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Oxidative stress induced by photodynamic treatment of microbial cells causes irreversible 
damages on vital cellular components such as proteins. Photodynamic inactivation (PDI) of bacteria, a 
promising therapeutic approach for the treatment of superficial and localized skin and oral infections, 10 

can be achieved by exciting a photosensitizing agent with visible light in an oxygenated environment. 
Although some studies have addressed the oxidative alterations of PDI in bacterial proteins, the 
present study is the first to compare the electrophoretic profile of proteins of Gram-positive and Gram-
negative bacteria, with two structurally different porphyrins, with different kinetics of 
photoinactivation. The cationic porphyrins 5,10,15-tris(1-methylpyridinium-4-yl)-20-15 

(pentafluorophenyl)porphyrin tri-iodide (Tri-Py+-Me-PF) and 5,10,15,20-tetrakis(1-methylpyridinium-
4-yl)porphyrin tetra-iodide (Tetra-Py+-Me) were used to photosensitize Escherichia coli and 
Staphylococcus warneri upon white light irradiation at an irradiance of 4.0 mW cm-2. After different 
photosensitization periods, proteins were extracted from bacteria and analyzed by one-dimensional 
SDS-PAGE. Apparent molecular weights and band intensities were determined after an irradiation 20 

period corresponding to a reduction of 4 log10 in cell viability. After photodynamic treatment, there 
was a general loss of bacterial proteins, assigned to large scale protein degradation. Protein loss was 
more pronounced after PDI with Tri-Py+-Me-PF in both bacteria. There was also an increase in the 
concentration of some proteins as well as an increase in the molecular weight of other proteins. We 
show that proteins of E. coli and S. warneri are important targets of PDI. Although there is an attempt 25 

of cellular response to the PDI-induced damage by overexpression of a limited number of proteins, the 
damage is lethal. Our results show that changes occurring in the protein pattern during photodynamic 
treatment are different with the two photosensitizers, which helps to explain the different inactivation 
kinetics of the two bacteria. SDS-PAGE is a rational approach to assign the type of cellular response to 
stress that is being induced in the cells. 30 

. 

Introduction 

Reactive oxygen species (ROS) cause oxidative damage to 
biological molecules, such as lipids, nucleic acids, carbohydrates 
and proteins.1 These ROS (singlet oxygen, 1O2, and free radicals) 35 

have a very short lifespan in biological systems (nano to 

milliseconds) and, therefore, a limited diffusion radius (some 
micrometers).2,3 ROS can be produced by photodynamic action, 
i.e., through the concerted action of molecular oxygen, a 
photosensitizer (PS) and a light source of a wavelength 40 

corresponding to the maximum absorption peak of the PS.4 
 The generation of both 1O2 and free radicals depends on the PS 
energetic and chemical features,2 but usually one of the forms is 
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predominant.5 In porphyrin-mediated photodynamic inactivation 
(PDI), 1O2 is considered the main damaging species.6 PS with an 
overall cationic charge can permeabilize the intricate outer 
membrane of the cell wall of Gram-negative bacteria, and so, lead 
to an efficient elimination of these type of bacteria.7 The efficient 5 

inactivation of Gram-positive bacteria by cationic, and also by 
neutral and anionic PS, is due to their relatively simple and 
porous cell wall.8 However, the effect of a PS depends not only 
on its physicochemical properties but also on the particular site 
where its bind and acts.9 10 

 The main targets of photodynamic action are the lipids and 
proteins of external structures, cytoplasmic membrane and cell 
wall.9 In bacteria, the cytoplasmic membrane consists of a 
phospholipid bilayer, some minor lipids, and proteins. Since 
bacteria are devoid of intracellular organelles, inner membrane 15 

proteins play vital functions, such as energy production, lipid 
biosynthesis, protein secretion and transport.10 The cell wall of 
Gram-negative and Gram-positive bacteria is distinct. In Gram-
negative bacteria, beside the thin peptidoglycan layer, the 
presence of an intricate outer membrane creates an impermeable 20 

barrier to antimicrobial agents. The outer membrane consists of 
glycolipids in the outer leaflet, mainly lipopolysaccharides (LPS), 
lipoproteins and ß-barrel proteins, lipoteichoic acids, a 
phospholipid bilayer in the inner leaflet which anchors these 
constituents and the peptidoglycan (2-7 nm).9 In Gram-positive 25 

bacteria, formed by only one thick peptidoglycan layer, surface 
proteins (fibronectin, fibrinogen, elastin) are attached to 
peptidoglycan, to teichoic acids (adhesins) or to stem peptides 
within the peptidoglycan layers. There are other proteins involved 
in immune system evasion, internalization and phage binding.9 30 

