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SUMMARY

Growing antibiotic resistance has encouraged the revival of phage-inspired antimicrobial approaches. On
the other hand, photodynamic therapy (PDT) is considered a very promising research domain for the pro-
tection against infectious diseases. Yet, very few efforts have been made to combine the advantages of
both approaches in a modular, retargetable platform. Here, we foster the M13 bacteriophage as a multi-
functional scaffold, enabling the selective photodynamic killing of bacteria. We took advantage of the
well-defined molecular biology of M13 to functionalize its capsid with hundreds of photo-activable
Rose Bengal sensitizers and contemporarily target this light-triggerable nanobot to specific bacterial spe-
cies by phagedisplay of peptide targetingmoieties fused to theminor coat protein pIII of the phage. Upon
light irradiation of the specimen, the targeted killing of diverse Gram(�) pathogens occurred at subnano-
molar concentrations of the phage vector. Our findings contribute to the development of antimicrobials
based on targeted and triggerable phage-based nanobiotherapeutics.

INTRODUCTION

The incessant increase in bacterial antibiotic resistance, together with the shortening of new alternatives in the pharma R&D pipelines, has

revived interest in phage-inspired antimicrobial approaches against WHO priority I and II pathogens, including many Gram(�) bacteria.

Classic phage therapy, envisaging the use of natural lytic phages to control bacterial infections, provides an interesting and useful tool for

the control of antibiotic-resistant infections (recently reviewed in1), and reports from the majority of studies on their application to treat in-

fections by Staphylococcus aureus, Enterococcus faecium, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,

Enterobacter spp., and Escherichia coli—all belonging to the ESKAPEE group of pathogens—are encouraging to date.2–5 As an alternative

to classical approach, the combination of phage therapy with antibiotics administration has been shown to enhance the antimicrobial activity

exerted on bacterial infections of various pathogens.5–7

However, despite the recent and past successes, classic phage therapy is hampered by several drawbacks, including a generally narrow

host range, which needs to be tackled by strain- and patient-tailored precision approaches.4 Moreover, the likelihood of rapid appearance

and spreading of resistance against phage infection and propagation is quite high.8 An alternative approach is to take advantage of the well-

defined molecular biology of several simple model phages (e.g., M13, fd, MS2) for the assembly of genetically retargeted nanobioscaffolds,

overcoming the narrow host range of natural phages. These vectors may be armed with (triggerable) antimicrobial functions, providing a

modular platform for the treatment of difficult-to-treat infections.9,10

Photodynamic therapy (PDT) is likewise considered a very promising therapeutic modality for the eradication of drug-resistant bacteria.11

PDT is approved for the clinical treatment of several types of diseases, including cancer,12,13 dermatological pathologies, and microbial in-

fections.14,15 In PDT, a compound with photosensitizing properties (sensitizer) is accumulated in, or concentrated at, the target cells. The
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subsequent triggering of the sensitizer by light generates highly reactive oxygen species (ROS), whose local burst exerts lethal effects on the

target cancer or microbial cells.15 Antimicrobial photodynamic therapy (aPDT) already finds a wide use for topical, dental, and soft tissue in-

fections, either alone or in combination with photosensitizers.16–19 Moreover, aPDT can stimulate the immune system to improve bacterial

clearance.20 The combination of antibiotic therapy with PDT has also been proven efficient in eliminating drug-resistant bacteria in patients

carryingmicroflora resistant to a previous antibiotic therapy,21,22 whereas studies on animals have reported little evidence of host tissue dam-

age following aPDT.17,23

Compared with conventional antibiotic therapies, antimicrobial PDT presents several interesting assets: (1) the burst of ROS affects mul-

tiple biological informational molecules at once (e.g., DNA, RNA, proteins, lipids, etc.) and disrupts membrane integrity, thus providing phys-

ical damage to cells, which less likely engenders resistance; (2) PDT is also effective, for the same reasons, on metabolically inactive, dormant,

and antibiotic-resistant cells; (3) PDT can be applied locally, exploiting the possibility to focus the triggering irradiation at the desired site of

action; and (4) it presents an instant onset of action.

However, a major limitation of photodynamic (as well as sonodynamic and photothermal) antimicrobial agents is that the reactive oxygen

species (or the heat) generated during irradiation can harm bystander host cells. Accordingly, there is extraordinary interest in developing

methods for specifically targeting the sensitizers to the infectious organism.24 The advantage of targeting the photosensitizer is that ROS pro-

duction is generated only in immediate proximity of the pathogen, allowing for lower irradiation and sensitizer dosages needed to achieve

lethal photosensitization. Several studies have shown the effectiveness and reduced toxicity of PDT, in conjunction with sensitizer targeting

systems, including proteins (ConcanvalinA-RB25), antibodies, chemical modification, or nanoarchitectonics of vector particles24,26–30 and

phages.31

Owing to the distinct cell surfaces, aPDT can have very different effects on Gram-positive and Gram-negative bacteria. PSs can penetrate

through the cell walls of Gram-positive bacteria with higher ease, whereas Gram-negative bacteria display various degrees of resistance to PS

permeabilization, due to the presence of the outer membrane, acting as a barrier to diverse drug molecules.32 To solve this problem, outer-

membrane-disrupting agents or the chemicalmanipulation of bacterial surface structures has been proposed.33 Nevertheless, such pre-treat-

ments may be accompanied by potential cytotoxicity of the agents used.

Despite the respective advantages provided by phage-derived therapies and PDT, only a handful of phage applications for antimicrobial

PDT have been reported to date, principally involving the use of natural phages decorated with chlorine e6.34 Moreover, a systematic retar-

geting of photosensitizer-decorated phages through specific bacteria-targetingmoieties (antibodies and peptides) has never been reported,

except for one study in which chimeric M13 phages were conjugated to gold nanoparticles for antimicrobial photothermal therapy.35 This

leaves a wide avenue open for scientific discovery and methodological improvements.

Filamentous bacteriophages such as M13 represent a harmless and effective delivery platform. They can undergo extremely flexible ge-

netic engineering, allowing for a plethora of targeting designs.9 M13 can provide high avidity for the target due to its multivalent display of

specific targeting moieties and a multitude of functionalization sites resulting in a high payload of effectors.36 In particular, the possibility to

conjugate M13 with hundreds of photosensitizers37–39 makes them interesting vectors for antimicrobial PDT applications (Figure 1).

