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Supplementary information

Phage nanobots: genetic engineering and molecular characterization
To validate the genetic design and structural integrity of the engineered phage nanobots, we performed a combination of molecular and biochemical analyses. The nucleotide and amino acid sequences of the anti-EGFR (7D12) and control (GHL) constructs are reported below. Sequence integrity and correct insertion into the phagemid vector were confirmed by Sanger sequencing prior to phage production. At the protein level, expression and correct assembly of the engineered pIII fusion proteins were validated by Western blot analysis (Figure S1) and high-resolution mass spectrometry (Figure S2-S3). Together, these analyses provide a detailed molecular and biochemical characterization of the engineered constructs, ensuring transparency and reproducibility of the phage engineering strategy.



Nucleotide and aminoacidic sequence relative to engineered phage used in this study
The nucleotide and amino acid sequences of the constructs used in this study are reported below. These include the anti-EGFR 7D12 nanobody, the GHL control peptide, and their corresponding fusion proteins with the M13 pIII coat protein.

 7D12 (anti-EGFR nanobody)
	Coding sequence (CDS):
	CAGGTTAAATTAGAGGAGTCGGGTGGTGGCAGCGTGCAGACGGGTGGTAGTCTGCGTTTGACTTGTGCTGCCTCCGGCCGCACGTCGCGTTCTTACGGTATGGGCTGGTTCCGCCAGGCTCCAGGCAAGGAACGTGAATTTGTATCCGGCATCAGTTGGCGTGGGGACTCAACAGGTTACGCAGACAGCGTCAAAGGTCGTTTCACCATTTCCCGCGACAATGCGAAGAATACAGTCGACTTGCAGATGAACTCCCTGAAACCAGAAGATACAGCTATCTACTATTGTGCTGCCGCAGCCGGATCAGCATGGTATGGAACATTGTACGAATATGACTATTGGGGCCAGGGTACTCAAGTGACGGTATCTAGC

	Amino acid sequence:
	QVKLEESGGGSVQTGGSLRLTCAASGRTSRSYGMGWFRQAPGKEREFVSGISWRGDSTGYADSVKGRFTISRDNAKNTVDLQMNSLKPEDTAIYYCAAAAGSAWYGTLYEYDYWGQGTQVTVSS

	Amino acid sequence of 7D12-pIII fusion protein:

	LQVKLEESGGGSVQTGGSLRLTCAASGRTSRSYGMGWFRQAPGKEREFVSGISWRGDSTGYADSVKGRFTISRDNAKNTVDLQMNSLKPEDTAIYYCAAAAGSAWYGTLYEYDYWGQGTQVTVSSTSGQAGQHHHHHHGAYPYDVPDYASQEGGGSEGGGSEGGGSEGGGSGGGSGSGDFDYEKMANANKGAMTENADENVLQSDAKGKLDSVATDYGAAIDGFIGDVSGLANGNGATGDFAGSNSQMAQVGDGDNSPLMNNFRQYLPSLPQSVECRPFVFGAGKPYEFSIDCDKINLFRGVFAFLLYVATFMYVFSTFANILRNKES



GHL (control peptide)
	Coding sequence (CDS):
	GGCCATCTGATTCCGCTGCGCCAGCCGAGCCATCAG

	Amino acid sequence:
	GHLIPLRQPSHQ

	Amino acid sequence of 7D12-pIII fusion protein:

	LGHLIPLRQPSHQQTSGQAGQHHHHHHGAYPYDVPDYASQEGGGSEGGGSEGGGSEGGGSGGGSGSGDFDYEKMANANKGAMTENADENVLQSDAKGKLDSVATDYGAAIDGFIGDVSGLANGNGATGDFAGSNSQMAQVGDGDNSPLMNNFRQYLPSLPQSVECRPFVFGAGKPYEFSIDCDKINLFRGVFAFLLYVATFMYVFSTFANILRNKES