 Although the bacterial membrane is likely to be the main target 
of photodynamic inactivation, information concerning this topic 
is scarce because the identification and characterization of 
photodynamic damages on lipids is quite complex. However, the 
first lipidomic studies on the phospholipid oxidation of Gram-35 

positive and Gram-negative bacteria after PDI with a cationic 
meso-substituted porphyrin (Tri-Py+-Me-PF) revealed formation 
of new oxidized molecular species and changes in the relative 
amounts of the different phospholipid classes.11 For instance, in 
the Gram-positive Staphylococcus warneri, there was an increase 40 

in the amount of phosphatidylglycerols (PG), and a decrease of 
cardiolipins and other phospholipids. Also, hydroxyl and 
hydroperoxy derivatives from unsaturated fatty acyl chains of 
cardiolipins were identified.12 In E. coli, hydroxyl and 
hydroperoxy derivatives were also identified as oxidized 45 

molecular species from unsaturated fatty acyl chains of 
phosphatidylethanolamines, the major phospholipid component.11 
 The LPS, of the cell wall of the Gram-negative bacteria, play a 
critical role in the cell defense against antimicrobial agents. 
Molecules of LPS can avidly join, particularly if divalent cations 50 

such as Mg2+ and Ca2+ are present in the cell surface, stabilizing 
the negative charge of the phosphate groups in the molecules.9 
The electrostatic forces generated between the positively charged 
PS and the constituents of the Gram-negative cell wall promote 
the destabilization of the wall native organization, allowing the 55 

binding and eventual penetration of the PS into the cell.9 For this 
reason, the cationic PS have broader spectrum of action. 
 Relatively to proteins, theirs damage by PDI has already been 

shown by several authors. Proteins are considered major cellular 
targets of photodynamic oxidation not only because of their 60 

essential functions but also because they are highly abundant, 
may have endogenous chromophores, can bind to exogenous 
chromophoric materials and can rapidly react with other excited 
state species.2,13 Protein oxidation is the most important damage 
after PDI. Protein oxidation is, by definition, its covalent 65 

modification induced by ROS or by reaction with by-products of 
oxidative stress.1 The processes involving oxidation by 1O2 can 
induce deep changes in the proteins’ structure and function.14 

Those 1O2-mediated damages start, in general, at electron rich 
side-chains of amino acid residues (due to double bonds or 70 

sulphur moieties) such as cysteine, cystin, histidine, tyrosine, 
methionine and tryptophan residues.15 Reaction with these 
residues originates new reactive species that damage other 
targets, leading to a cascade of deleterious events.14 These new 
targets can be other proteins,14 and also lipids or DNA.16,17 The 75 

major consequences of 1O2-mediated protein oxidation are 
enzyme inactivation, protein peroxides and carbonyls formation, 
side-chain product formation, backbone fragmentation, formation 
of cross-links and aggregates, and protein unfolding.2,13 
 Several in vitro studies have reported the photodynamic effect 80 

of PS in human proteins such as serum albumin,18,19 or have 
identified the major protein damages in bacteria under oxidative 
stress.20 In vitro studies of bacterial PDI using porphyrins are few 
and use sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE), Western blot analysis, enzymatic 85 

assays, and quantification of total carbonyls to characterise 
protein damage. SDS-PAGE of membrane proteins normally 
reveals on the electrophoretic pattern of the irradiated samples, 
namely attenuation or disappearance of some proteins and 
increased concentration of high molecular weight products 90 

corresponding to cross-linked material.9,21-23 Inactivation or loss 
of enzyme function has been reported for lactate dehydrogenase, 
NADH dehydrogenase, ATPase and also for succinate 
dehydrogenase.23 These modifications in outer membrane 
proteins and enzymes are time-dependent and concomitant with a 95 

decrease in cell survival. The amount of protein carbonyls also 
increases with irradiation time.24 Oxidative damage to membrane 
proteins and bacterial enzymes have also been demonstrated 
using other PS such as phthalocyanines,25 and phenothiazinium 
dyes, as methylene blue26,27 or toluidine blue O.28-30 

