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Photodynamic  therapy  (PDT)  represents  a  promising  therapeutic  modality  for  cancer.  Here  we  used  an  orthogonal 

nanoarchitectonics  approach  (genetic/chemical)  to  engineer  M13  bacteriophages  as  targeted  vectors  for  efficient 

photodynamic killing of cancer cells. M13 was genetically refactored to display on the phage tip a peptide (SYPIPDT) able 

to bind the epidermal growth factor receptor (EGFR). The refactored M13EGFR phages demonstrated EGFR-targeted tropism 

and were internalized by A431 cancer cells, that overexpress EGFR. Using an orthogonal approach to the genetic display,  

M13EGFR phages were then chemically modified, conjugating hundreds of Rose Bengal (RB) photosensitizing molecules on 

the capsid surface, without affecting the selective recognition of the SYPIPDT peptides. Upon internalization, the M13EGFR-

RB derivatives generated intracellularly reactive oxygen species, activated by an ultralow intensity white light irradiation.  

The killing activity of cancer cells is observed at picomolar concentrations of the M13EGFR phage.
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1. Introduction 

Photodynamic  therapy  (PDT)  is  a  minimally  invasive 

therapeutic modality approved for clinical treatment of several 

types of cancer.1,2 In PDT, a compound with photosensitizing 

properties  (photosensitizer,  PS)  upon  activation  by  light, 

generates  reactive  oxygen  species  (ROS),  responsible  for 

cytotoxicity in neoplastic cells.1,2 The success of PDT is usually 

limited  by  the  lack  of  selective  accumulation  of  the  PS  at 

cancer  cells,  resulting  in  unwanted  phototoxicity.  Many 

strategies  were  devised  to  develop  targeted  photodynamic 

therapy.1,2 The  “gold  standard”  is  represented  by  the 

conjugation of  PS  with  targeting agents  such  as  monoclonal 

antibodies (mAb).3 This approach is very efficient, but still show 

some  limitations  related  to  i)  the  high  cost  of  mAb,  ii)  the 

limited number of PS molecules conjugable to the mAb and iii) 

the  reduction  of  mAb  affinity  for  its  target  after  chemical 

conjugation.4 

Bacteriophages  (phages)  are  ubiquitous  viruses  that  infect 

bacteria  but  are  inactive  against  eukaryotic  cells.  They  are 

biocompatible,  very  uniform  in  size  and  morphology,  and 

relatively stable at a high temperature, in a wide range of pH, 

and in the presence of nucleases and proteases. 

Scheme  1. A)  Orthogonal  engineering  of  M13  Phage. M13 

phages  with  targeted  tropism  against  EGFR  receptor  were 

generated through specific display on the minor coat protein 

pIII of SYPIPDT peptides. The SYPIPDT peptide does not contain 

any  amino  groups  that  may  interfere  with  the  orthogonal 

functionalization  of  the  virus  capsid,  that  involves  amino 

groups  on  pVIII  for  selective  chemical  conjugation. B)  EGFR 

targeted  anticancer photodynamic  therapy and imaging with 

M13EGFR phage vector. 

M13 phage have received growing attention as a well-defined 

protein-based  platform  for  the  assembly  of  nanostructured 

functional  materials.5-19  Phages  also  represent  innovative, 

harmless and effective delivery vectors,  as they can undergo 

an  extremely  flexible  genetic  engineering  allowing  for  a 

plethora  of  targeting  designs.13,14,20–31 When  compared  to 

widely used drug delivery systems, they provide a high avidity 

for  the  target  and  a  multitude  of  functionalization  sites 

resulting  in  a  high  loading  capacity  and  multivalency.32 In 

particular,  the  possibility  to  conjugate  phages  with  suitable 

sensitizers  conferring  photokilling  activity  makes  them 

interesting  vectors  for  PDT  applications.33–40 Filamentous 

phages, such as M13 can be pictured as a biological vehicle,  

1000 nm long and 5 nm wide. The major coat proteins (pVIII, 

∼2700 copies) compose the side wall of the phage while four 

other minor coat proteins (called pIII,  pVI,  pVII,  pIX, about 5 

copies  each)  constitute  the  two  distal  ends.41  Here,  we 

developed an orthogonal strategy42 to use recombinant phages 

as  a  robust  and  flexible  platform  for  EGFR-targeted  PDT 

approaches.

2. Experimental methods 
Phagemid cloning and phage preparation. 

The  nucleotide  sequence  coding  for  the  SYPIPDT  peptide, 

targeting  the  EGFR  receptor,  was  obtained  by  annealing 

oligonucleotides AD0127 (CATGGCCAGCTATCCGATTCCGGATAC

CGGTGGCGGTG) and AD0218 (GATCCACCGCCACCGGTATCCGG

AATCGGATAGCTGGC),  generating NcoI and BamHI overhangs, 

respectively at the 5’ and 3’ of the coding sequence. This insert 

was cloned into a pSEX81 vector (ProGen) digested with NcoI 

and BamHI, generating the pPK15 phagemid. After ligation and 

transformation in E. coli (TG1), positive clones were identified 

by  BspEI  restriction  digest  and  further  validated  by  Sanger 

sequencing of the purified phagemid DNA. Ampicillin-resistant 

E.  coli clones  carrying  the  verified  pPK15  phagemid  were 

transduced  with  Hyperphage  helper  (ProGen)  allowing  for 

multivalent  type 3  display  of  the  SYPIPDT-pIII  fusion  on the 

phage  tip  (Figure  S1).  Bacteria  were  grown  overnight  in  LB 

medium supplemented with Ampicillin (100 mg/L), Kanamicin 

(25 mg/L) and 0.4 mM IPTG in order to select for host cells 

carrying the pPK15 phagemid  and the helper phage,  and to 

induce the expression of the SYPIPDT-pIII fusion protein from 

the Plac promoter. The culture was pelleted for 30 min at 6000g 

to separate bacterial cells from the M13EGFR (pPK15-derivative) 