Figure 1. Orthogonal engineering of M13 phage for selective PDT

Phages with targeted tropism against Acinetobacter baumannii (light blue) and against the gram-negative Acinetobacter baumannii and Pseudomonas

aeruginosa cells (dark blue) were generated. M13Aba is retargeted to the biofilm activating protein (BAP) of Acinetobacter baumannii through the specific

display on the minor coat protein pIII of the C20 nanobody (C20Nb), whereas M13Gram� targets the lipopolysaccharides of the Gram-negative outer

membrane through the display on the pIII protein of KNYSSSISSIRAC-binding peptide (LPSbp). The amino group of M13Aba and M13Gram� major capsid

protein pVIII were chemically conjugated with hundreds of RB for the production of ROS, which are highly antimicrobial, upon light irradiation, in the cell

proximity.
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Here we present a flexible and robust M13-based platform for antimicrobial PDT against Gram(�) bacterial pathogens. M13 phages with

specific tropism againstA. baumanniiwere generated by phage display of a specific nanobody (C20) on theminor coat protein g3p. Likewise,

the fusion of an LPS-binding peptide to g3p enabled to expand the target range to different Gram(�) pathogens, not targeted by wild-type

M13. These engineered vectors were orthogonally functionalized with hundreds of Rose Bengal (RB) sensitizers on the major capsid protein

g8p, generating nanobioconjugates able to selectively kill their specific targets only upon light irradiation. RB was chosen as it is a widely

available and biocompatible photoreactive fluorescein derivative, approved by the FDA as an ocular diagnostic stain and orphan anticancer

drug.40 RB contains multiple halogens (i.e., chlorine, iodine) with high atomic number substituents, which enhance the intersystem crossing

rate, generating a triplet excited state underlying effective generation of ROS.25,40 Following RB conjugation, the M13-RB phage nanobio-

conjugates were shown to promote photodynamic generation of ROS and mediate selective killing of their specific targets only upon light

irradiation.

RESULTS

Conjugation of Rose Bengal to the capsomers of M13 produces an ROS-generating phage PDT platform

To prove thatM13 can be engineered into a valuable vector platform for PDT applications, we set out to conjugate RB to the capsomers of the

M13K07 phage (hereafter referred to as M13). A shifted and broader peak at 560 nm in the absorption spectrum was observed following

conjugation with M13 (Figure 2). These spectral changes confirmed that RB was covalently linked to the M13 capsid.41 Considering the initial

M13 concentration and themolar extinction coefficients of RB, 971, 405, and 562 RBmolecules were attached toM13, M13Aba, andM13Gram�,
respectively (Table 1).

Specific photokilling of the natural E. coli host by a wild-type M13-RB bioconjugate

Next, the M13-RB conjugates were tested for their photodynamic antimicrobial activity on E. coli TG1 and two other Gram-negative bacteria,

P. aeruginosa PA14 and A. baumannii ATCC 19606 (Aba). TG1 is a natural host for M13, expressing the F0 pilus, representing the primary re-

ceptor bound by the wild-type g3p phage protein promoting infection. On the contrary, P. aeruginosa and A. baumannii lack the F0 pilus and
are not efficiently targeted by wild-type M13.42 Free Rose Bengal was used as control to benchmark phage-mediated PDT against the non-

targeted approach. All bacterial strains tested exhibited variable sensitivity to the photodynamic treatment, presumably due to biochemical,

metabolic, or genetic differences (Figure 3). In particular, E. coli TG1 viability was only partly (13.6% G 12.3%) affected after incubation with

1 mM free RB equivalents, whereas P. aeruginosa PA14 suffered extensive (42.8%G 6.6%) killing under the same conditions. Finally, after irra-

diation, A. baumannii proved to be the least sensitive to free RB, remaining essentially unaffected by PDT with 1 mM free RB. Despite these

differences, M13-mediated photodynamic treatment increased the killing only toward the TG1 host strain, starting at 100 nM RB equivalents

(Figure 3A). Stronger, dose-dependent photodynamic effects were recorded at the highest sensitizer concentration tested (1 mM), where the

M13-RB platform increased PDT killing of TG1 cells bymore than five orders ofmagnitudewith respect to free RB alone. Remarkably, theM13-

RB vector was not able to induce a significant increase in mortality (compared with free RB) on Aba and PA14. The lack of specificity toward

these strains indicates that wild-typeM13 can prime the accumulation of sufficient RB photosensitizers only toward its natural host, expressing

the F0 pilus. These results show that the M13 phage is an excellent platform for implementing selective antimicrobial PDT.

Retargeting of M13 against Acinetobacter baumannii

To investigate whether the phage PDT platform could be engineered to target different bacteria from the native E. coli F+ host strains, M13

was retargeted to bind to A. baumannii cells. The coding sequence of the C20 single domain antibody (sdAb or nanobody) recognizing the

A. baumannii biofilm-associated protein (BAP) was fused to the C-terminal domain of the pIII (g3p) minor coat protein in the phage. This

choice was driven by the high specificity of C20 for A. baumanni BAP along with a low cross-reactivity toward other bacterial species.43

Figure 2. Conjugation of RB to M13 phage

(A–C) Chemical conjugation was performed on (A) M13, (B) M13Aba, and (C) M13Gram- phages. Absorption spectra of phages (dashed black line), RB (dashed pink

line), and phage conjugated with RB (purple line).
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The pPK_C20 phagemid carrying the C20-pIII fusion was co-transformed with the hyperphage plasmid lacking both the native pIII cistron

as well as the F1 phage origin. This strategy allowed to voiding the undesired residual packaging of the helper phage, resulting in uniform and

stable recombinant virions of about 500 nm length, packaging only the C20-pIII phagemid, as validated by TEM (Figure 4C) and atomic force

microscopy (AFM, Figures 4D and 4E). Immunoblotting with a pIII-C-term-specific antibody demonstrated the correct phage display of a

36.9 kDa polypeptide compatible with the expected molecular weight of the C20-pIII (C-term) fusion, absent from the wild-type M13 phages

(Figure 4B). This strategy allowed to overcome occasional wild-type pIII recycling from the superinfection of helper phages, resulting in

M13Aba virions displaying only the C20-pIII(C-term) fusion.

The specific retargeting of M13Aba toA. baumannii was demonstrated by qPCR. S. aureus and P. aeruginosa were used as negative controls,

respectively for Gram(+) and Gram(�) pathogens, as they lack orthologues of the BAP protein recognized by the C20 sdAb fusion. After incu-

bation,washing, andpelletingof the bacteria, the greatmajority (61.9%G 16.7%) ofM13Aba phageswerebound toA.baumannii cells, whereas a

significantly lower fraction of phages interactedwith both S. aureus (16.6%G 1.7%) and P. aeruginosa (2.2%G 2.4%<3%) cells (Figure 4F). Taken

together, these results demonstrate that phage display of the C20 sdAb on pIII allows the selective retargeting of M13 to A. baumannii cells.

Potent phage-mediated PDT against Acinetobacter baumannii

Next, the recombinant M13Aba vector was armed with hundreds of RB molecules taking advantage of the extremely high multiplicity of the

pVIII capsomer, providing thousands of amine groups for the chemical conjugation of the RB sensitizer on the vector capsid. After conjugation

and removal of unreacted RB, the M13Aba-RB vector was tested for the generation of ROS. The ability of phage conjugates to generate ROS,

upon irradiationwith visible white light, was evaluated using theAmplex Red andABMDMAassays, respectively, to detect peroxides and 1O2.

Results indicated that the conjugation of RB to phage improved the generation of peroxide (8-fold increase) over singlet oxygen production

(4-fold decrease,4D decrease from 0.76 to 0.20) with respect to free RB, suggesting a photoactivation switch favoring type I over type II mech-

anisms after PS bioconjugation with proteins (Figures 5A and 5B).44,45 The results clearly showed thatM13 virions can be conjugated to several

hundreds of RB sensitizer molecules, without quenching the ability to produce cytotoxic ROS, providing a high sensitizer payload.