100 

 A single report describing the molecular targets of bacterial 
PDI by proteomics has shown that most of the altered proteins of 
Staphylococcus aureus by porphyrin treatment are involved in 
metabolic activities such as the response to oxidative stress, cell 
division and sugar uptake.22 It has also been suggested that the 105 

damages induced by PDI are specific and are likely to be 
dependent on the location of the PS in the bacteria.22 Despite 
these contributions there are, as far as it is known, no reports 
comparing the photo-oxidative effects of structurally different 
porphyrin derivatives on the protein profiles of the two types of 110 

bacteria. S. warneri is a skin commensal, also involved in skin 
diseases, is a potentially opportunist etiological agent.31-35 Being a 
non-virulent strain, it is an easy and suitable model to use in 
laboratory studies. Escherichia coli is commonly chosen as a 
representative biological model for Gram-negative bacteria, 115 

which possess a structurally far more complex cell wall structure 
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than that of Gram-positive bacteria.36 
 The aim of this study was to evaluate and to compare the 
photo-oxidative effect of two efficient but structurally different 
cationic porphyrins (Fig. 1), which have different 
photoinactivation kinetics, on the Gram-positive and Gram-5 

negative bacteria proteins. Although some studies have addressed 
the oxidative alterations of PDI in bacterial proteins, the present 
study is the first to compare the electrophoretic profile of proteins 
of Gram-positive and Gram-negative bacteria, with two 
structurally different porphyrins, with different kinetics of 10 

photoinactivation. 

 

 
Fig. 1 Structure of the cationic porphyrin derivatives used as 
photosensitizers. 15 

Experimental 

Photosensitizers 

The two cationic porphyrin derivatives selected for this study, 
5,10,15,20-tetrakis(1-methylpyridinium-4-yl)porphyrin tetra-
iodide (Tetra-Py+-Me) and 5,10,15-tris(1-methylpyridinium-4-20 

yl)-20-(pentafluorophenyl)porphyrin tri-iodide (Tri-Py+-Me-PF) 
have already been described.37-39 The former is a reference 
compound, widely used in PDI experiments, and the later is a 
patented compound from our research group40 with a large 
spectrum of activity.37,41-45 Porphyrins purity was confirmed by 25 

thin layer chromatography and by 1H NMR spectroscopy. Stock 
solutions (500 µM) of each porphyrin derivative were prepared in 
dimethyl sulfoxide and sonicated for 30 min before use. Tetra-
Py+-Me in DMSO: λmax (log ε) 425 (5.46), 516 (4.30), 550 (3.78), 
588 (3.86), 644 (3.34) nm; Tri-Py+-Me-PF in DMSO: λmax (log ε) 30 

422 (5.48), 485 (3.85), 513 (4.30), 545 (3.70), 640 (3.14) nm. 

Bacterial strains and growth conditions 

E. coli ATCC® 25922TM (American Type Culture Collection, 
VA, USA) and S. warneri, isolated in our laboratory,12 from fresh 
cultured plates, were inoculated in tryptic soy (TS) broth (Merck) 35 

and grew aerobically at 37 °C under 100 rpm overnight. 
Afterwards, an aliquot was transferred into fresh TS broth at the 
same growth conditions to reach the early stationary phase. For E. 

coli, an optical density at 600 nm (OD600) of 1.6 ± 0.1 
corresponded to ≈ 108 colony forming units (CFU) mL-1. For S. 40 

warneri, an OD600 of 1.9 ± 0.1 corresponded to 108 CFU mL-1. 

Photosensitization procedure and cell viability assays 

Bacterial suspensions (≈ 108 CFU mL-1) were prepared, in 
phosphate buffered saline (PBS: 8.0 g NaCl, 0.2 g KCl, 1.44 g 
Na2HPO4 and 0.24 g KH2PO4 per litre; pH 7.4), from the early 45 

stationary phase cultures, distributed in 100 mL beakers (final 
volume of 10 mL per beaker), incubated in the dark with 
porphyrin for 10 min at 25 °C under 100 rpm stirring to promote 
the porphyrin binding to the cells, and then irradiated by a light 
system, consisting in 13 parallel OSRAM 2’ 18 W/840 lamps 50 

with an irradiance of 4.0 mW cm-2, emitting in the range of 380–
700 nm. 
 Bacterial suspensions of E. coli, with 5.0 µM of PS, were 
irradiated up to 270 min (total light dose of 64.8 J cm-2) and sub-
samples of 1.0 mL were collected before irradiation and after 15, 55 