[bookmark: _GoBack]Western blot analysis of engineered pIII
Western blot analysis was performed to verify the expression of the engineered pIII fusion proteins in purified M13GHL and M137D12 engineered phages. Detection with an anti-pIII antibody confirmed the presence of pIII-derived bands compatible with the expected molecular weight of the displayed fusion proteins. These data support the correct incorporation of the engineered pIII variants into the phage particles.
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Figure S1. Western blot analysis of M13GHL and M137D12 engineered phage. Purified phages were analysed using a mouse anti-pIII antibody (PROGEN), followed by detection with an HRP-conjugated anti-mouse secondary antibody. Bands corresponding to the engineered pIII fusion proteins confirm the expression of the displayed targeting moieties.
Mass spectrometry analysis of pIII coat proteins
To further validate the correct expression and integrity of the engineered pIII fusion proteins, mass spectrometry analysis was performed on purified phage. High-resolution ESI-QTOF mass spectrometry confirmed the presence of the expected pIII fusion products in both constructs. For M137D12, the deconvolution algorithms give the mass of the pIII-7D12 fusion protein, which was measured at 34,747.3 Da, in close agreement with the theoretical mass of 34,754.8 Da calculated from the amino acid sequence (Figure S2). The protein eluted at a retention time of 15.2 minutes, with a Dscore >80, indicating high confidence in spectral assignment. Similarly, analysis of the control M13GHL phage revealed a deconvoluted mass of 22,839.3 Da for the pIII-GHL fusion protein, closely matching the expected theoretical mass of 22,844.8 Da (Figure S3). The protein eluted at 15.4 minutes and exhibited a Dscore >80, confirming excellent spectral quality and assignment reliability. These results provide direct molecular evidence of the correct expression and assembly of the engineered pIII fusion proteins, supporting the successful display of targeting moieties on the phage tip.
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Figure S2. Mass spectrometry of M137D12 engineered pIII protein. A) Mass spectra of the PIII7D12 highlighting mass-to-charge (m/z) ions between +38 and +26. B) After deconvolution, the mass of the PIII7D12 protein corresponded to 34747.3 Da versus 34754,78 Da expected based on aminoacidic sequence. The protein eluted at retention time 15.2 min, Dscore >80.
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Figure S3. Mass spectrometry of M13GHL engineered pIII protein. A) Mass spectra of the PIIIGHL highlighting mass-to-charge (m/z) ions between +28 and +17. B) After deconvolution, the mass of the PIIIGHL protein was estimated in 22839.3 Da versus 22844.77 Da expected based on aminoacidic sequence. The protein eluted at retention time 15.4 min, Dscore >80.

Phage nanobots: chemical functionalization and payload conjugation
To support and extend the chemical functionalization results presented in the main text, we performed additional spectroscopic, mass spectrometry and quantitative analyses of bioconjugated phage. UV–Vis absorption spectroscopy was initially used to confirm successful conjugation of fluorescent dyes. In particular, while the spectrum of M137D12-CF594 is presented in the main text, additional spectra are reported here for control M13GHL-CF594 (Figure S4). Similarly, UV-vis was used also for the initial characterization of Rose Bengal bioconjugated M137D12 (Figure S5). Chemical conjugation of pVIII major capsid protein was further validated through mass spectrometry (Figure S6), providing molecular evidence of successful capsid functionalization. Quantitative parameters were also calculated across the independent phage-conjugate batches used in this study, including phage concentration, dye concentration and dye-to-phage ratio. These data are summarized in Table S1, highlighting the high payload capacity of the M13 platform, reaching several hundred dye molecules per virion, and documenting the batch-to-batch reproducibility of the conjugation strategy. 






UV-Vis absorption spectrum of M13GHL conjugated with CF594
[image: ]
Figure S4. UV-Vis absorption of M13GHL bioconjugated with CF594. UV-Vis absorption spectrum of M13GHL-CF594 (blue), unconjugated phage (dark grey) and free CF594 (light grey).
UV-Vis absorption spectrum of engineered phage conjugated with Rose Bengal
UV–Vis spectroscopy confirms the successful conjugation of Rose Bengal to the M137D12 phage nanobot, as evidenced by the characteristic absorption peaks of both the phage scaffold and the photosensitizer.
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Figure S5. UV-Vis absorption of M137D12 bioconjugated with RB. UV-Vis absorption spectrum of M137D12-RB (red), unconjugated phage (dark grey) and free RB (light grey).