To exclude impairment of vector targeting after conjugation with the sensitizer, the specificity of M13Aba-RB for A. baumannii cells was

evaluated by flow cytometry, taking advantage of the intrinsic fluorescence of RB. Again, S. aureus and P. aeruginosa were used as negative

controls. As a result, 97.9% of fluorescent events were detected for an A. baumannii culture incubated with the M13Aba-RB phage conjugate,

confirming excellent binding even after conjugation with the photosensitizer. On the contrary, M13Aba-RB bound only a minor fraction of

S. aureus and P. aeruginosa cells, confirming the lack of affinity for non-specific targets (Figures 5C and 5D). These results demonstrate

that the tropism of M13 can be successfully modified to target a specific bacterial species and that the retargetedM13 virions withhold spec-

ificity even after conjugation with hundreds of photosensitizers.

To test the efficacy of the M13Aba-RB bioconjugate, antimicrobial PDT assays were performed. Interestingly, the M13Aba-RB bioconjugate

showed no antimicrobial effects without irradiation, whereas photostimulation of M13Aba-RB led to the killing of more than 75% of

A. baumannii cells at 0.25 mM RB equivalents (Figure 5E). Considering the phage functionalization rate (Table 1), this value corresponds to a

Table 1. Description and main characteristics of conjugated phages

Name Targeting moiety Target [Phage] (v/mL) [Phage] (nM) [RB] (mM) Ratio (RB/phage)

M13 pIII F’ pilus of E. coli 8.43E+12 14.0 13.6 971

M13Aba C20 nanobody BAP protein of A. baumannii 1.02E+13 17.0 6.89 405

M13Gram� Li005 peptide LPS of gram-negative bacteria 9.57E+12 15.9 8.94 562

Figure 3. Antimicrobial PDT of M13-RB bioconjugates

(A–C) The survival rate of bacterial cells incubated with increasing concentration of either RB (white bars) or M13-RB (black bars) and irradiated with a white led

amp for 45 min. PDT assays were performed on (A) E. coli, (B) P. aeruginosa, and (C) A. baumannii. Data are represented as mean G SD. *** = p < 0.001, **** =

p < 0.0001.
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picomolar (pM) effective vector concentration. The bacterial photokilling proved phage concentration-dependent, as indicated by increased

Acinetobacter survival rates at 0.1 mM RB equivalents, whereas free RB sensitizer molecules (not conjugated to phage) showed no significant

effect at the same concentrations (data not shown). The absence of photodynamic effects was also observed for S. aureus and P. aeruginosa,

proving the specific killing mediated by the engineered phage (Figure 5E). These results demonstrate a potent and light-dependent antimicro-

bial effect of the engineered M13 platform, only toward the specific target pathogen. To further validate the photodynamic killing of

A. baumannii and provide first insights into the possible killing activity triggered by the phage vector, live/dead and metabolic assays were car-

ried out. After incubation with the M13Aba-RB bioconjugates, A. baumannii cells showed a strong light-dependent shift in viability in cytofluor-

ometry: under dark conditions all cells stained positive for SYTO9 only, a hallmark of live cells (Figure 5F). Shortly after irradiation (20 min post-

irradiation) a large fraction of the population stained positive for propidium iodide (PI, Fig, 5G), comprehending a minor fraction of injured cells

(SYTO9/PI positive) and more than 70% of dead cells (PI positive, SYTO9 negative) (Figure 5H). This result demonstrates that the fast onset of

phage-mediated aPDT is accompanied by a rapid permeabilization of the cell membrane, asmost of the bacterial population becomes positive

to the otherwise non-permeant PI stain. Metabolic assays showed a 70% decrease in the capacity to reduce tetrazolium violet following irradi-

ation (Figure 5I), consistent with the observed decrease in vitality (Figures 5E and 5H). These results indicate that the rapid permeabilization of

A. baumanniimembranes is followedby amarked drop in the reducing power of the bacterium. Judging from the similar decrease in replication

rates (Figure 5E) and increase in numbers of dead cells (Figure 5H), this drop is likely irreversible.

Figure 4. Characterization of the anti-A. baumannii phage M13Aba

(A) Schematic representation of the M13 genetic engineering through co-transformation in E. coli of ppK_C20 phagemid and hyperphage genome.

(B–D) (B) Immunoblotting of the antiBAP_Nb-pIII fusion (M13Aba), demonstrating incorporation in the purified virion. The integrity of purifiedM13Aba phages was

visualized through (C) TEM (scale bar = 200 nm) and (D) AFM (scale bar = 600 nm).

(E) M13Aba length distribution analyzed by AFM.

(F) Specificity and selectivity of engineered M13Aba phages targeting A. baumannii: the binding was determined by SyberGreen real-time PCR using an

oligonucleotide that anneals on the pIII minor-coat-protein-coding gene. M13Aba phages showed significant binding to A. baumannii (cyan), whereas poor

binding was observed to S. aureus (orange) and P. aeruginosa (magenta). Data are represented as mean G SD. **** = p < 0.0001.
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Retargeting of the M13 platform against Gram-negative bacteria

We next investigated whether the tropism of the phage vector platform could be broadened to target not a single species such as

A. baumannii, but Gram(�) bacteria in general. To this sake, a new phagemid was constructed (pPK_LPS), allowing for the multivalent display

of a lipopolysaccharide (LPS)-binding peptide (KNYSSSISSIRAC) in fusion with the C-terminus of the pIII protein. LPS represents a major

component of the outer membrane of Gram-negative bacteria and is a proven key virulence factor for P. aeruginosa and A. baumannii spe-

cies.46,47 The KNYSSSISSIRACpeptide exhibits two basic residues, but it is generally hydrophilic andwas selected because it has a known high

binding affinity to LPS.48

After co-transformation with the DpIII DF1ori helper phage plasmid, M13Gram- virions were produced and purified (Figure 6A). Immuno-

blotting with a pIII-C-term-specific antibody demonstrated the correct phage display of the LPS-binding peptide with the C-terminal domain

of pIII (Figure 6B). Moreover, AFM analysis showed that the engineeredM13Gram� virions are stable and uniform in their shortened size, pack-

aging only the pPK_LPS phagemid (Figures 6D and 6E).

Figure 5. Photodynamic properties of M13Aba-RB

(A) Amplex Red assay for the generation of peroxides using different concentrations of RB (pink) and M13Aba-RB (purple).

(B) Determination of 1O2 generation following the decrease of ABMDMA absorbance over the irradiation time under white light irradiation for RB (pink line),

M13Aba-RB (purple line), and PBS (black line).

(C) Flow cytometry analysis of refactored and RB-conjugated M13Aba-RB targeting to S. aureus (orange), P. aeruginosa (magenta), and A. baumannii (cyan). The

fluorescence, detected in the PE channel, is related to RB.

(D–G) (D) Percentage of fluorescent cells at the flow cytometer. (E) Selective photodynamic killing of S. aureus (orange), P. aeruginosa (magenta), and

A. baumannii (cyan) after 45 min of light irradiation following incubation with 0.1 and 0.25 mM (RB equivalents) of photoactive M13Aba-RB. Live/dead assays

were performed on A. baumannii cells preincubated with M13Aba-RB and (F) kept in dark conditions or (G) irradiated.

(H) percentage of live, injured, and dead cells measured in the live/dead assay, 20 min post-irradiation.