phages present  in the supernatant.  PEG 8000  (4% w/v)  and 

NaCl (3%  w/v)  were added to  the  phage supernatant.  After 

stirring for 90 min at 4°C, the supernatant/PEG solution was 

centrifuged for 15 min at 15.000 g to precipitate the M13EGFR 

virions. Pelleted phages were resuspended in milliQ water and 

precipitated by lowering the pH around the phage isoelectric 

point  (IEP)  with  HCl.43 After  this  IEP  purification  and 

precipitation step, phages were resuspended in 1xPBS pH7.2. 

This  method  proved  efficient  to  remove  the  endotoxins 

deriving  from  the  host  bacterial  cultures  for  downstream 

applications in cell culture experiments. Phage concentrations 

were  inferred  by  measuring  the  absorbance  at  269  nm 

wavelength in a UV-Vis spectrophotometer, using an extinction 

coefficient of ε = 3.84 μM.

AFM analysis of M13EGFR

AFM analysis was done on a Multimode 8 AFM (Bruker, U.S.A.) 

on  specimens  of  fully  hydrated  phages  adsorbed  on  the 

surface  of  freshly-cleaved  muscovite  mica  (Electron 

Microscopy  Sciences,  U.S.A.).  A  small  aliquot  of  a 

concentration-adjusted phage solution (in diluted PBS buffer) 

was layered on the surface of mica and let to absorb for 2 min. 

The AFM fluid cell 
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was  then  mounted  and  a  small  volume  of  ultrapure  water 

(milliQ, Millipore, U.S.A.)  was flowed in the cell. Imaging was 

performed  in  PeakForce  Tapping®  in  liquid  using  ScanAsyst 

Fluid+ probes (Bruker, U.S.A.). 

Image  processing  was  performed  using  NanoScope  Analysis 

software (ver.  1.80)  by  only  flattening  the micrographs.  The 

(x,y,z)  coordinates  of  the  contour  of  several  hundreds  of 

individual  phages were digitized semi-automatically  from the 

micrographs using a custom-developed software developed in 

Matlab (Mathworks, U.S.A.). The measurement algorithm was 

derived from previously-developed procedures.44,45

Bioconjugation and purification of M13EGFR phages
Bioconjugation of RB. RB was dissolved in DMSO to obtain a 

concentration 10 mM, then 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide  (EDC)  and  N-hydroxysuccinimide  (NHS)  were 

added under stirring, to obtain a final concentration of 10 mM 

and  15 mM, respectively.  The solution was  incubated  for  3 

hours  at  25  °C  under  constant  shaking  at  700  rpm 

(ThermoMixer HC, S8012-0000; STARLAB, Hamburg, Germany) 

in dark conditions. 50 µl of the activated RB solution was then 

added  dropwise  under  vigorous  stirring,  to  1  ml  of  a  PBS 

solution containing M13EGFR phages at a concentration 40 nM. 

The solution was then incubated overnight at 25 °C under mild 

stirring condition (700 rpm). 

M13EGFR labelling with  FITC and TRITC. FITC was  dissolved in 

DMSO to  obtain  a  concentration 10 mM. 50 µl  of  the  FITC 

solution was then added dropwise to 1 ml of a 100 mM sodium 

carbonate buffer (pH 9) solution containing M13EGFR phages at 

a  concentration  40  nM.  The  solution  was  then  incubated 

overnight at 25 °C under continuous shaking (700 rpm).  The 

same procedure was used for M13EGFR labelling with TRITC.

Purification  of  the  conjugated  M13EGFR phages.  To  remove 

unconjugated  RB,  TRITC,  FITC  and  reaction  coproducts,  the 

M13EGFR bioconjugates were purified via dialysis versus 100 mM 

sodium carbonate buffer (pH 9), using a regenerated cellulose 

membrane (14,000 kDa cut-off). UV-Vis spectra of the dialysate 

were  performed  at  each  step  to  monitor  the  purification 

process. The last dialysis cycle was performed against PBS 10 

mM pH 7.4 in order to remove the alkaline buffer.

Immunoblotting 
Protein  extracts.  A  culture  of  E.  coli  TG1  transformed  with 

pPk15 plasmid was grown to OD 0.4 in LB additionated with 2% 

of glucose. One mL of the culture was harvested to assess the 

expression  of  the  non-induced  pIII  protein;  the  remaining 

culture was pelleted at 5000g for 5 minutes and resuspended 

in 5 mL of LB supplemented with 1 mM IPTG.  The induced 

culture  was incubated in  shaking for  3 hours at  37 °C.  Both 

samples (uninduced and induced) were resuspended in 1% SDS 

at equivalent OD 4. 