30, 60, 90, 180 and 270 min of light exposure. Bacterial 
suspensions of S. warneri, with 0.5 µM of each PS, were 
irradiated up to 40 min (total light dose of 9.6 J cm-2) and sub-
samples of 1.0 mL were collected before irradiation and after 5, 
10, 15, 20, 30 and 40 min of light exposure. After each 60 

photosensitization interval, the suspensions were serially diluted 
in PBS, plated in TS agar and incubated at 37 °C for 24–36 h for 
viability monitoring. The cell viability was determined by 
counting the CFU on the most appropriate dilution on the agar 
plates. 65 

 Light and dark controls were carried out simultaneously to the 
PDI procedure: light control (LC) comprised a bacterial 
suspension exposed to light; and dark control (DC) comprised a 
bacterial suspension incubated with PS at the studied 
concentrations but protected from light. Three independent 70 

experiments were performed and, for each, two replicates were 
plated. 

Protein extraction and quantification 

The photosensitization procedure for protein experiments was the 
same to that used in the cell viability assays, with some 75 

modifications. Before irradiation, bacterial pellets were obtained 
by centrifugation (18 mL of early stationary phase cell culture), 
washed twice with PBS and re-suspended in PBS in glass beakers 
(final volume of 60 mL). The centrifugation conditions were 10 
min at 13,000 x g, 20 °C, in 50 mL tubes for Avanti® J-25 80 

(Beckman Coulter, Inc.). After photosensitization (0 - 270 min 
for E. coli and 0 - 40 min for S. warneri), bacterial pellets were 
obtained by centrifugation in the conditions described above, 
based on a protocol developed earlier.46 
 Cells pellets were carefully suspended in an urea solution [8 M 85 

urea, 100 mM Tris, 100 mM bicine, and 2% SDS (w/v)] and 
disrupted with a sonicator (U200S control, IKA Labortechnik 
Janke & Kunkel GmbH & CO, Staufen, Germany) at 50% 
maximum output. Cells were sonicated with bursts (2 sec each) 
alternating with cooling in an ice bath (3 sec), for a total of 120 90 

sec. Cell debris was pelleted by centrifugation at 17,000 x g for 
10 min and supernatants were kept at -80 °C until analysis. 
 Protein concentrations were determined by the bicinchoninic 
acid (BCA) protein assay kit (PierceTM, Rockford, USA) 
according to the manufacturer’s instructions. Each sample was 95 

quantified in triplicate and compared to a bovine serum albumin 
calibration curve prepared in the same urea solution. 

Protein electrophoresis (SDS-PAGE) 

Twenty five µg of E. coli proteins and 5 µg of S. warneri proteins 
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were reduced (2% β-mercaptoethanol), denaturated (5 min at 100 
°C) and separated by SDS–PAGE.46,47 The separation was 
performed in the Mini-PROTEAN 3 (Bio-Rad) with lab casted 
SDS polyacrylamide gels (15%). Gels ran for 2 h, at 120 V and at 
4 °C. The apparent molecular weight of the proteins was 5 

determined using a molecular weight calibration kit as marker, 
consisting of a mixture of proteins with 250, 150, 100, 75, 50, 37, 
25, 20, 15 and 10 kDa (Precision Plus Protein Standards All Blue, 
Bio-Rad). Proteins were visualized by colloidal Coomassie 
staining.48 Each gel image was acquired using the GS-800 10 

calibrated imaging densitometer (Bio-Rad). 
 Apparent molecular weights and band intensities were 
determined using the Quantity One v4.6.9 software (Bio-Rad). 
Band optical density (OD) was determined, subtracted for 
background and corrected for OD differences between gels, as 15 

described earlier.49,50 All samples were analyzed in triplicate. 

Protein assignment 

The assignment of proteins was based on the determined 
molecular weights of proteins, according to specific literature for 
each bacterial strain.51,52 The search considered representative 20 

protein bands that were new, increased or disappearing after PDI. 
The molecular weights found (within a range of ± 0.4 kDa) were 
assigned to possible proteins and to their respective accession 
number, and afterwards, this information was confronted with the 
information of UniProt database. 25 

Results 

The reduction in cell viability as well as the kinetics of 
photoinactivation of E. coli and S. warneri with Tri-Py+-Me-PF 
and Tetra-Py+-Me depended on the porphyrin and on the light 
dose used (Fig. 2), as shown and discussed in a previous work.54 30 

The kinetics of bacterial PDI was significantly different between 
the two PS.53 

 
Fig. 2 Photodynamic inactivation of (A) E. coli incubated with 5.0 µM of 
Tri-Py+-Me-PF (empty square) and 5.0 µM of Tetra-Py+-Me (empty 35 

triangle) and (B) S. warneri incubated with 0.5 µM of Tri-Py+-Me-PF 
(empty square) and 0.5 µM of Tetra-Py+-Me (empty triangle), exposed to 
artificial white light (4.0 mW cm-2) with different light doses. Light 
control (cross), dark control of Tri-Py+-Me-PF (empty circle) and dark 
control of Tetra-Py+-Me (filled circle). Values represent the mean of three 40 

independent experiments with two replicates each; error bars indicate the 
standard deviation. 