(I) Metabolic activity of A. baumannii cells after phage-mediated aPDT. Data are represented as mean G SD. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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As for theM13Aba vector, the effective retargeting of M13Gram- virions was investigated by qPCR on the same panel of bacterial pathogens

used before, including P. aeruginosa and A. baumannii as Gram-negatives, as well as S. aureus as Gram(+) control. M13Gram� proved to bind

significantly better in targeting Gram(�) bacteria, with 50.6% G 2.6% of the virions binding to P. aeruginosa and 49.1% G 2.8% to

A. baumannii, whereas significantly less phages (12.6%G 2.0%) bound to S. aureus. These data indicate a broadened specificity of the retar-

geted M13Gram� phage for Gram(�) bacteria expressing LPS on their surface (Figure 6F).

Potent phage-mediated PDT against antibiotic-resistant Gram(�) bacteria

The retargeted M13Gram� phages were then conjugated with RB, and purified from unreacted sensitizer molecules, as previously described.

Again, the generation of peroxide of the bioconjugate increased 8-fold, whereas the production of the singlet oxygen decreased 4-fold (4D

decrease from 0.76 to 0.20), compared with free RB.

These results indicate that the LPS-binding phages retain similar ROS generating rates to their M13 and M13Aba counterparts (Figures 7A

and 7B), testifying reproducible results of the vector platform after retargeting.

To demonstrate that the tropism toward Gram(�) bacteria was not altered after conjugation with RB, flow cytometry experiments with

M13Gram�-RB were carried out (Figures 7C and 7D). Clearly, the phage vector bound to both A. baumannii and P. aeruginosa, whereas no

fluorescence shift was observed for S. aureus. In particular, the totality (100%) ofA. baumannii cells was labeled and detected after incubation

with M13Gram�-RB; slightly lower rates were recorded for P. aeruginosa (70%), whereas only 7% of S. aureus cells were targeted by the phage,

suggesting an intact specificity of M13Gram� for Gram(�) bacteria, even after chemical conjugation.

Photodynamic antimicrobial assays were eventually set up to investigate the specificity of M13Gram�-RB in killing preferentially

Gram(�) bacteria. Bacteria were treated with different concentrations of the phage bioconjugate and irradiated with the same settings

Figure 6. Characterization of the anti-Gram phage M13Gram�
(A) Schematic representation of the M13 genetic engineering through co-transformation in E. coli of pPK_LPS phagemid and hyperphage genome.

(B–F) (B) Immunoblotting of the KNYSSSISSIRAC-pIII fusion (M13Gram�) demonstrating incorporation in the purified virion. Visualization of purified M13Gram�
phage through (C) TEM (scale bar = 200 nm) and (D) AFM (scale bar = 600 nm). (E) M13Gram� length distribution analyzed by AFM. (F) Selective tropism of

engineered M13Gram� to Gram-negative bacteria was proved through targeting assays performed on S. aureus (orange), P. aeruginosa (magenta), and

A. baumannii (cyan). Data are represented as mean G SD. *** = p < 0.001, **** = p < 0.0001.
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Figure 7. Photodynamic properties of the M13Gram� phage vector

(A) Amplex Red assay for the generation of peroxides using different concentrations of RB (pink) and M13Gram�-RB (purple).

(B) Determination of 1O2 generation following the decrease of ABMDMA absorbance over the irradiation time under white light irradiation for RB (pink line),

M13Gram�-RB (purple line), and PBS (black line).

(C) Flow cytometry analysis of retargeted and RB-conjugated M13Gram� phages directed to the lipopolysaccharides of Gram-negative bacteria: dark lines

correspond to the control cells treated with PBS, whereas colored ones highlight binding of the engineered M13Gram�-RB to S. aureus (orange),

P. aeruginosa (magenta), and A. baumannii (cyan).

(D) Percentage of bacterial fluorescent cells measured by flow cytometry analysis.

(E–I) (E) Percentage of bacteria survived to light irradiation after preincubationwithM13Gram�-RB phages. The activity of phages was tested at two concentrations,

0.1 and 0.25 mM, of equivalent RB. Live/dead assay was performed on P. aeruginosa and A. baumannii preincubated with M13Gram�-RB and (F–H) kept in dark or

(G–I) irradiated.

(J–M) Percentage of live, injured, and dead cells measured in live/dead assay 20 min after irradiation. Metabolic activity of (K) P. aeruginosa and (M) A. baumannii

after phage-mediated aPDT. Data are represented as mean G SD. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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used for M13Aba. Again, M13Gram�-RB vector showed no antimicrobial effects when bacteria were kept in the dark, whereas irradiation

provoked a significant reduction in survival rates only for A. baumannii and P. aeruginosa (Figure 7E). In both cases, a dose-dependent

effect could be observed at pM phage concentrations, with higher vector concentrations and RB equivalents correlating with increased

light-dependent antimicrobial effects. On the contrary, neither of the two vector concentrations tested showed effective in antimicrobial

photodynamic therapy (aPDT) on S. aureus, suggesting that M13Gram�-RB is harmless against Gram(+) cells. As for M13Aba-RB (Figure 5),

additional live/dead and metabolic assays were carried out to validate the photodynamic proprieties of M13Gram�-RB on P. aeruginosa

and A. baumannii. Both species showed a consistent shift in the live-dead staining after incubation with M13Gram�-RB and irradiation

(Figures 7F and 7G for P. aeruginosa; Figures 7H and 7I for A. baumannii), albeit at lower permeabilization rates (30%–40% PI positive

cells) (respectively, Figures 7J and 7L), suggesting weaker photodynamic performances of M13Gram�-RB with respect to M13Aba-RB

(>70% PI positive cells; Figure 5H). The metabolic assays confirmed this trend both for P. aeruginosa (Figure 7K) as well as for

A. baumannii (Figure 7M) with a more pronounced decrease of the metabolic activity for the latter. These results indicate that the

phage- and light-dependent permeabilization of membranes is followed by a pursuant drop in the metabolic activity of bacteria tar-

geted by the vector.

DISCUSSION

Our results demonstrate that engineeredM13 phages can serve as potent vectors for antimicrobial PDT and that their tropism can be conve-

niently tweaked to target specifically diverse Gram(�) bacterial pathogens. Light-activated killing of microorganisms represents a promising

alternative to treat antibiotic-resistant infections.

Phages, in their own right, represent eclectic antibacterial solutions. Classic phage therapy with natural phages has provided a useful tool

before the advent of antibiotics and is receiving renewed attention for treating antibiotic-resistant pathogens. However, the intimate co-evo-

lution of phages with specific bacterial strains results in intrinsic therapeutic limitations. Natural phages generally sport a very restricted host

range, variable antibacterial (lytic) efficacy, and frequent emergence of host resistance against phage infection and propagation.8,49 The lack

of full biological characterization of many natural phage preparations may present further risks due to the possible transduction of virulence

genes.50 In addition, the complex and varying pharmacokinetics and pharmacodynamics of different phages constitute a major challenge for

clinical translation.8,51–53

As such, there is a growing consensus over the idea that designer strategies, including synthetic biology and nanotechnology approaches

on well-studied model phages, could contribute to overcome some constraints of classic phage therapy, for example, providing engineered

phages with new (modular) functions, tailored host ranges, improved safety profiles, and amore reproducible pharmacological behavior.54–58

M13 represents an excellent platform for aPDT, with significant advantages over other active targeting schemes (recently reviewed in24).