Immunoblotting. Protein extracts and M13EGFR purified phage at 

a concentration of 1010 pfu/µL were fractionated using a 12% 

(w/v)  SDS  gel  and  transferred  to  a  PVDF  membrane 

(Immobilion-P,  Millipore,  France).  After  treatment  with 

blocking solution (5% milk in PBS pH 7.4 with 0.05% Tween), 

the membrane was incubated with Anti-M13 pIII Monoclonal 

Antibody (BioLabs) diluted 1:5000 in blocking solution for 1h at 

room temperature.  After three washes in PBS Tween 0.05%, 

the membrane was incubated with HRP-conjugated IGG anti-

mouse secondary antibody diluted 1:10000 and incubated for 

1h  at  room  temperature.  The  membrane  development  was 

performed using ECL solution (1.25 mM luminol in Tris 100 mM 

pH  8.8;  6.8  mM  coumaric  acid;  30%  H2O2).  Images  were 

acquired via ChemiDoc™ Imaging System (Bio-Rad).

Characterization of the M13EGFR bioconjugates.
Absorption  spectra  were  recorded  using  a  Cary60  UV–Vis 

spectrophotometer (Agilent). The attenuated total reflectance 

Fourier  transform infrared (ATR-FTIR) spectra were collected 

using  Nicolet  iS10  spectrometer.  10  ml  of  sample  was 

deposited  on  the  germanium  crystal  and  let  to  dry  slowly, 

producing  a  thin  film.  70  scans  were  collected  for  each 

acquisition at 0.5 cm–1 resolution. Omnic software was used for 

data collection and analysis.

Amplex® Red Assay. 
The ability to generate peroxides, upon irradiation with visible 

light,  was  evaluated  using  the  Amplex  Red assay.  Colorless, 

nonfluorescent  Amplex  Red,  reacts  with  peroxides  to  form 

colored,  fluorescent  resorufin,  catalyzed  by  HRP.  The 

concentration of the produced peroxides is calculated as the 

difference of  resorufin generated  by  irradiated  samples  and 

that of the non-irradiated references, i.e.  identical  solutions, 

kept  in  the  dark. 10  μl  of  Amplex  Red  (AR)  stock  solution 

50mM in DMSO was added to 1 ml of 50 mM phosphate buffer 

at pH 7.4 (PB) to obtain a final concentration of 500 μM. 10 μl  

of  HRP  0.4  mg/ml  in  PBS  were  added  to  the  AR  solution, 

obtaining  the  final  working  solution  (WS).  The  solutions 

(100 μl)  under  investigation,  containing  different 

concentrations (0 mM, 0.25 mM, 0.5 mM, 1 mM, 2.5 mM, 5 mM) 

of RB and M13EGFR-RB in phosphate buffer 50 mM pH 7.4, were 

irradiated for 30 min with visible light (white LED Valex 30 W 

lamp, at 30 cm distance from the cell-plate, irradiation power 

density  on  the  cell  plate = 2.4 mW/cm2;  measured  with  the 

photo-radiometer  Delta  Ohm  LP  471  RAD).  Three  technical 

replicates were performed for each sample.   After irradiation, 

WS (10 μL) was added to each well. The solutions were then 

incubated  for  30  minutes  at  room  temperature  in  dark 

conditions.  After  incubation,  the  emission  was  measured  at 

590 nm (lex =  560 nm).  A calibration curve generated  using 

standard  solutions  of  H2O2,  was  used  to  convert  the 

fluorescence  signal  to  the  concentration  of 

peroxides generated  upon  irradiation.  Fluorescence 

measurements  were  carried  using  a  Perkin  Elmer  EnSpire® 

Multimode Plate Reader. 

Singlet Oxygen Assay. 
We used as  1O2 detector  9,10-anthracenediyl-bis(methylene) 

dimalonic  acid  (ABMDMA).  The  disodium  salt  of  ABMDMA 

reacts  with  1O2 to  give  an  endoperoxide.  This  reaction  is 

detected by the bleaching of ABMDMA. From the decline of 

This journal is © The Royal Society of Chemistry 20xx J. Name ., 2013, 00, 1-3 | 3
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the  absorbance  at  401  nm,  the  generation  of  1O2 upon 

irradiation  is  determined.  Iso-absorbing  solutions  of  RB  and 

M13EGFR-RB were prepared in deuterated PBS 10 mM pH 7.4. 

500 µL of solutions containing a concentration 15  mM of RB 

and 25  mM of ABMDMA, maintained under vigorous stirring, 

were irradiated with a visible light lamp (Valex cold white LED, 

irradiance  on the  cuvette surface  =  2.4  mW/cm2,  measured 

with the photo-radiometer Delta Ohm LP 471 RAD). The singlet 

oxygen quantum yield (ΦΔ) was determined using Rose Bengal 

(RB) as the reference with a yield of  0.76 in PBS. The  ϕ Δ
S
 of 

M13EGFR-RB  was  calculated  by  the  following  equation 

ϕ Δ
S
=k S/k Rx ϕ Δ

R
 where  k is  the  slope  of  the 

photodegradation rate of ABMDMA, S is the sample (M13EGFR-

RB), R is the reference (RB), and ϕ Δ
R

 is the ΦΔ of the reference 

(RB).