 In E. coli (Fig. 2A), after 15 min of irradiation (light dose of 
3.6 J cm-2), there was a reduction of 3.1 log10 CFU mL-1 with 5.0 
µM of Tri-Py+-Me-PF and 0.2 log10 CFU mL-1 with 5.0 µM of 45 

Tetra-Py+-Me, and after 30 min (7.2 J cm-2), the log reductions 
were 5.2 versus 2.9 respectively. 
 In S. warneri (Fig. 2B), after photosensitization with 0.5 µM of 
Tri-Py+-Me-PF, there was a steep decrease of survival (4.8 log10 
CFU mL-1) after 5 min of irradiation (1.2 J cm-2), contrasting with 50 

a minor reduction (0.4 log CFU10 mL-1) with Tetra-Py+-Me. With 
this porphyrin, the detection limit of viable cells was not reached 
after 40 min of irradiation, even though a reduction of 5.6 log10 
CFU mL-1 was achieved. 
 Bacterial viability was neither affected by irradiation per se 55 

nor by the PS in the dark, as shown by the light control and dark 
control profiles, respectively. 
 The protein profile of the photosensitized bacteria was also 
affected by the porphyrin and the light dose, as revealed by SDS-
PAGE shown in Fig. 3 and 4 for E. coli and S. warneri, 60 

respectively. 
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Fig. 3 SDS-PAGE of E. coli proteins after photosensitization. Cells were 
incubated for 10 min in the dark with 5.0 µM of photosensitizer and 
irradiated with visible light (4.0 mW cm-2) for different irradiation times. 
M: molecular weight marker Blue arrows represent new bands. Green 5 

arrows indicate representative protein bands with increased intensity after 
treatment.  

 In the light and dark controls (non-photosensitized bacteria), 
there were no changes in the protein concentration (see Fig. S1 in 
Supporting Information), nor at 0 min of irradiation (bacteria 10 

incubated 10 min in the dark with porphyrin but not irradiated, 
lanes 0’ in Fig. 3 and 4). With irradiation and in the presence of 
the PS, a general disappearance of bacterial proteins was 
observed, assigned to large scale protein degradation. However, 
for the same light doses, the two PS acted differently: protein 15 

degradation was more pronounced in the case of photo-treatment 
with Tri-Py+-Me-PF (Fig. 3 and 4). 
 In order to point out possible differences in the effects of the 
two porphyrins on the protein profiles of each bacterium, gel 
analysis was carried out at the time corresponding to a reduction 20 

of cell viability of about 4 log10 CFU mL-1, considering an initial 
bacterial concentration of 8 log10 CFU mL-1 (cf. Fig. 2). 
 For E. coli, this reduction was observed after 30 min with Tri-
Py+-Me-PF and after 60 min with Tetra-Py+-Me. For S. warneri, 
the 4 log10 CFU mL-1 reduction in survival was observed after 5 25 

min with Tri-Py+-Me-PF and after 20 min with Tetra-Py+-Me. 
 By comparison with the controls, there was a clear alteration 
on the protein profile of E. coli after 30 min of irradiation with 
Tri-Py+-Me-PF (Fig. 3). There was an increase in the intensity of 
the 16.8 kDa protein and bands with 14.9 kDa and 10.7 kDa were 30 

detected (Fig. 3). 
 On the other hand, the protein profile of E. coli after 60 min of 
irradiation with 5.0 µM of Tetra-Py+-Me was quite different and 
not  as  dramatically modified as with Tri-Py+-Me-PF in  relation 