Taking advantage of the long-standing and straightforward molecular toolkit available for this simple phage,59 targeting moieties such as

peptides and antibodies can be genetically displayed on g3p at one tip of the recombinant virion, much alike the bits of a modular screw-

driver. This leaves the large number of g8p capsomers available for functionalization with hundreds of sensitizers. The exposed domain of

g8p (pVIII) harbors accessible and reactive amino acids such as the lysine residues, the aromatic groups of tyrosine, and carboxylic acid groups

of acidic residues, which can be combined with functional derivatives in simple processes including EDC/NHS activation, maleimide-thiol

coupling, diazonium reagents, and click chemistry.60,61

The pentavalent display of the targeting moiety on g3p together with the high sensitizer payload allows respectively to (1) exploit

possible cooperative binding effects of the targeting moieties displayed on g3p and (2) increase ROS generation only in close proximity

of the pathogen, reaching lethal Gram(�) photosensitization at sub-micromolar concentrations of the vector, without losing specificity

(Figures 5 and 7). This result indicates that the ROS produced extracellularly by the M13 platform in aPDT can be very effective without

need of photosensitizer internalization. The dispensability of sensitizer internalization was similarly determined for a study on photobac-

tericidal activity of porphyrin–cellulose nanocrystals (CNC-Por) against A. baumannii.62 However, the use of a phage scaffold allowed to

attain similar killing effects with >100-fold reduction in sensitizer concentration as compared with CNC-Por. Also, for the other Gram(�)

bacteria tested in this study, lethal photosensitization occurred at sub-micromolar RB concentrations when the sensitizer was conju-

gated to the M13 vector (Figures 3 and 7, respectively for E. coli and P. aeruginosa). By contrast, significantly higher concentrations

of RB (10–100 mM) were needed to observe photoinhibition effects when the bare sensitizer was administered to planktonic Gram(�)

bacteria or biofilms (63,64, and data not shown). These results are particularly interesting when we also consider that Gram(�) bacteria,

due to different cell wall structure, are more resistant to aPDT than Gram(+) bacteria.65 The effectiveness at lower sensitizer concentra-

tions may be important to reduce side effects but also to overcome the limitations of suboptimal irradiation intensities deriving from the

poor penetration of light (see below).

These results add to the evidence that important improvements can be obtained in aPDT when routing the sensitizers with bacterio-

phage-sensitizer nanoconjugates, likely because of the higher sensitizer payload of the phage scaffolds. A pioneering study in which nat-

ural phages were conjugated with chlorine e6 demonstrated for the first time that a phage can be used to deliver photosensitizers to a

target organism/cell, resulting in enhanced photosensitization and killing of S. aureus.34 This approach relied on natural phages, limiting

the host range to specific species or strains. More recently, a difunctional bacteriophage, displaying a scFv for specific binding to Candida

albicans and armed with pheophorbide (PPA), a chlorophyll-based photosensitizer, was used for fungal photodynamic inactivation. The

PPa-JM-phage nanobioconjugate was shown to trigger light-dependent killing of C. albicans through a caspase-dependent (apoptotic)

pathway.35,66
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To date, the best evidence for the potential of designer phage nanobioconjugates in photodynamic antimicrobial treatments is repre-

sented byM13 phages conjugated to gold nanorods or nanoparticles.35,66 The latter can be excited by light in the near-infrared (NIR) window,

translating the light energy into heat and creating extremely high local temperatures useful for photothermal therapy (PTT).67,68 In one study,

M13 phanorods were retargeted to bind selectively P. aeruginosa through pIII-display of the orthologous receptor-binding domain of the

P. aeruginosa-specific filamentous PF1 phage. Following their functionalization with gold nanorods, the conjugates were shown to eradicate

P. aeruginosa biofilms after NIR irradiation, provoking only minor cytotoxicity to bystander mammalian cells, co-cultured with the bacteria.

Notably, the irradiation also destroyed the phage vector, reducing potential risks of phage replication and horizontal gene transfer associated

with classic phage therapy.35 More recently, the derivatization of phanorods with Zn2+-releasing peptides allowed to counter antibiotic-resis-

tant P. aeruginosa wound infections in vivo, showing no detectable toxicity or systemic effects in mice following wound irradiation.69 As for

phanorods, the proficient targeting and negligible side effects of the M13-RB bioconjugates need to be confirmed in an appropriate animal

infection model, to validate the applicability for in vivo bacterial control.

Our results further add to these evidences, highlighting the advantage of phage-based targeting in photodynamic antimicrobial therapies.

This potential is boosted by the possibility to rationally modify (change, narrow, or broaden) their tropism: we show that the targeting moi-

eties, achieving specificity against different bacterial hosts, are not limited to the repertoire of characterized receptor-binding domains of

natural phages, but also include simple peptides and stable monomeric sdAb (or scFv) scaffolds, expanding the choice to a wide portfolio

of peptides, immunoglobulin (Ig) folds, and other non-Ig domains able to bind to bacteria. In particular, the broadening of the target spec-

trum, achieved by genetic display of an LPS-binding peptide (Figure 6), may be important if several Gram(�) pathogens need to be targeted

at once or in cases where more specific targeting moieties are not available. Similarly, the receptor-binding domains of several phages with

broad host range70 could serve for this purpose.

Among the advantages of antimicrobial photodynamic therapy is that the killing mechanism relies on physical damage of the biomole-

cules, thereby acting also onmetabolically inactive or even antibiotic-resistant cells.22 ROS produced by aPDT also affect and impair lipopoly-

saccharide,71 leading to an immediate onset of membrane damage25 (as also evident from the live/dead assays in Figures 5G, 7G, and 7I). As

such, aPDT seems exempt from the selection of resistant strains, even after repeated cycles of treatment.72 One study reported that initial

exposure to low doses of antibacterial blue light (aBL, 405 nm) eventually increased the tolerance ofmethicillin-susceptible S. aureus to higher

doses of violet light, possibly because of upregulation of bacterial stress responses.73 However, a second set of experiments showed that

repeated sub-lethal aBL irradiations did not trigger photodynamic tolerance in S. aureus.74 Moreover, the dual daily administration of Indoc-

yanine green (ICG), triggered with near-infrared 810 nm light for aPDT, combined with 405 nm aBL resulted in a sustained antibacterial effect

on S. aureus.75 These results speak in favor of limited risks for developing resistance against aPDT.

On the other hand, aPDTmay be affected by low specificity for target cells, whereas the photosensitizers could have low bioavailability per

se in the absence of carriers (e.g., poor solubility, dispersion). Our results indicate that engineeredM13 virions are not damaged by extensive

conjugation with the photosensitizers. This was not predictable as the conjugated molecules may alter the solubility, monodispersion, or

charge of the phage, which in turn could impair target recognition and specificity. Moreover, as the phage acts as a suicide vector, with

the only scope to vehiculate sensitizers to the target cells, the downstream evolution of resistance mechanisms against phage replication

and cell lysis, which frequently plagues classic phage therapy, becomes irrelevant.