Cell culture. 
The  A431  human  epidermal  carcinoma  cell  line  was 

propagated  in  RPMI  1640  medium  supplemented  with  10% 

heat  inactivated  fetal  bovine  serum  (FBS),  1%  penicillin-

streptomycin solution 100 U/mL and 1% L-glutamine 200 mM 

(Euroclone,  Italy).  Cells  were grown at  37°C  in  a  humidified 

incubator with 5% CO2.

Validation of phage retargeting by flow cytometry. 

Phage retargeting was determined by flow cytometry. All the 

flow cytometric analyses were performed on a BioRad S3e cell 

sorter. FITC-labeled phages (M13EGFR-FITC) were incubated with 

A431  cells  at  a  multiplicity  of  100:1  for  30  min  and  the 

population was gated on forward and side scatter. FITC-related 

fluorescence was measured in the FL1 channel (excitation 488 

nm,  emission  filter  525/30  nm).  The  median  fold-increase 

fluorescence was used to quantify the numbers M13EGFR-FITC 

targeted  cells  compared to controls.   At least  10,000 events 

were evaluated for each analyzed sample. Data analysis was 

processed using FlowJo™.

Validation of phage retargeting by confocal microscopy. 

M13EGFR phages were labeled with TRITC and their interaction 

with  A431  cells  was  inspected  using  a  confocal  microscopy 

(NIKON  Eclipse  Ti2).  Round  coverslips  were  placed  on  the 

bottom of a Corning 6-well plate, 2×105 cells/well were seeded 

and grown overnight to 25% confluency. Afterward, cells were 

incubated for 90’ with complete medium supplemented with 

M13EGFR-TRITC at the final concentration of 1 µM. Cells  were 

washed 3 times with PBS and then stained for 30’ with green-

fluorescent Calcein AM and Hoechst 33342 (Invitrogen) at the 

final concentration of 100 nM and 1 µg/mL, respectively. The 

round coverslips were removed from the 6-well  plate,  fitted 

into an Attofluor cell chamber (Invitrogen, USA) with 1 mL of 

DMEM without phenol red supplemented with 10 % FBS, 1 % 

Penicillin-Streptomycin and 1 % L-glutamine. Cell images were 

then acquired with a NIKON Eclipse Ti2 confocal microscope.

Immunocytochemistry. 
To  follow  the  retargeting  of  unconjugated  phages, 

immunocytochemistry  assays  were  carried  out.  1×106 

cells/well were seeded and grown overnight to 25% confluency 

in adhesion on uncoated coverslips. Cells were then incubated 

for  45  minutes  with  complete  medium  supplemented  with 

2x1010 M13EGFR or  M13  phages.  Afterwards  medium  was 

removed, and coverslips were washed thrice with PBS 1X, fixed 

with a 4% PFA solution for 15’, permeabilized with Triton 0.1% 

for 15’ and blocked with 2% low fat milk solution for 45’. Cells  

were then  incubated  with  mouse  anti-pVIII  (1:300)  antibody 

(ProGen) for 1h at RT, washed and incubated for 1h at RT with 

a goat anti-mouse IgG antibody (Invitrogen)  conjugated with 

Alexa  Flour®568  (dilution  1:1000).  Cells  were  washed  three 

times  to  remove  excess  antibody  and  stained  with  Hoechst 

33342  (Invitrogen)  at  the  final  concentration  of  1  µg/ml. 

Images  were  acquired  with  a  NIKON  Eclipse  Ti2  confocal 

microscope and analyzed with ImageJ.

Photoactivity of M13EGFR-RB phage monitored with SOSG. 

The  photodynamic  activity  of  the  RB-conjugated  M13EGFR 

phages was evaluated by monitoring the fluorescence of SOSG 

(singlet  oxygen  sensor  green)  with  confocal  microscope 

(NIKON Eclipse Ti2). SOSG is a detection reagent which emits 

green fluorescence at 525 nm in presence of singlet oxygen. 

A431  cells  were  seeded  on  round  coverslips  placed  at  the 

bottom of a 6-well  plate. About 1 million cells per well were 

seeded and grown overnight at 37° with 5% CO2.  Afterward, 

cells  were  incubated  for  90’  with  complete  medium 

supplemented  with  PBS  (control)  or  M13EGFR-RB  at  the  final 

concentration of 1µM. Next,  medium was removed and cells 

were  washed  3  times  with  PBS,  fixed  with  4% 

paraformaldehyde (PFA) solution for 15’ at room temperature 

and washed  thrice  with  PBS.  A solution 1  µM  of  SOSG (3% 

MeOH in water) was then added, incubated for 15’ with the 

cells and washed thrice with PBS. The round coverslip was then 

mounted in the Attofluor cell chamber, covered with 1 ml of 

PBS and green fluorescence emission  was  monitored  with a 

NIKON  Eclipse  Ti2  confocal  microscope.  Acquisitions  were 

performed  every  10’  for  70’  irradiating  with  white  light 

between each measurement in LIGHT samples, white light was 

held  off  in  acquisitions  of  DARK  controls.  Fluorescence 

intensity  was  quantified  using  ImageJ  on  acquired  images. 

Results are expressed as the SOSG fluorescence mean ± SD of 

at least four independent image quadrants.

Photodynamic killing of A431 cells (PDT). 
About  20,000  cells/well  were  seeded  in  96-well  flat  bottom 

plates  (Corning) and incubated overnight to 90% confluency. 