 35 

Fig. 4 SDS-PAGE of S. warneri proteins after photosensitization. Cells 
were incubated in the dark with 0.5 µM of photosensitizer and irradiated 
with visible light (4.0 mW cm-2) for different irradiation times. M: 
molecular weight marker. Blue arrows represent new bands that appear 
after treatment. 40 

to the initial profile (Fig. 3). There was an intensity increase of 
some bands (proteins with 263.2 kDa, 201.8 kDa and 9.8 kDa). 
Also, some proteins disappeared completely after 60 min of 
treatment (94.6 kDa, 87.3 kDa, 60.6 kDa, 59 kDa and 12 kDa). 
 The photosensitization of S. warneri with both porphyrinic PS 45 

induced changes in the protein profile after very short irradiation 
times (Fig. 4). The induced changes were much more pronounced 
with Tri-Py+-Me-PF than with Tetra-Py+-Me as it was observed 
for E. coli. In the presence of Tetra-Py+-Me, after 20 min of 
irradiation, a protein with 15.7 kDa showed increased intensity. 50 

New bands with 200.2 kDa, 14.6 kDa and 14.0 kDa were 
detected (Fig. 4). Also the comparison of the densitometric 
superimposed profiles of samples (data not shown) revealed an 
increase in the molecular weight of some proteins. 
 The protein pattern of S. warneri was drastically changed after 55 

5 min of irradiation with Tri-Py+-Me-PF, with a marked decrease 
in the intensity of the majority of the proteins detected (Fig. 4). 
We also detected the appearance of new bands with molecular 
weights of 196.3 kDa, 15.9 kDa and 11.3 kDa. 

Discussion  60 

This study aimed to provide a new insight into the photo-
oxidative effects of two cationic porphyrin derivatives on the 
protein profile of Gram-negative and Gram-positive bacteria, by 
SDS-PAGE. 
As showed by Alves et al11,12 lipids of these Gram-positive and 65 

Gram-negative bacteria, using the same PDI protocol, are 
differently affected during PDI by the two porphyrins. The results 
of this study show, by the first time, that as lipids, proteins of the 
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two bacteria are also differently affected by the two PS. In 
general, the widespread disappearance of proteins over time 
suggests a large scale degradation process. In some cases, we 
detected an increase in the intensity of some bands. This increase 
may be caused by an overexpression of these proteins or by 5 

aggregation phenomena. On the other hand, there is a slight 
increase in the molecular weight of some proteins (1 - 5 kDa) 
indicative of changes possibly associated with protein oxidation, 
and also the appearance of aggregates of high molecular weight 
(> 100 kDa), probably related with formation of cross-linked 10 

complexes. These evidences agree with the literature concerning 
the effects of photoinactivation on bacterial proteins.21-23 
 We have made and attempt to make protein assignments 
according to the molecular weights determined, using the 
information available in the literature and in appropriate data 15 

basis.51,52 The information concerning presumable proteins from 
E. coli is summarized in Table 1 and from S. warneri in Table 2. 
This should be considered preliminary data and further studies 
should be conducted in order to confirm the identity of these 
proteins by methods such as mass spectrometry. 20 

 The protein profile of E. coli after photosensitization is 
different for the two tested porphyrins. Apart from the 
degradation of most proteins, after 30 min of photosensitization 
with Tri-Py+-Me-PF there is an increase in the intensity of a 
protein (16.8 kDa) putatively corresponding to Dps, a protein 25 

responsible for DNA protection during protein starvation (Table 
1). This protein binds nonspecifically to DNA, protecting cells 
from toxicity, as shown by E. coli exposure to hydrogen 
peroxide.54 
  30 
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Table 1 Presumable proteins of E. coli modified after photodynamic treatment with Tri-Py+-Me-PF and Tetra-Py+-Me. Possible assignments were based 
on the literature52 and on UniProt database. 

    
Determined 
molecular  

weight (kDa) 