For non-invasive applications, the penetration of light into tissue is highly dependent on the wavelength. Therefore, aPDT is currently best

suited for topic applications, directly accessible to irradiation sources that can produce light intensities sufficient to activate the photosen-

sitizers. Building on the improvement of irradiation and optical fiber systems, also employed in anti-cancer PDT approaches,76,77 aPDT could

in principle be suitable to treat deeper infections and abscesses. For example, the use of sensitizers activable with laser light in the near-

infrared (NIR) window allows to extend PDT approaches to subcutaneous settings, up to 3 cm deep in the tissues.78 Ultrasound has also

been used to activate certain photosensitizers, including Rose Bengal.79 Antimicrobial sonodynamic therapy (aSDT) with RB-conjugated

phages could therefore present several advantages to achieve lethal sensitization even deeper in the body than visible light or NIR.80,81

In general, photodynamic therapy seems to be a viable alternative for treating infections caused by ESKAPEE bacteria, especially for

topical use. We anticipate that engineered model phages and self-assembling (virus-like) nanoparticles will provide excellent platforms

for delivering sensitizers as well as antimicrobial drugs for targeted treatments. Furthermore, synergistic effects can be obtained by aPDT

when combined with antibiotics, antimicrobial peptides, nanoparticles, or efflux pump inhibitors. This study shows that M13 can be engi-

neered from an evolving biological entity with a limited host-range into a controlled, nanoparticle-like reagent with a high sensitizer payload.

In principle this nanobot may be retargeted to any cell if a targeting peptide or moiety can be fused to the g3p protein. In this scheme the

possible mechanisms to develop resistance are likely to be constrained to mutations in the chosen receptor or in the acquisition of excep-

tionally robust ROS detoxification mechanisms.

Limitations of the study

Our study presents a novel modular phage vector platform for the application of antimicrobial photodynamic therapy against Gram-negative

bacterial pathogens. However, there are a number of limitations to our study to be pointed out. First, a potential limitation of targeting M13

against A. baumannii by expressing the C20 nanobody fused with the pIII protein is the variability of the BAP protein among all A. baumannii

strains. Although the gene is conserved in nearly all strains ofA. baumannii, variations in the coding sequence, such as insertions, deletions, or

mutations, could alter the binding epitope and hinder efficient phage targeting.82 To overcome this challenge, M13Gram� can be employed,

as it has the ability to target broadly Gram(�) bacteria, including A. baumannii. Alternatively, the modular nature of our platform can be
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exploited by displaying other targeting moieties specific for A. baumannii, in fusion with the pIII protein of M13. As a proof of concept in this

study, both wild-type M13 phage and engineered phages were conjugated with the photosensitizer Rose Bengal. However, this does not

exclude the possibility that other photosensitizersmay exhibit improvedefficiency in generating ROS and subsequent increased antimicrobial

photodynamic therapy (aPDT) effects on pathogens. Considering the wide range of available sensitizers to choose from, the effective poten-

tial on phage-mediated aPDT may be further validated and expanded.83–85 The selection of a specific sensitizer can also be based on ther-

apeutic needs. For instance, the use of sensitizers excitable with infrared lasers allows for deeper tissue penetration of light, enabling the

treatment of subcutaneous infections.85 Lastly, our investigations were limited to in vitro experiments, in order to provide a first proof-of-prin-

ciple of the technology and did not involve in vivo animal models. To fully comprehend the potential of engineered phages rigged for aPDT in

targeting bacterial infections, it will be important to explore the challenges associated with animal treatments. This would involve investi-

gating different modes of phage administration, such as intraperitoneal, intravenous, or local injection, to determine the optimal approach

for targeting the infections. In addition, the efficacy of phage administration may vary depending on the bacterial species and the region of

infection. Therefore, further research is needed to evaluate the applicability of our platform in diverse infection models.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-M13 g3p monoclonal antibody New England BioLabs Cat#E8033; RRID:AB_1559734

HRP-conjugated IgG goat anti-mouse IgG Jackson Cat#115-035-166; RRID:AB_2338511

Bacterial and virus strains

E. coli Tg1 DSMZ 6056

E. coli DH5a DSMZ 6897

Acinetobacter baumannii ATCC 19606 American Type Culture Collection 19606

Pseudomonas aeruginosa PA14 DSMZ 19882

Staphylococcus aureus ATCC 29213 American Type Culture Collection 29213

M13KO7 Helper Phage New England BioLabs NO315S

Hyperphage M13 KO7DpIII PROGEN PRHYPE

Chemicals, peptides, and recombinant proteins

Rose Bengal (RB) Merck 330000

EDC Merck 03450

Tetrazolium Violet Merck T0138

NHS Merck 130672

ABMDMA Merck 75068

Amplex Red Merck 90101

HRP Merck P6782

Critical commercial assays

PowerUp� SYBR� Green Master Mix for qPCR Thermo Fisher Scientific A25742

LIVE/DEAD� BacLight� Bacterial Viability Kit Thermo Fisher Scientific L7007

Deposited data

pPK_LPS This study GenBank: OQ803482

pPKC20 This study GenBank: OQ803483

M13KO7Dg3pDoriF1 This study GenBank: OQ803484

Plasmids and phagemids

pComb3XSS Addgene 63890

pPK_LPS This study GenBank: OQ803482

pPK_C20 This study GenBank: OQ803483

M13KO7Dg3pDoriF1 This study GenBank: OQ803484

Oligonucleotides

Primer: forward amplification C20 (AD251)

GTTTTGAGCTCCAGGTGCAG

This study N/A

Primer: reverse amplification C20 (AD252)

GTTTTACTAGTACTAACGGTAACCTGG

This study N/A

Primer: forward amplification Li005 (AD300)

CAAAAACTATTCGAGCTCGATTAGCAGCATTCGTGCGTGCA

This study N/A

Primer: reverse amplification Li005 (AD301)

CTAGTGCACGCACGAATGCTGCTAA

TCGAGCTCGAATAGTTTTTGAGCT

This study N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further inquiries and request for data, strains and resources should be directed to the lead contact Alberto Danielli, alberto.danielli@unibo.it.

Materials availability

Materials generated in this study are available upon request from the lead contact.

Data and code availability

� Sequences of plasmids and phagemids generated in this study have been deposited to GenBank and are publicly available as of the

date of publication. Accession numbers are listed in the key resources table. All the other data reported in this paper will be shared by

the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains used in this study are listed in the key resources table. All the bacterial strains used in this study were routinely cultured in solid

LB agar plates or LB liquid medium at 37�C.

METHOD DETAILS

Bacterial cultures

Acinetobacter baumannii ATCC 19606, Pseudomonas aeruginosa PA14 (clinical isolate), Escherichia coli TG1 and Staphylococcus aureus

ATCC 29213 were routinely cultured in solid LB agar plates or LB liquid medium. E. coli TG1 cells transformed with plasmids or phagemids

were grown solid or liquid LB supplemented with appropriate antibiotic as described below.

Phagemid cloning and phage preparation

The translational fusion of the anti-A. baumannii (C20) nanobody or the LPS-binding peptide at theN-terminus of theminor capsid protein pIII

was performed by cloning the coding sequences of interest in pPK3DsbA a modified version of the pComb3XSS phagemid86 obtained from

Addgene (pComb3XSS was a gift from Carlos Barbas - Addgene plasmid # 63890; http://n2t.net/addgene:63890; RRID: Addgene_63890).

