
wound tissue repair, particularly during the inflammatory stage.®® We conducted a study to
investigate whether MS2-DNA-AIEgen conjugates can expedite the wound healing process and
prevent further wound complications in diabetic mouse models. As depicted in Figure 5a, we first
created skin wounds in diabetic mice by introducing various bacteria types, including MS2-hosted
antibiotic-sensitive Escherichia coli-15597, DR-type Escherichia coli-001, and non-host
Staphylococcus aureus-25923. Once the bacterial infections were established, we applied different
treatments to the wounds. We then continuously monitored the wound recovery of mice in each
treatment group, collecting blood samples on day 8 to evaluate immune factors and tissue samples
from the wounds on day 10 to determine the remaining bacterial count. As illustrated in the
representative wound images shown in Figure 5b, it is evident that the untreated mice experienced
the slowest wound healing rate, with only a 20% reduction in wound size over the course of 10 days,
confirming the impaired wound healing rate in diabetic patients. Similarly, in diabetic mice treated
with MS2-DNA-AIEgen conjugates under darkness, less than 50% changes in wound size occurred,
as observed in the group treated with MS2-DNA and subjected to white light irradiation (Figure 5c).
In stark contrast, with white light exposure, wounds infected by both antibiotic-sensitive and DR-

type Escherichia coli exhibited over 95% recovery, and ultimately, complete healing was achieved
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in 8 days. Whereas, the wound recovery rates in the group treated with MS2-DNA-AIEgen conjugates
without light exposure were substantially slower, as evidenced by a less than 30% decrease in wound
size. This finding highlights the essential role of AIE photosensitizers in eradicating bacteria (Figure
5d). Regardless of whether the treatment was administered in darkness or under white light irradiation,
no significant changes in wound size were observed after non-host Staphylococcus aureus-25923
infection following treatments with MS2-DNA-AIEgen conjugate. This result confirms the
remarkable specificity of the bacteriophage conjugates in addressing in vivo bacterial infections
(Figure S42). After 10 days of treatment using MS2-DNA-AIEgen conjugates, it was observed that
only 0.03% of MS2-hosted Escherichia coli-15597 and 0.46% of DR-type Escherichia coli-001
remained in the infected wound when exposed to white light irradiation. In contrast, for the groups
treated with PBS, MS2-DNA, and MS2-DNA-AIEgen conjugates without light exposure, the
corresponding bacterial counts were as high as 98% (Figure S43). These results conclusively indicate
that the MS2-DNA-AIEgen conjugates exhibit enhanced antibacterial activity in vivo against both
antibiotic-sensitive Escherichia coli-15597 and drug-resistant Escherichia coli-001 when exposed to
white light irradiation. Furthermore, the minimal weight change observed in treated mice compared
to the control group demonstrates the considerable potential for in vivo antibacterial applications of

these multifunctional bacteriophage conjugates (Figure S44).

Following a 10-day treatment regimen, we collected wound tissues from the diabetic mice to further
investigate the histological changes, confirming the enhanced wound healing effect provided by the
MS2-DNA-AIEgen conjugates. In Figure S45, Hematoxylin-eosin (H&E) staining images reveal a
notable presence of inflammatory cells in skin tissue samples treated with PBS and MS2-DNA-
AlEgen conjugates in the absence of light. However, a dramatic decrease in the number of
inflammatory cells is observed following treatment with MS2-DNA-AIEgen conjugates combined
with white light irradiation. Additionally, the findings from TUNEL staining demonstrated that the
quantity of apoptotic cells in wounds, after treatment with MS2-DNA-AIEgen conjugates combined
with white light exposure, was markedly decreased in comparison to the groups treated with PBS and
MS2-DNA-AIEgen conjugates without light exposure. Since collagen is a crucial component of the
extracellular matrix in dermal tissue and plays a pivotal role in wound healing, the effects of the
photodynamic activity of MS2-DNA-AIEgen conjugates on collagen levels in the wounded tissue
were subsequently evaluated using Masson's trichrome staining. The analysis revealed significantly
enhanced collagen deposition compared to the groups treated with PBS or MS2-DNA-AIEgen
conjugates under dark conditions. Moreover, CD31 expression in the group treated with MS2-DNA-
AlEgen conjugates and exposed to irradiation was notably higher compared to the PBS and MS2-
DNA-AIEgen conjugates groups without light exposure. Wound tissue cell proliferation was further