Possible 
assignments 

Access no. Gene id. Protein name  Biological process 

E
. 
co
li
 t
re
at
ed
 w
it
h
 T
ri
-P
y+
-M

e-
P
F
 

U
p
re
gu
la
te
d 

16.8 16.8 P0ABT2 Dps 
DNA protection during 

starvation protein 
DNA condensation; Iron 

storage 

N
ew
 

14.9 15.0 P0C0L2 OsmC Peroxiredoxin OsmC 
Response to oxidative 

stress 

 
15.0 P02413 RplO 50S ribosomal protein L15 Translation 

 
15.1 P0A6E6 AtpC ATP synthase epsilon chain 

Plasma membrane ATP 
synthesis coupled proton 

transport 

10.7 11.0 P0A8P3  YggX 
Probable Fe2+-trafficking 

protein 
Response to oxidative 

stress 

 
10.6 P39177  UspG Universal stress protein G Response to stress 

  10.7 P0AES9 HdeA Acid stress chaperone HdeA 
Cellular response to 

acidity 

E
. 
co
li
 t
re
at
ed
 w
it
h
 T
et
ra
-P
y+
-M

e 

U
p
re
gu
la
te
d 

9.8 9.9 P0ADU2 YgiN 
Probable quinol 

monooxygenase YgiN 
Response to oxidative 

stress 

  9.8 P68066 GrcA 
Autonomous glycyl radical 

cofactor 
Response to stress 

U
n
de
te
ct
ab
le
 a
ft
er
 P
D
I 

94.6 94.0 P0A9M0 Lon Lon protease 

Cellular response to 
stress; misfolded or 

incompletely synthesized 
protein catabolic 

process; response to heat 

87.3 87.4 P33136 MdoG Glucans biosynthesis protein G 

Glucan biosynthetic 
process; oligosaccharide 

biosynthetic process; 
response to osmotic 

stress 

 
87.4 P07395 PheT 

Phenylalanine-tRNA ligase 
beta subunit 

Phenylalanyl-tRNA 
aminoacylation; tRNA 

processing 

  87.4 P23538 PpsA Phosphoenolpyruvate synthase 
Gluconeogenesis; 

pyruvate metabolic 
process 

60.6 60.7 P77306 YqiK Inner membrane protein YqiK Unknown 

 
60.4 P11875 ArgS Arginine-tRNA ligase Protein biosynthesis 

 
60.6 P0A6Y8 DnaK Chaperone protein DnaK 

DNA replication; Stress 
response 

  60.8 P0A6F5 GroL 60 kDa chaperonin 

Cell cycle; cell division; 
protein folding; protein 
refolding; response to 

heat 

59.0 59.4 P02942 Tsr 
Methyl-accepting chemotaxis 

protein I 
Chemotaxis 

12.0 12.2 P0A8Q6 ClpS 
ATP-dependent Clp protease 

adapter protein ClpS 

Proteolysis involved in 
cellular protein catabolic 

process 
  12.3 P0A7K2 RplL 50S ribosomal protein L7/L12 Translation 

 With Tetra-Py+-Me, the process of E. coli protein degradation 5 

is slower, which is in agreement with the slowest 
photoinactivation rate of these bacteria with this porphyrin. There 
is an increase in the intensity of a band (with 9.8 kDa) 
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corresponding presumably to stress response proteins (YgiN or 
GrcA). At the same time, several other bands disappear (87.3 and 
60.6 kDa). Overexpression of proteins with identical molecular 
weights (e.g. GroL) has been reported in Streptococcus mutans 
photosensitized with rose Bengal, without DNA degradation.55 In 5 

E. coli photosensitized with toluidine blue O, there is also up-
regulation of GroL and DnaK.56 According to these evidences, 
the induction of heat shock proteins has been suggested as a 
possible mechanism of development of resistance.56 However, 
PDI of S. aureus by Tetra-Py+-Me leads to a decrease of enzymes 10 

involved in direct and indirect response to ROS,22 as also 
suggested by the observations from this study. These 
contradictory conclusions might be due to the use of different PS 
types (porphyrin versus phenothiazinium derivatives) and PDI 
protocols (e.g., irradiation conditions). 15 

 In the case of S. warneri, there is also a large degradation of 
the majority of proteins, being more evident the difference caused 
by porphyrin Tri-Py+-Me-PF in the beginning of the treatment. 
The new bands detected, namely some of high molecular weight, 
are probably associated with the formation of cross-linked 20 

complexes. Furthermore, protein degradation due to photo-
oxidation is likely to originate low molecular weight products as 
protein decomposition products.57 

 

The results of this study show clearly that changes occurring in 25 

the protein pattern during photodynamic treatment are different 
with the two photosensitizers. Knowing that PDI efficiency 
depends on the PS nature and on its ability to generate ROS like 
1O2, it is important to identify which PS characteristics increase 
the photocytotoxic activity. These features will allow to improve 30 

the design of the PS and to decide the best conditions for bacterial 
photoinactivation. The photocytotoxic activity of these two PS is 
mainly via Type II mechanism (1O2 production), however, Tri-
Py+-Me-PF is more efficient to produce 1O2 than Tetra-Py+-Me6,41 
which can explain the better results of Tri-Py+-Me-PF. 35 