Briefly, to generate pPK3DsbA, the ompA leader sequence found in the original pComb3XSS vector was replaced with a dsbA leader

sequence, while the SacI-SpeI insert encompassing the original light and heavy chain stuffers was replaced by a multiple cloning site

(MCS), in frame with the C-terminal domain of the pIII protein. The gene encoding for the anti-BAP nanobody C2043 was synthesized by

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: forward M13 F1ori (AD046)

AGGCTGCACCGGTGCGTCAG

This study N/A

Primer: reverse M13 F1ori (AD047)

ACACCCGCCGCGCTTAATGCG

This study N/A

Primer: forward qPCR (AD211)

TCCGGCCTTGCTAATGGTAA

This study N/A

Primer: reverse qPCR (AD212)

CGCAAAGACACCACGGAATA

This study N/A

Software and algorithms

BLAST https://blast.ncbi.nlm.nih.gov/BlastAlign.cgi v 2.6.0

MUSCLE https://www.ebi.ac.uk/Tools/msa/muscle/ v 3.8.31

ImageJ GitHub v 1.43t

NanoScope Analysis Bruker corporation v 1.80

MATLAB Mathworks v 9.7 R2019b

CytExpert Beckman v 2.4

FlowJo BD Biosciences v 10

Prism GraphPad v 10
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Eurofins Genomics. Amplification of the synthetic C20 gene with oligonucleotides AD0251 (SacI overhang) and AD0252 (SpeI overhang),

generated amplicons that were further purified and digested with SacI/SpeI restriction endonucleases (NEB, New England Biolabs). and

then purified through PCR clean-up. The LPS binding peptide coding sequence (KNYSSSISSIRAC,48) was obtained by annealing of oligonu-

cleotides AD0300 (CAAAAACTATTCGAGCTCGATTAGCAGCATTCGTGCGTGCA) and AD0301 (CTAGTGCACGCACGAATGCTGCTAA

TCGAGCTCGAATAGTTTTTGAGCT), resulting in SacI and SpeI overhangs. Both inserts were directionally cloned into the SacI-SpeI linear-

ized pPK3DsbA vector, generating phagemids pPK_LPS (GenBank: OQ803482) and pPK_C20 (GenBank: OQ803483). Positive clones were

validated by sequencing of purified the constructs.

Engineered phages (M13Aba and M13Gram-) were generated by co-transforming E. coli TG1 with pPK_LPS or pPK_C20 phagemids and a

Hyperphage helper derivative (ProGen), M13KO7Dg3pDoriF1 (GenBank: OQ803484), in which the oriF1 was removed by inverse PCR with

oligos AD0046 (AGGCTGCACCGGTGCGTCAG) and AD0047 (ACACCCGCCGCGCTTAATGCG) followed by re-ligation of the amplicon.

Thereby, uniform virions (about 600 nm in length), packaging only the pPK phagemids containing the f1 ori where produced. Cotransformants

were grown for 24 h in LBmedium supplementedwith Ampicillin (100mg L�1), Kanamicin (25mg L�1) and 0.4mM IPTG to induce expression

of the fusion construct. Purification of phage was performed as previously described.38 Briefly, the bacterial culture was pelleted for 30 min at

12.000g to separate bacterial cells from phages present in the supernatant. PEG 8000 (4% w/v) and NaCl (3% w/v) were added to the super-

natant and incubated for 90 min at 4�C. Next, the solution was centrifuged for 15 min at 12.000g to precipitate virions. The phage pellet was

then resuspended in PBS 1x and further purified by isoelectric point (IEP) precipitation.87 Purified phages were finally resuspended in PBS 1x

pH 7.4. Phage concentrations were determined by measurement of the absorbance at 269 nm wavelength in a UV-Vis spectrophotometer

(extinction coefficient ε = 3.84 cm2 mg�1) using a 320 nm wavelength spectrum as baseline.

Transmission electron microscopy (TEM) analysis

A drop of M13 bacteriophages solution (1x1011 v/mL) was deposited on an oxygen plasma cleaned TEM grid (formvar-coated copper 200

mesh, Ted Pella, Redding, CA, USA) for 30 s and then removedwith filter paper. The negative stainingwas performed using 1%uranyl acetate,

and the TEM analysis was performed using a JEOL JEM 1400 microscope (JEOL, Tokyo, Japan) operating at 120 kV. The TEM micrographs

were analyzed by using ImageJ.

AFM analysis of engineered phages

AFM analysis was performedwith aMultimode 8 AFM (Bruker, U.S.A.). Aliquots of concentration-adjusted phage solutions diluted PBS buffer

were deposited on the freshly-cleaved muscovite mica (Electron Microscopy Sciences, U.S.A.) surface let to absorb for 2 min. The AFM fluid

cell was mounted and flowed with a small volume of ultrapure water (milliQ, Millipore, U.S.A.). Images were taken in PeakForce Tapping in

liquid using ScanAsyst Fluid+ probes (Bruker, U.S.A.), and processed with NanoScope Analysis software (ver. 1.80) by only flattening the mi-

crographs. The contour space coordinates of hundreds phages were digitized semi-automatically from the micrographs using a custom-

developed algorithm implemented in MATLAB (Mathworks, U.S.A.).88,89

Immunoblotting

M13Gram- and M13C20_Nb purified phages at a concentration of 1010 pfu mL�1 were resolved using a 12% (w/v) SDS gel and transferred to a

PVDF membrane (GVS). After treatment with blocking solution (5%milk in PBS pH 7.4 with 0.05% Tween), the membrane was incubated with

Anti-M13 g3p Monoclonal Antibody (New England BioLabs) diluted 1: 5000 in blocking solution for 1 h at room temperature. After three

washes in PBS Tween 0.05%, the membrane was incubated with HRP-conjugated IgG anti-mouse secondary antibody (Jackson) diluted

1:10 000 and incubated for 1 h at room temperature. The membrane development was performed using LightWave Plus - ECL HRP reagent

(GVS). Images were acquired via ChemiDoc Imaging System (Bio-Rad).

Validation of phage retargeting by qPCR

Engineered or wild typeM13 phages were incubated with exponential phase P. aeruginosa,A. baumannii, and E. coli cells (106 CFU$mL�1) for

15min at room temperature under gentle shaking. Unboundphages were removed by centrifugation andwashing, twice in PBS. The bacterial

pellet containing bound phages was the resuspended in PBS 1x, collected and store at �20�C. Samples were boiled at 98�C for 15 min, to

release the viral genome, and then 2 mL were used as template for the qPCR reaction (PowerUp Green Master Mix; ThermoFisher Scientific)

using primers AD211 (TCCGGCCTTGCTAATGGTAA) and AD212 (CGCAAAGACACCACGGAATA), annealing to the C-terminal domain of

the pIII gene. Commercial M13K07 (NEB) was used as a standard to set the calibration curve.