evaluated using Ki67 staining. Similar to the PBS control group, there were no significant changes in
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Ki67 expression levels in the group treated with MS2-DNA-AIEgen conjugates without light
exposure. In contrast, a substantially reduced expression level was observed when light irradiation
was applied. As the wound healed, it transitioned from the proliferative stage to the remodeling stage,
which accounts for the decrease in Ki67 expression levels following treatment with MS2-DNA-

AlEgen conjugates and white light irradiation.

The peptidoglycan, lipopolysaccharide, flagellum, and other distinct bacterial components can be
detected by the pattern recognition receptors present on macrophages and other immune cells, thereby
triggering an immune response.®® Bacterial infection significantly impairs the activity of macrophages,
leading to reduced or even lost immunogenicity. By employing photodynamic therapy with MS2-
DNA-AIEgen conjugates, bacteria internalized within macrophages can be effectively eliminated.
Following the breakdown of dead bacteria carrying lipopolysaccharide, it is likely that macrophage
immune responses will be activated, leading to the production of immunologically active
substances.®! As demonstrated in Figure 6a-c, ELISA tests revealed that the expression levels of both
IL-6 and TNF-a surged by over 500% after treating macrophages with MS2-DNA-AIEgen conjugates
and white light irradiation. In contrast, 1L-10 levels exhibited a significant decline, reflecting a
substantial activation of macrophage immunity. In vivo samples collected from the blood of diabetic
mice after various treatments were analyzed for the presence of immune-active substances. Consistent
with the previous findings, mice infected with MS2-host antibiotic-sensitive and drug-resistant strains
of Escherichia coli exhibited increased levels of IL-6 and TNF-a, and significantly reduced levels of
IL-10 after treatment with MS2-DNA-AIEgen conjugates and exposure to white light (Figure 6d-f).
These findings further confirm the activation of immunological effects. Our results demonstrate that
MS2-DNA-AIEgen conjugates not only restore macrophage activity but also stimulate an immune
response in these cells, indicating a strong potential for effective long-term bactericidal action both

intracellularly and in vivo.
Conclusion

In summary, we have ingeniously developed an innovative multifunctional phage bioconjugate
system (MS2-DNA-AIEgen) specifically tailored to address intracellular bacterial infections. This
sophisticated bioconjugate is carefully crafted by incorporating AIE photosensitizers and nucleic acid
sequences onto the bacteriophage surface. The integration of nucleic acids transforms the
bacteriophage into a prototypical spherical nucleic acid, which significantly enhances the conjugate’s
ability to penetrate mammalian cell membrane barriers. Subsequently, this allows for precise
targeting and labeling of the intracellular bacteria. Furthermore, the AIE photosensitizer boasts
distinctive fluorescence characteristics and potent photodynamic activity, facilitating the vivid

fluorescence imaging of intracellular bacteria. Thanks to the ROS generation capability of the MS2-
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DNA-AIEgen bioconjugates under external white light irradiation, the complete elimination of
intracellular bacteria was achieved, simultaneously restoring the viability of the infected macrophages.
In vitro studies have demonstrated that MS2-DNA-AIEgen bioconjugates exhibit exceptional
specificity in identifying target bacteria, successfully eliminating 100% of both antibiotic-sensitive
and drug-resistant host strains without affecting non-host bacteria, which maintain a 100% survival
rate. Furthermore, intracellular investigations have confirmed that these bioconjugates can effectively
target and eradicate infected bacteria within macrophages while maintaining excellent
biocompatibility. Remarkable antibacterial activity was observed, along with accelerated healing of
bacterial-infected wounds in diabetic mice, without any impact on their growth. Furthermore, the
MS2-DNA-AIEgen bioconjugates show potential to induce immune responses in infected
macrophage cells and diabetic mice, suggesting their potential for long-term antibacterial applications.
Our research introduces a groundbreaking approach to combating severe intracellular bacterial
infections, exhibiting significant promise for the identification of novel therapeutic agents targeting
intracellular bacterial infection, as well as advancing the theranostics of associated malignancies