Mass spectrometry analysis of conjugated pVIII coat proteins
Mass spectrometry analysis of the pVIII coat protein confirms successful chemical functionalization of the phage capsid. Distinct mass shifts corresponding to CF594 and Rose Bengal conjugation are observed, demonstrating covalent modification of the major coat protein while preserving spectral integrity.
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Figure S6. Mass spectrometry of bioconjugated pVIII protein. Mass spectra highlighting mass-to-charge ions at specific charges (z) of A) non-conjugated pVIII at retention time 18.7 min, B) pVIII-CF594 at retention time 20.2 min, and C) pVIII-RB at retention time 22.5 min. D) The corresponding pVIII masses after deconvolution, Dscore >90 for pVIII and pVIII-CF594 and >70  for pVIII-RB.

Table S1. Quantitative characterization of phage–dye conjugates across independent batches
	Phage
	Dye
	[phage] (v/mL)
	[phage] (nM)
	[Dye] (μM)
	Ratio (dye/phage)
	N of replicates

	M137D12
	CF594
	2.6E+13 ± 9.3E+12
	42.7 ± 15.5
	11.0 ± 6.3
	259.4 ± 82.2
	13

	M13GHL
	CF594
	1.7E+13 ± 4.6E+12
	29.5 ± 7.4
	7.2 ± 3.0
	251.2 ± 82.6
	9

	M137D12
	RB
	1.7E+13 ± 7.7E+12
	28.4 ± 13.0
	7.8 ± 3.6
	276.4 ± 44.43
	15




Phage nanobots: light-triggered activity and ROS generation
To complement the light-triggered experiments presented in the main text, additional assays were performed to further investigate reactive oxygen species (ROS) generation and cytotoxic activity under alternative irradiation conditions. In these experiments, ROS production was evaluated using Amplex Red and ABMDMA assays, enabling the quantification of hydrogen peroxide and singlet oxygen, respectively (Figure S7). In parallel, cytotoxicity assays were conducted on A431 cells treated with either M137D12-RB or free RB (Figure S8). Light irradiation for Figures S7 and S8 was performed using a broadband white light source (Valex 30 W LED lamp; 20 cm distance from the cell plate; irradiation power density = 24 mW cm−2, measured with a Delta Ohm LP 471 RAD photoradiometer) for 30 minutes, in contrast to the short and localized LED-based irradiation (1 min) employed in the main manuscript. To further assess the activity of free RB under the same irradiation conditions used in the main text, additional experiments were performed using LED illumination (1 min) on both A431 and RH4 cell lines (Figure S9). These conditions were used as an initial screening to assess the intrinsic light-triggered activity of the system and to compare targeted versus untargeted sensitizer performance. The combined analyses provide additional insight into the light-triggered behavior of the phage–sensitizer conjugates and support the interpretation of the more controlled irradiation experiments presented in the main text.
H2O2 and 1O2 production after light irradiation.
Cell-free ROS generation assays were performed to compare the photochemical behaviour of free RB and M137D12-RB upon light irradiation. H₂O₂ production was evaluated using the Amplex Red assay (Fig S7A), whereas singlet oxygen generation was monitored using ABMDMA photobleaching (Fig. S7B). These analyses showed that RB conjugation to the phage scaffold modifies the balance of ROS species generated upon irradiation, with increased peroxide production and reduced singlet oxygen generation compared with free RB.
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Figure S7. RB-bioconjugated phages generate ROS upon light irradiation. ROS generation upon light irradiation was evaluated in terms of H2O2 production and singlet oxygen production through A) Amplex red and B) ABMDMA assays, respectively. RB in light blue, M137D12-RB in magenta. Statistical analysis was performed through one-way ANOVA multiple comparison. ** p<0.01, **** p<0.0001 compared to free-RB.
Light-triggered cytotoxicity of M137D12-RB compared to free RB under white light irradiation