Bioconjugation and purification of M13-RB, M13Aba and M13Gram- phages

Rose Bengal (RB) (Merck, Cat. No. 330000) was conjugated to the capsomers of the M13, M13Aba and M13Gram- phage vectors by EDC/NHS

cross-coupling reaction between the amine groups of M13 capsomers and the activated carboxylic group of RB, as previously reported.38 A

solution 10 mM of RB in DMSO (Merck, Cat. No. 472301) was prepared. The activation of the RB carboxylic group was carried out, under stir-

ring condition, by adding EDC (Merck, Cat. No. 03450) and NHS (Merck, Cat. No. 130672) to the RB solution, with a final concentration

of 10 mM and 15 mM, respectively. The solution was incubated for 3 h at 25�C under constant shaking at 700 rpm (ThermoMixer

HC, S8012-0000; STARLAB, Hamburg, Germany). 50 mL of the activated RB solution was then mixed with 1 mL of the M13, M13Aba or
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M13Gram- phage solution at a concentration of 2.4 3 1013 virions mL⁻1 (40 nM) in PBS, resulting in a final RB concentration of 500 mM. The

mixture was incubated overnight at 25�C and 700 rpm. The bioconjugates were purified using a PD-10 Desalting Column (containing

8.3 mL of Sephadex G-25 Medium, Merck, Cat. No. GE17-0851-01) to remove unreacted RB and the byproducts of the crosslinking reaction

using PBS as elution solvent.

Singlet oxygen assay

The production of singlet oxygen (1O2) generated by light irradiation was detected by monitoring the decline of absorbance of 9,10-Anthra-

cenediyl-bis(methylene) dimalonic acid (ABMDMA) (Merck, Cat. No. 75068), at 401 nm, due to the reaction of 1O2 with ABMDMA to give the

corresponding endoperoxide. Iso-absorbing solutions of RB, M13Gram--RB, andM13Aba-RB were prepared in deuterated PBS (10mM, pH 7.4,

Merck, Cat. No. 151882). 500 mL of each solution, containing a concentration of 15 mM of RB and 25 mM of ABMDMA, were irradiated with a

visible light lamp (Valex cold white LED, with an irradiance of 2.4 mWcm�2, measured with the photo-radiometer Delta Ohm LP 471 RAD) and

maintained under vigorous stirring. The singlet oxygen quantum yield (4D) of RB in deuterated PBS is 0.7690 and was used as a reference to

determine the4D ofM13Gram--RB andM13Aba-RB using the following equation:4D
S = kS/kR3 4D

R, where kS and kR are the slopes of the photo-

degradation rate of ABMDMAof the samples (M13Gram--RB andM13Aba-RB) and of the reference (RB), and 4D
S and 4D

R are the singlet oxygen

quantum yields of the samples and the reference, respectively.

Peroxides assay

Amplex Red assay was used to quantify the peroxides generated by light irradiation. Amplex Red (Merck, Cat. No. 90101) is a colorless mole-

cule that reacts with peroxides in the presence of horseradish peroxidase (HRP, Merck, Cat. No. P6782) to produce resorufin, a fluorescent

product. The concentration of peroxides was determined by measuring the difference in the fluorescence intensity of the irradiated samples

and non-irradiated references. A working solution (WS) was prepared by mixing 10 mL of HRP (0.4 mg mL�1) in PBS with 1 mL of Amplex Red

(500 mM) in phosphate buffer (50 mM, pH 7.4). Solutions of RB, M13Gram--RB, and M13Aba-RB were prepared at concentrations of 0.0 mM,

0.25 mM, 0.5 mM, 1.0 mM, 2.0 mM, and 4.0 mM of RB in a 96-well plate. The sample solutions were irradiated for 45 min with visible light (white

LED Valex 30 W lamp, irradiation power density on the cell plate = 20 mW cm�2; measured with the photo-radiometer Delta Ohm LP 471

RAD). After irradiation, 10 mL of WS was added to each well. The solutions were then incubated for 30 min at room temperature in the

dark. Three technical replicates were performed for each sample. An identical plate was prepared and kept in the dark. To calculate the con-

centration of peroxides in the samples from the fluorescence signal, a calibration curve was made using standard solutions of H2O2. The fluo-

rescence emission was measured at 590 nm (lex = 530 nm) using a EnSpire Multimode plate reader (PerkinElmer).

Validation of phage retargeting by flow cytometry

RB-conjugated phages were incubated with 106 exponential phase bacterial cells, with a virion:bacteria ratio of to 100:1, for 15 min at room

temperature and under gently shacking. Bacterial cells were centrifuged at 6000g for 10 min and washed twice with PBS, to remove unbound

phages, prior to fixation with a solution of paraformaldehyde (PFA) 4% in PBS for 15 min. Fixed cells were centrifuged and washed three times

with PBS to remove excess PFA, resuspended in PBS and analyzed with a CytoFLEX S cytofluorimeter (BeckamCoulter). Events present in the

gated population (gating performed on forward (FSC) and side (SSC) scatter) were analyzed for the fluorescence in the FL1 channel (emission

filter 585/42 nm). At least 10.000 events were recorded for each sample. Results are presented as percentage of fluorescent cells in compar-

ison to the control (untreated bacterial cells). Data analysis was processed using CytExpert (Beckman) and FlowJo.

Antimicrobial PDT assays

The photodynamic effect of RB-phage bioconjugates was assessed on bacteria grown to exponential phase in planktonic culture. Free Rose

Bengal was used as a further control to verify the phage vector platform’s targeting efficacy. Bacterial cultures were grown to exponential

phase (OD600 = 0.4–0.7), pelleted twice by centrifugation for 10 min at 5000g and resuspended in PBS, with a target concentration of 106

cfu mL�1 50 mL of this suspension was seeded in triplicate together with the phage conjugates in the wells of two 96 well u-bottom plates

(Sarstedt), reaching a final volume of 100 mL. Both plates were preincubated in the dark for 15 min under gentle agitation to allow phage-bac-

teria interaction. Unbound phages were removed by washing twice in PBS. Then, one of the two plates was exposed to white light (white LED

Valex 30 W lamp, irradiation power density on the cell plate = 20 mW cm�2; measured with the photo-radiometer Delta Ohm LP 471 RAD) at

room temperature, for 45 min. The second plate, representing the negative control, was kept in the dark at room temperature for the same

time. After irradiation, bacteria were gently mixed and transferred to fresh growth medium (LB broth, dilution 1:10) in a 96-well flat bottom

plate (Sarstedt). Growth rates of live bacteria were then monitored with an EnSpire Multimode plate reader (PerkinElmer), by measuring the

increase of absorbance (OD600) every 10 min for 15 h at 37�C in each well. Absorbance OD600 values for each time point were averaged and

plotted on graphs mirroring the kinetics (recovery) of growth after irradiation. The antimicrobial activity of PDT was inferred by measuring the

delay in time (=number of generations) needed to reach the onset of the exponential phase of growth (normalized OD600 = 0.125/0.15), rela-

tive to the control sample without sensitizer kept in the dark. Bacterial survival rates of the different strains were normalized with respect to

light exposure without RB conjugated phages or free RB, therefore considering the different susceptibility of these strains to light. At least

three biological replicates were performed for each sample. Live/dead assay was performed on bacterial cells 20 min after aPDT treatment

using the commercial LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
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Metabolic activity after aPDT treatment was evaluated as described before.91 Briefly, immediately after PDT treatment, cultures were diluted

1:2 in LBmedium supplementedwith 0.02% Tetrazolium violet (Merck) and then incubated for 16 h at 37�C. The reduction of tetrazolium violet

by metabolically active bacteria was estimated by measuring the absorbance at 550 nm using the multimode plate reader EnSpire

(PerkinElmer).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical inference tests were performed by using GraphPad Prism 10. Tests used and corresponding p values are reported along with

each result as appropriate.
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