resulting from such infections.
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Scheme 1. Schematic illustration of the delicately designed bacteriophage bioconjugate (MS2-
DNA-AIEgen) for specific targeting and synergistic elimination of intracellular bacteria?
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In the preparation of bacteriophage bioconjugate, DNA was covalently linked to the surface of the
bacteriophage via an amino-carboxyl coupling reaction. The positively charged AlEgens were then
bound to the DNA via electrostatic interaction. Taking advantage of the surface anchoring of DNA,
the formed bacteriophage bioconjugates resemble spheric nucleic acid and are capable of entering the
mammalian cell (e.g. RAW264.7 macrophages) and targeting the intracellular bacteria under the
guidance of bacteriophage. Upon white light irradiation, the robust AIE-active photosensitizers can
efficiently generate ROS species, affording synergistic antibacterial outcomes along with the intricate
antibacterial capability of bacteriophage towards its host bacteria, as well as the enhanced immune
response at the cell and body level.
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Figure 1. (a) Normalized UV—vis spectra of AIEgen (TVP-T) dissolved in water, DMSO, and CHCl3,
respectively. (b) AIE curve of TVP-T in the mixture of DMSO and CHCIs with varying volume
fractions of CHCIs. (c) Agarose gel electrophoresis for monitoring the conjugation between
bacteriophage and DNA with various molar ratios. The DNA was modified with FAM dye. (d)
Activity test of bacteriophage before and after conjugation reactions. (e) Chemical trapping of the
total ROS generation efficiency of MS2-DNA-AIEgen bioconjugates indicated by the
photoactivation of DCFH indicator. (f) Activation rates of the DCFH indicator reacted with various
chemical agents that were monitored at the emission maximum of 524 nm. These measurements were
carried out under white light irradiation in 1x<PBS buffer. [AIEgen in MS2-DNA-AIEgen conjugate]
= [Rose Bengal] = 1.0 pM, [DCFH]= 10 M.
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N MS2-DNA-AIEgen