Afterwards,  cells  were  treated  90’  with  growth  medium 

supplemented with Rose Bengal (RB), bare M13EGFR or M13EGFR-

RB. Cells were washed twice with PBS, in order to remove free 

phage/photosensitizer, and then irradiated in PBS for 30’ with 

a LED light determining a 2 mW/cm2 irradiance on the plate 

surface. At the end of irradiation, PBS was removed, and cells 

were incubated in complete medium for 24 h at 37 °C with 5% 

CO2. Control plates were treated the same but kept under dark 

conditions.

Cell viability and membrane polymerization assays. 
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Cell  survival  after PDT was  tested  using MTT assays.  Briefly, 

culture medium was removed and replaced with fresh medium 

supplemented  with  MTT  at  the  final  concentration  of  0.5 

mg/mL, thus cells were incubated at 37°C with 5% CO2 for 90’. 

MTT supplemented medium was then removed and replaced 

with DMSO for the formazan solubilization.  Absorbance was 

then determined at 570 and 690 nm wavelength using EnSpire 

multimode  plate  reader  (Perkin  Elmer,  USA).  All  results  are 

expressed  as  the  mean  ±  SD of  at  least  three  independent 

experiments.  To  assess  cell  viability  and  membrane 

permeabilization  in  response  to  phage-mediated  PDT,  a 

live/dead  Calcein/Propidium  Iodide  (PI)  staining  was 

implemented on the A431cell-line. 1 million cells were seeded 

in each well of a 6-well plate containing 25 mm round coverslip 

at  the  bottom  of  each  well  and  grown  overnight  to  50% 

confluency. Next, cells were incubated for 90’ with complete 

medium  supplemented  with  M13EGFR-RB  at  the  final 

concentration  of  1µM,  washed  3  times  with  PBS  and  then 

irradiated  for  30’  with  a  LED  light  as  described  above. 

Immediately  after  the  treatment  (t1)  or  24  h  after  the 

treatment (t2) cells were stained for 15’ with 100 nM Calcein 

AM and 30 nM PI, respectively. After the staining, the round 

coverslip was mounted in the cell chamber and images were 

acquired  on  a  NIKON  Eclipse  Ti2  confocal  microscope  with 

appropriate filters. 

3. Results and discussion 
Fig.  1.  Genetic  engineering  of  M13EGFR phage.  A)  Episomal 

elements encoding the M13EGFR phage and immunobloting of 

the  SYPIPDT-pIII  fusion,  demonstrating  incorportion  in  the 

purified virion. pPK15:  bla ampicillin resistance cassette (red); 

ColE1  ori;  pIIIEGFR  fusion  (orange).  M13ΔpIII  helper:  aph 
kanamycin  resistance  cassette  (blue);  p15A  ori,  M13  genes 

(except for pIII,  dark grey). B) size distribution of the M13EGFR 

phages as determined by AFM. C) AFM micrograph of purified 

M13EGFR phages. Scale bar = 1 μm.

M13  phages  with  targeted  tropism  against  EGFR  receptor 

(M13EGFR) were generated through specific display on the minor 

coat protein pIII of SYPIPDT peptides.46  Aberrant activity EGFR 

receptors  can  result  in  unregulated  growth  stimulation  and 

tumorigenesis in various tumour types, including breast, lung, 

brain, head and neck, and colon tumours.47 Given their role in 

tumorigenesis, various therapeutics targeting EGFR have been 

approved.47 The  development  of  drugs  to  specifically  target 

EGFR has represented a paradigm shift in oncology from non-

specific chemotherapy to a molecularly targeted approach.47-57 

A synthetic oligonucleotide encoding the SYPIPDT peptide was 

cloned  in  frame  with  the  pIII  gene  of  a  phagemid  vector 

allowing for multivalent type 3 display on the phage tip using 

helper  phages  (Fig.  1A).  The  SYPIPDT  peptide  was  selected 

because i) it has a known targeting activity to EGFR receptors 

and ii) it does not contain any amino groups that may interfere 

with the orthogonal functionalization of the virus capsid, that 

involves  free amino groups of  N-terminal  alanine and lysine 

(Lys8) on pVIII for selective chemical conjugation.58,59 Because 

the recognition moiety  is  genetically  displayed on the minor 

coat protein (pIII), the 2700 copies of the major coat protein 

pVIII maintain a high cargo capacity (∼5400 conjugating sites) 

to anchor imaging tags or PS to the vector capsid,42,60 without 

affecting  the  selective  recognition  of  the  SYPIPDT  peptides. 

This  represents  a  significant  advantage  over  previous,  non-

orthogonal  strategies  involving  refactored  phage  vectors  for 

PDT.36 The correct expression of  the SYPIPDT-pIII  fusion was 

checked by immunoblotting with an anti-pIII antibody. A band 

of  the  expected  molecular  weight  was  induced  in  E.  coli 
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cultures  carrying  the  pPK15  phagemid  (Fig.  1A).  The  same 

SYPIPDT-pIII  fusion  was  also  detected  in  the  purified 

recombinant phages, demonstrating the incorporation of  the 

targeting  peptide  in  the  M13EGFR virions.  These  phage 

preparations  were  further  characterized  by  Atomic  Force 

Microscopy  (AFM)  in  solution.  Image  analysis  showed  that 

M13EGFR phages appear intact (with an apparent diameter of 

about 4.7 nm) and with a contour length distribution centered 

around 575 (± 45) nm (median ± interquartile range, estimated 

over N=365 phage molecules) (Fig 1B and 1C). The shortened 

phage  length  proves  the correct  packaging  into  the  M13EGFR 

virion of the smaller pPK15 phagemid, which is preferred over 

the packaging of the larger M13ΔpIII helper phage genome. In 

fact, less than 7% of the measured phages appeared to have a 

significantly longer contour length than this population: most 

of these were about twice the average phage length, so they 

could presumably  be dimeric  molecules.  Very few molecules 

displayed a contour length significantly longer than twice the 

average  (see  Figure  1B).  The  intact  architecture  and  the 

expected  size  distribution  (Fig.  1B  and  1C),  support  the 

successful engineering of the M13EGFR platform.