Cell viability assays were performed on A431 cells to evaluate the light-triggered cytotoxic activity of M137D12-RB compared to free Rose Bengal under broadband white light irradiation. Cells were incubated for 45 minutes with increasing concentrations of bioconjugated phage or free RB, washed to remove unbound sensitizer, and subsequently irradiated for 30 minutes. A marked dose-dependent reduction in cell viability was observed for M137D12-RB, whereas free RB did not induce significant cytotoxic effects at any of the tested concentrations. These results indicate that targeted delivery of the photosensitizer to cancer cells significantly enhances light-triggered cytotoxicity compared to the free molecule.
[image: ]
Figure S8. Light-triggered cytotoxicity of M137D12-RB compared to free RB under white light irradiation. Cell viability of A431 cells treated with increasing concentrations of RB equivalents delivered either as free RB (purple) or bioconjugated to M137D12 phage (red). Cells were irradiated for 30 minutes using a broadband white light source. All other experimental conditions were identical to those described in the main text. Data are expressed as percentage of viable cells relative to untreated controls. Statistical significance was calculated by one-way ANOVA followed by Dunnett’s multiple comparisons test; * p<0.05, ***p < 0.001, ****p < 0.0001 compared to free-RB.
Free Rose Bengal does not induce cytotoxicity under either dark or LED irradiation conditions
To further validate the specificity of the light-triggered cytotoxic effect observed in the main text, we evaluated the activity of free Rose Bengal under the same LED irradiation conditions. A431 (EGFR-positive) and RH4 (EGFR-negative) cells were treated with increasing concentrations of RB, washed to remove unbound sensitizer, and irradiated for 1 minute using the same LED setup described in the main manuscript. No significant reduction in cell viability was observed in either cell line, both under dark conditions and upon irradiation. These results show that free RB does not induce detectable cytotoxicity at the same RB-equivalent concentrations used for M137D12-RB treatment in the main text, indicating that the cytotoxic activity observed with M137D12-RB depends on phage-mediated delivery of the photosensitizer.
[image: ]Figure S9. Free Rose Bengal does not induce cytotoxicity under either dark or LED irradiation conditions. Cell viability of A431 (magenta) and RH4 (purple) cells treated with increasing concentrations of free RB under dark (left) and LED irradiation (right, 1 min) conditions. Cells were washed prior to irradiation to remove unbound sensitizer. Data are expressed as percentage of viable cells relative to untreated controls. No significant cytotoxic effects were observed in either condition.

Phage-mediated spheroid disruption upon light activation
To complement the spheroid analysis presented in the main text, we report here orthogonal views of the same confocal z-stacks, shown as maximum intensity projections in the main text. Orthogonal (XZ/YZ) projections highlight the three-dimensional architecture of A431 spheroids (Figure S10). Control samples and spheroids treated with free RB retain a well-defined and compact 3D organization both in dark and upon irradiation. In contrast, spheroids treated with M137D12-RB and exposed to light show a complete loss of structural integrity, with clear disruption of the spheroid architecture. These observations provide direct structural evidence of light-triggered disaggregation induced by targeted phage nanobots.

[image: ]
Figure S10. Orthogonal views highlight loss of spheroid three-dimensional integrity upon light-triggered treatment with M137D12-RB. Confocal z-stack imaging of A431 spheroids shown as orthogonal projections (XY, XZ and YZ planes) under dark (A–C) and light irradiation (D–F) conditions. Spheroids were treated with PBS (control, A, D), free RB (B, E), or M137D12-RB (C, F). Control and free RB-treated samples maintain a compact three-dimensional architecture, whereas M137D12-RB-treated spheroids undergo complete structural disruption upon light exposure. Scale bars: 100 μm.