Figure 2. Targeted bacterial labeling and imaging by MS2-DNA-AIEgen bioconjugates. (a)
Fluorescence imaging of MS2-hosted Escherichia coli-15597 coincubated with MS2-DNA-AIEgen
for 40 min. (b) Specificity test of MS2-DNA-AIEgen towards its host bacteria by coincubation of
host Escherichia coli-15597 and non-host Escherichia coli-8739. Arrows indicated the non-host
Escherichia coli-8739 that was not stained by the red-color emissive MS2-DNA-AIEgen.
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Figure 3. Antibacterial evaluation of MS2-DNA-AIEgen bioconjugates. (a) The plague counts of
host Escherichia coli-15597 (2.0 x 106 CFU mL™?), DR-type host Escherichia coli-001 (1.0 x 10°
CFU mL™), and non-host Staphylococcus aureus-25923 (2.0 = 10° CFU mL™) under various
treatments. (b) The calculated survival rate of host Escherichia coli-15597 along with varying
concentrations of MS2-DNA-AIEgen under dark or white light irradiation, respectively. (c) The
calculated survival rate of DR-type host Escherichia coli-001 along with varying concentrations of
MS2-DNA-AIEgen, under dark or white light irradiation, respectively. (d) The calculated survival
rate of non-host Staphylococcus aureus-25923 along with varying concentrations of MS2-DNA-
AlEgen, under dark or white light irradiation, respectively. (e) and (f) SEM images of the
morphologies of treated host Escherichia coli-15597 and DR-type host Escherichia coli-001,
respectively.
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Figure 4. Targeting and elimination of intracellular bacterial infection. (a) Confocal imaging of
RAW264.7 macrophages after infection by host Escherichia coli-15597 (stained by blue-color DAPI)
treatment by MS2-DNA-AIEgen conjugates (red-color emission), sequentially. The arrows indicated
the overlapped bacteria and MS2-DNA-AIEgen conjugates that showed purple color. (b) The
calculated survival rate of host Escherichia coli-15597 extracted from RAW264.7 macrophages after
treatment by MS2-DNA-AIEgen conjugates and sequentially different irradiation times. The blue
dashed line indicated the 100% bacterial Killing efficiency. (c) The calculated survival rate of host
Escherichia coli-15597 (2.0 x 10° CFUmL™) extracted from RAW264.7 macrophages after
treatment by different concentrations of MS2-DNA-AIEgen conjugates. (d) The calculated survival
rate of host DR-type Escherichia coli-001 (0.5 x 10° CFU mL™) extracted from RAW264.7
macrophages after treatment by different concentrations of MS2-DNA-AIEgen conjugates. The blue
dashed line indicated the 100% bacterial killing efficiency. (e) and (f) Cell viability test of
macrophages RAW?264.7 infected by host Escherichia coli-15597 and DR-type host Escherichia coli-
001, respectively. The infected RAW?264.7 cells were co-incubated with various concentrations of
MS2-DNA-AIEgen conjugates for 1 hour, and then treated by white light irradiation or darkness for
another 30 min.
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Figure 5. In vivo evaluation of antibacterial efficiency and wound healing rate of MS2-DNA-AIEgen
bioconjugates against host Escherichia coli-15597 and DR-type host Escherichia coli-001 infected
diabetic mice. (a) The treatment process on diabetic mice is illustrated with time elapsing. (b)
Photographs of wounds change after different treatments. MS2-DNA-AIEgen was abbreviated as
MDA. (c) Relative wound size analysis after host Escherichia coli-15597 infection and diverse
treatments for 10 days. (d) Relative wound size analysis after DR-type host Escherichia coli-001
infection and diverse treatments for 10 days. The initial concentration of both above bacteria was 1.0
x10° CFU mL™.

https://doi.org/10.26434/chemrxiv-2023-gw0xm ORCID: https://orcid.org/0000-0002-8414-5164 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-gw0xm
https://orcid.org/0000-0002-8414-5164
https://creativecommons.org/licenses/by-nc-nd/4.0/

a Emunder darkmm upon irradiation p c
2000 150 4504
1600 1201 jasof
E E Eon
21200 2w 2
b y 2 150
= 800 £ 60 5 180
'— —
400 30 901
o o o \a 0 o ob o> . o> [N ™
RAW264.7\N\0\~':\ USRS RAW254.7\N\0\¢~ AT RAW264.7\N\0\~1\ AT (O
RAW264.7 + EC-15597 RAW264.7 + EC-15597 RAW264.7 + EC-15597
d 60 € 160 f 150
48 120
120 -
- 5 )
E 36 = E 901
o = B
2 g 80 &
(-] — o
" 4 =] - i
- 24 b % 60
= K
= 404
12 30
I RS S Y PO e R
o x W _ o P x© » W x W o 0"? .- - o P
2 & e WO L P L R < o © NP

x

Figure 6. In vitro and in vivo antimicrobial immune response analysis. In vitro assay of the immune
activation-related cytokines of (a) IL-6, (b) TNF-«, and immunosuppressive factor of (c) IL-10 in
RAW264.7 macrophages before and after Escherichia coli-15597 infection and sequentially treated
by MS2-DNA-AIEgen conjugates. (d-f) The corresponding change of immune-related factors in the
venous blood of diabetic mice after bacterial infection and sequentially different treatments. w/o
meant without; MDA was the abbreviation of MS2-DNA-AIEgen.
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