In  order  to monitor  the ability  of  the displayed peptides to 

selectively target the refactored phages to A431 cells, M13EGFR 

phages  were  chemically  conjugated  with  FITC  (Fig.  2A)  and 

then characterized by flow cytometry. A431 are an epidermoid 

human  squamous  carcinoma  cell  line,  characterized  by 

amplification of the EGFR gene, expressing high levels of the 

receptors on their membranes. As such, the A431 represents a 

Fig. 2. A) Conjugation of FITC to M13EGFR.  Absorption spectra of 

M13EGFR (black line) and M13EGFR-FITC (green line). Considering 

the  initial  M13EGFR concentration  and the  molar  extinction 

coefficients  of  FITC,  approximately  200  FITC  molecules  are 

conjugated  to  M13EGFR.  B)  Conjugation  of  TRITC  to  M13EGFR. 

Absorption spectra of  M13EGFR (black  line)  and M13EGFR-TRITC 

(red line). Considering the initial M13EGFR concentration and the 

molar  extinction  coefficients  of  TRITC,  approximately  1700 

TRITC molecules are conjugated to M13EGFR. C) Flow cytometry 

analysis of refactored M13EGFR-FITC phages targeting the EGFR-

overexpressing  A431  cell  line.  D)  A431  confocal  microscopy 

images of internalized intracellular M13EGFR-TRITC phages (red); 

nuclei  (Hoechst,  blue);  cytoplasm  (calcein  AM,  green). 

Arrowheads highlight phages localized at the cell boundaries. 

E)  Retargeting  to  the  EGFR  receptor  promotes  specific 

internalization of M13EGFR phage vector. Immunostaining: pVIII 

major capsid protein (red), nuclei (Hoechst, blue). Scale bar = 

10 μm.

suitable  cell  line  for  testing  the  EFGR-retargeted  phages 

recognition ability. The addition of M13EGFR-FITC (multiplicity of 

100:1) resulted in a clear shift of the fluorescence intensity of 

A431 cells, already after 30 min incubation, demonstrating the 

targeting  of  the  phage vector  (Fig.  2C).  Filamentous  phages 

displaying  receptor-targeting  peptides  can  be  selectively 

internalized  by cells,  as shown for the SKBR-3 breast  cancer 

line.61 To  investigate  the  uptake  of  M13EGFR and  its  cellular 

localization, a M13EGFR-TRITC conjugate was produced (Fig. 2B). 

When  co-incubated  with  A431  cells,  M13EGFR-TRITC  showed 

rapid internalization of the phage vector within 30 min, with 

intracellular accumulation in the perinuclear compartments of 

the cell (Fig. 2D). Careful inspection of the micrograph confocal 

plans allowed also to detect M13EGFR phages at the cell surface 

(arrowheads Fig. 2D), arguing in favour of a receptor-mediated 

internalization of M13EGFR. This is a desirable property for a PDT 

vector, since the photosensitizers need to be internalized for 

maximum  efficacy  of  the  treatment.  The  selective 

internalization of the M13EGFR vector was further investigated 

in immunocytochemistry with antibodies specific for the major 

capsid  protein  pVIII  (Fig.  2E).  The  display  of  the  SYPIPDT 

peptide  fused  to  pIII  elicited  a  >10-fold  increase  in  the 

internalization rate  of  M13EGFR,  as  compared to the parental 

non-retargeted  M13  phage,  demonstrating  the  modified 

tropism of the engineered phage vector.