HGSOC patient-derived ascites: TP53 sequencing and cytoarchitecture assessment after phage-mediated photoablation 
To evaluate the performance of phage nanobots in a clinically relevant ex vivo setting, patient-derived malignant ascites were used as a complex multicellular tumor model. Molecular and structural analyses were performed to assess both the tumorigenic nature (Figure S11) of the samples and their response to light-triggered treatment (Figure S12).
Tumorigenic characterization of patient-derived ascites by TP53 sequencing
Sanger sequencing of the ascitic cellular fraction confirmed the presence of tumor-associated TP53 mutations, consistent with the genetic profile of the corresponding primary tumors and indicative of a high enrichment of neoplastic cells (Figure S11).
[image: ]
Figure S11. TP53 mutations confirm the neoplastic origin of HGSOC patient-derived ascites samples. Neoplastic profiling of ascites derived from two different patients was assessed by Sanger sequencing; the electropherograms show the TP53 c.637C>T (p.R213*) mutation specimen 1 (S1) and the TP53 c.450del (p.T150fs) mutation in specimen 2 (S2).
Phage-mediated disaggregation of malignant ascites upon light activation
To investigate the effect of phage nanobots on ascitic tumor aggregates, samples were either untreated or treated with M137D12-RB followed by light irradiation. 24 hours after treatment, samples were stained with Hoechst 33342 for 15 minutes and imaged by confocal microscopy (Nikon A1R). Untreated ascites maintained a compact and heterogeneous multicellular architecture, whereas treatment with M137D12-RB combined with light exposure caused a marked disruption of the ascitic cytoarchitecture, with evident disaggregation of tumor cell clusters (Figure S12).
[image: ]
Figure S12. Ascites disaggregation after treatment with M137D12-RB and light. Confocal microscopy images of ascites specimen 1. A, B) Control sample not treated with phages and kept in dark conditions. C, D) Disaggregation of ascitic cytoarchitecture after incubation with M137D12-RB followed by light irradiation. Scale bar = 100 μm.

Absence of cytokine release in A431 cells following exposure to bioconjugated phage 
To evaluate whether phage exposure induced a pro-inflammatory response in this cellular setting, cytokine release was assessed in A431 cells following incubation with either unconjugated (M137D12) or RB-conjugated (M137D12-RB) phages in the absence of light activation. Cells treated with PBS 1× were used as negative controls (Ctrl−), whereas doxorubicin (1 μM final concentration) was used as a positive control for cytokine induction (Ctrl+). Cells were incubated with phages (approximately 10¹¹ particles), PBS, or doxorubicin for 3 hours, then washed twice and further cultured under standard conditions. Cytokine production was measured at defined time points using luminescence-based immunoassays. Interleukin-6 (IL-6) levels were quantified 24 hours post-treatment, while tumor necrosis factor alpha (TNFα) was measured after 6 hours using Lumit® IL-6 (Human) and Lumit® TNFα (Human) Immunoassay kits (Promega), respectively.
No detectable production of IL-6 or TNFα was observed following exposure to either unconjugated or RB-conjugated phages. In contrast, robust cytokine induction was detected in doxorubicin-treated cells, confirming assay sensitivity. These results indicate that neither M137D12 nor M137D12-RB induces detectable IL-6 or TNFα release in A431 cells in the absence of light activation, supporting low pro-inflammatory activity in this experimental 
setting.

[image: ]
Figure S13. Phage nanobots do not induce detectable pro-inflammatory cytokine release in A431 cells.
A, IL-6 and (B) TNF-α production in A431 cells following incubation with unconjugated (M137D12) or RB-conjugated (M137D12-RB) anti-EGFR phages. PBS-treated cells (Ctrl−) and doxorubicin-treated cells (Ctrl+, 1 μM) were used as negative and positive controls, respectively. Cytokine levels are expressed as pg/mL and were calculated from luminescence measurements by interpolation on standard calibration curves generated with hIL-6 or hTNF-α. Statistical significance was calculated using one-way ANOVA multiple comparison; *p < 0.05, ***p < 0.001 versus negative control.
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