Rose Bengal (RB) is an FDA-approved vital dye that has been 

used  clinically  for  over  30  years  in  ophthalmology 

procedures.62 Under  the trade name PV-10,  rose bengal  has 

been  the  subject  of  clinical  trials  for  its  efficacy  in  the 

treatment  of  human  melanoma.62 It  is  currently  in  stage  III 

trials.62 RB  molecules  are  also  commonly  used  as 

photosensitizers,  with  extremely  interesting  applications  in 

PDT.63 We  conjugated  RB  molecules  to  the  capsomers  of 

M13EGFR.  The  M13EGFR-RB  biconjugate  was  synthesized  via 

EDC/NHS  cross  coupling  reaction  between  the  amino  acid 

amine  groups  of  M13EGFR  capsomers  and  the  activated 

carboxylic-acid group of RB (Fig. 3A). The absorbance band of 

the purified M13EGFR-RB (Fig. 3B) shifted to 560 nm and became 

broader  following  conjugation  with  M13EGFR.  These  spectral 

changes confirmed that RB was attached to M13EGFR capsid.64 

Considering  the  initial  M13EGFR concentration  and  the  molar 

extinction coefficients of RB, approximately 710 RB molecules 

were conjugated to M13EGFR. The ATR-FTIR spectra (Fig. 3C) also 

support the conjugation of RB to  M13EGFR. In fact, in the ATR-

FTIR  spectrum of the M13EGFR-RB bioconjugate it is possible to 

recognize  both  the  Amide  I  band  (1652  cm-1)  typical  of  the 

phage43 and one of the diagnostic bands of the RB (1439 cm -1), 

corresponding to the C=C stretching of the aromatic moiety of 

the molecule.65,66  The ability  of M13EGFR-RB to generate ROS, 

upon  irradiation  with  visible  light,  was  evaluated  using  the 

Amplex Red assay to detect peroxides (Fig. 3D) and ABMDMA 

to detect 1O2 (Fig. 3E). M13EGFR-RB showed an improved ability 

to generate peroxides compared to free RB. On the opposite, 

the singlet oxygen quantum yield (ΦΔ) of M13EGFR-RB (ΦΔ
M13-RB = 
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0.10) was reduced with respect to free Rose Bengal (RB) (ΦΔ
RB 

= 0.76). 

Conjugation  of  RB  to  M13EGFR capsomer  proteins  induces  a 

photoactivation switch from type II (energy transfer process) 

to  type  I  (electron  transfer  process)  mechanisms,  which 

increases the generation of peroxides over 1O2, a phenomenon 

already  observed  when  RB  is  conjugated  to  proteins.67 In 

general, a sacrificial electron donor is required to activate the 

type I mechanism, so electron-rich environments favor type I 

mechanisms.68 In this case, the protein residues of the phage 

could directly participate in the electron transfer process, 

Fig. 3 A) Conjugation of RB to M13EGFR. B) Absorption spectra of 

M13EGFR (black  line)  and  M13EGFR-RB  (rose  line).  C)  ATR-FTIR 

spectra  of  RB,  M13EGFR and  M13EGFR-RB.  D)  Generation  of 

peroxides  using  different  concentrations  of  RB  (red)  and 

M13EGFR-RB (blue).  E) Determination of the generation of  1O2 

following the decrease of ABMDMA absorbance vs. irradiation 

time  under  white  light  irradiation  for  M13EGFR (green  line), 

M13EGFR-RB (blue line) and RB (red line).

eliminating the need the external addition of electron donating 

species.69–72 This  behavior  is  extremely  interesting because 

fabrication of type I  photosensitizer  for anticancer PDT is an 

emerging topic.73

To  test  the  photodynamic  performances  of  bioconjugated 

M13EGFR-RB, we set out to monitor the in cellulo production of 

ROS  during  the  irradiation  with  various  reporters.74 First 

attempts  were  carried  out  with  AmplexRed  and 

dichlorofluorescein  (DHFC)  to  detect  peroxides  generated  in 

the  cell  by  irradiation  of  the  M13EGFR-RB  vector.  These 

experiments missed to provide conclusive evidence since the 

spectral  properties  of  these  dyes  overlap  those  of  the  RB 

sensitizer,  making  it  difficult  to  distinguish  between  the 

different  contributions  of  the  signal.  Similarly,  the  use  of 

CellROX™ detector proved inconclusive since the fluorescence 

of  this  ROS  responsive  dye  was  simply  activated  by  cell 

irradiation  (data  not  shown).  On  the  opposite,  the  spectral 

properties of singlet oxygen sensor green (SOSG) can be easily 

distinguished  from  RB  and  it  was  not  activated  by  the 

photodynamic irradiation alone, providing a convenient choice 

to demonstrate in cellulo production of ROS (1O2) mediated by 

the  phage  vector  (Fig.  2).  A431  cells  were  incubated  with 

M13EGFR-RB and SOSG for 90 min, and subsequently irradiated 

with  a  white  LED  lamp.  Immediately  after  irradiation 

micrographs  were  taken  at  regular  time  intervals  with  a 

confocal microscope to follow SOSG emission.

Fig.  4. Photoactivity  of  M13EGFR-RB  monitored  with  SOSG 

fluorescence during light irradiation. The fluorescence intensity 

of  SOSG  increases  proportionally  to  the  concentration  of 

singlet  oxygen,  estimating  the  intracellular  ROS  produced. 

Scale bar = 50 μm.

SOSG  fluorescence  peaked  and  saturated  after  40  minutes, 

only in irradiated specimens in the presence of M13EGFR-RB. In 

control  samples  kept in the  dark  and  in  irradiated  samples 

without  M13EGFR-RB,  the  fluorescent  signal  of  SOSG  was 

consistently weaker (Fig. 4). Recalling internalization and the 

improved  ability  of  the  engineered  vector  to  generate 

peroxides over singlet oxygen, these results demonstrate that 

M13EGFR-RB  is  a  strong  generator  of  intracellular  ROS  in 

response to light activation. 

The  M13EGFR-RB  bioconjugates  were  then  tested  for  their 

anticancer photodynamic  activity.  A431 cells  were incubated 

for 90 min with M13EGFR-RB, M13-RB or with RB alone. After 

washing  to  remove  free photosensitizing  species,  cells  were 

irradiated for 30 min with a low irradiance (2.4 mW/cm2) white 

LED  light.  Controls  were  kept  in  the  dark.  After  24  hours 

recovery, survival rates were measured by a MTT cell viability 

assay.  While  M13-RB  and  RB  alone  did  not  promote  any 

significant cytotoxic effect, M13EGFR-RB proved very efficient in 

A431  killing,  starting  already  from  100  nM  RB  equivalents, 

corresponding to 140 pM M13EGFR-RB phage concentration (Fig. 

5A),  that to the best of our knowledge is  one of  the lowest 

concentrations  ever  observed  for  PDT  treatment.  At  the 

highest  concentration  tested,  M13EGFR-RB  provoked  almost 

complete  A431 killing,  with membrane  permeabilization and 

loss of cell viability, as evident from the dramatic decrease in 

calcein staining and the strong accumulation of the otherwise 

impermeant propidium iodide stain,  already at  30 min post-

irradiation  (Fig.  5B).  These  effects  do  not  occur  in  non-

irradiated specimens (Figs. 5A) confirming the high tolerability 

and low cytotoxicity of  M13 phages  per se  (absence of dark 

toxicity).  The photodynamic  killing  of  non-refactored  phages 

(M13-RB,  Fig  5C)  proved  less  potent,  and  almost  absent  at 

lower  concentrations  of  RB  equivalents,  confirming  the 

selectivity  conferred  by  the  phage  refactoring.  Only  at  the 

higher phage concentrations of M13-RB, a non-specific killing 

effect  was  observed,  likely  mediated  by  traces  of  phages 

deposited passively onto the cell layer during the incubation. 

Collectively,  these  results  indicate  that  M13EGFR-RB  mediates 

production of cytotoxic ROS upon internalization and the light-

dependent activation of the RB photosensitizer.
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Fig. 5. Photodynamic killing of epidermoid cancer cell line. A) 

A431 survival rates 24h after low-intensity PDT treatment with 

M13EGFR-RB or with RB alone; controls were kept in the dark; 

error bars = standard deviation of six replicates. B) M13EGFR-RB 

induce (rapid) onset of membrane permeabilization and loss of 

cell  viability,  in  response  to  light  irradiation  (30  min  post-

irradiation); calcein AM, green; PI, propidium iodide, red; scale 

bar 50 μm. C) same as B) without irradiation.

Conclusions
The  developed  orthogonal  approach  (genetic/chemical)  to 

engineer  M13  bacteriophages  for  receptor  targeted  (EGFR-

targeted)  PDT  demonstrates  that  M13  can  serve  as  potent 

vector platform for anticancer PDT: i) the phage tropism can be 

conveniently  tweaked  to  target  diverse  receptors 

overexpressed in cancer cells ii) both therapeutic and imaging 

tags  can  be  chemically  conjugated  to  the  phage  capsid, 

without perturbing the recognition ability of the phage. iii)  a 

palette of functional groups ready for the orthogonal chemical 

modification of the phage is available: amines (as showed in 

this work),58,75 aminoacids naturally present on the capsomer 

as aspartic and glutamic acid or tyrosine,  58,75 or other natural 

(cysteine)  58,75 and unnatural cross-linkable amino acid (i.e. L-

azidohomoalanine, Aha) 76–78 that can be easily incorporated in 

the pVIII capsid protein by mutagenesis. 

If  compared to other targeted therapies: i)  phages represent 

flexible retargetable platforms for PDT, given the possibility to 

retarget the vector by genetic display of the targeting moiety. 

ii) targeting peptides identified in literature by phage display 

can be directly used, as they are stabilized by the fusion to the 

phage  proteins,  iii)  phage  production  is  cost-effective. 

Protocols for phage productions in bacterial cells allow to drop 

the  cost  to  ~ 1  $  per  1012 PFU,79 which  is  considered  the 

standard  dose  for  a  phage  treatment.  By  comparison,  the 

production  of  therapeutic  antibodies  (Ab),  the  most  used 

targeting  molecules  for  PDT,  is  almost  ten  times  more 

expensive.80  iv)  the  pentavalent  display  of  the  targeting 

peptides  on  pIII  allows  to  enhance  their  binding 

affinity/avidity;  v)  Ab  conjugation  with  sensitizers  is  a 

cumbersome procedure, allowing a maximum multivalency of 

5-10  sensitizers  per  molecule,  which  also  often  leads  to 

reduced Ab stability and/or affinity.4 On the contrary the M13 

phage platform can be conjugated with  hundreds/thousands 

of  sensitizers  without  impinging  upon the  targeting moiety. 

Thereby, many more sensitizers can be delivered to the target 

per  binding  event  as  compared  to  one/few  sensitizers  for 

antibodies.

The use of  natural  phages  conjugated  with  photosensitizers 

has  been  applied  successfully  to  antimicrobial  PDT  in  the 

past.33 However, the orthogonal approach developed for M13 

in  this  work  presents  several  advantages  over  other 

applications of phages in PDT. In fact, differently from previous 

applications  of  phages  for  anticancer  PDT,  i)  the  targeting 

agent is expressed genetically and not chemically conjugated,37 

ii)  the  orthogonal  design  keeps  the  possible  interference  of 

conjugated  molecules  on  the  targeting  moiety  at  minimal 

levels.36 The  nanoarchitectonic  approach81,82 developed  here 

represents a significant advantage for the translation of phages 

from  bench-to-bedside,  considering  that  several 

photosensitizers  already approved for clinical  applications  or 

under clinical  trials83 and acting in  the  "diagnostic window", 

such as chlorines or cyanines, can be easily conjugated to the 

phage capsid. 
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