Aditionally, it is well known that the increase in the number of 
charges improves the amphiphilic character of the porphyrins, 
and consequently, the PS affinity for bacteria which contributes 
to a better binding to the cells accompanied by an increase in the 

photocytotoxic activity.6,9,12,41,53 In fact, considering that Tri-Py+-40 

Me-PF caused, in general, a stronger protein pattern change than 
Tetra-Py+-Me, the lipophilic character of the meso-substituent 
groups may be a relevant factor in the outcome of the 
photosensitization process. The presence of a lipophilic 
pentafluorophenyl group in one of the meso positions of the 45 

tetrapyrrolic macrocycle of Tri-Py+-Me-PF plays an important 
role in PDI, as already observed.6,9,41 The distribution of the 
charges in the porphyrin structure also affects the PDI 
efficiency.6,9,41 It has been observed that PS with adjacent charges 
cause molecular distortion due to electrostatic repulsion caused 50 

by the asymmetric cationic molecule. This can explain the fact 
that, in this study, Tri-Py+-Me-PF causes a higher impact on 
proteins than Tetra-Py+-Me. The PS Tri-Py+-Me-PF, which has 
three charges and one pentafluorophenyl group, is asymmetric, 
but the Tetra-Py+-Me, which has four charges, is symmetric. 55 

 
The results show that proteins are very rapidly degraded by 
photoinactivation induced by both porphyrins; Tetra-Py+-Me is 
extremely effective degrading most bacterial proteins in just few 
minutes. This may explain the effectiveness of antimicrobial 60 

PDI,, reducing the likelihood of developing resistance 
mechanisms, which otherwise have not yet been identified or are 
not clearly established.9 

Conclusion 

We have confirmed that bacterial proteins are important targets of 65 

photosensitization with cationic porphyrins Tri-Py+-Me-PF and 
Tetra-Py+-Me. The changes that occur in the protein pattern 
during photodynamic treatment are different with the two 
photosensitizers, which help to explain the inactivation kinetics 
of the two bacteria. It is important to stress that protein 70 

identification is the next natural step of this investigation. Using 
the information gathered here, coupling mass spectrometry 
technologies to shorter inactivation times will allow identifying 
the initial protein targets of phtotoinactivation. This may lead to 
improved strategies of antimicrobial photosensitization. 75 

 

 

Table 2 Presumable proteins of S. warneri modified after photodynamic treatment with Tri-Py+-Me-PF and Tetra-Py+-Me. Possible assignments were 
based on the literature51 and on UniProt database. 
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    Determined 
molecular 

weight (kDa) 

Possible 
assignments 

Access no. Gene 
id. 

Protein name Biological process 

S
. 
w
a
rn
e
ri
 t
re
at
ed
 w
it
h
 T
ri
-P
y+
-M

e-
P
F
 

N
ew
 

196.3 Cross-links 
    

15.9 15.7 L7WVR6 
 

Putative Holliday junction 
resolvase 

DNA recombination; 
DNA repair; nucleic 
acid phosphodiester 

bond hydrolysis 

 
15.8 L7WY50 

 
Glycerol-3-phosphate 
cytidylyltransferase 

Teichoic acid 
biosynthetic process 

11.3 11.2 L7WYE7 GatC 

Aspartyl/glutamyl-
tRNA(Asn/Gln) 

amidotransferase subunit 
C 

Translation 

S
. 
w
a
rn
e
ri
 t
re
at
ed
 w
it
h
 T
et
ra
-P
y+
-M

e 

U
p
re
gu
la
te
d
 

15.7 15.8 L7WY50 
 

Glycerol-3-phosphate 
cytidylyltransferase 

Teichoic acid 
biosynthetic process 

 
15.6 L7WXX9 RplO 50S ribosomal protein L15 Translation 

 
15.6 L7WUN7 LacA 

Galactose-6-phosphate 
isomerase subunit lacA 

Lactose catabolic 
process 

 
15.7 L7WVR6 

 
Putative Holliday junction 

resolvase 

DNA recombination; 
DNA repair; nucleic 
acid phosphodiester 

bond hydrolysis 

N
ew
 

200.2 Cross-links 
    

14.6 14.6 L7WUN1 RpsI 30S ribosomal protein S9 Translation 

14.0 14.0 L7WXY2 RpsM 30S ribosomal protein S13 Translation 

 

Acknowledgements 

The authors are thankful to the University of Aveiro, Fundação 
para a Ciência e a Tecnologia (FCT, Portugal), European Union, 
QREN, COMPETE and FEDER for funding the Centre for 5 

Environmental and Marine Studies (CESAM) unit (project Pest-
C/MAR/LA0017/2013) and the QOPNA research unit (project 
PEst-C/QUI/UI0062/2013, FCOMP-01-0124-FEDER-037296). 
Eliana Alves (BD/41806/2007) and Ana Cristina Esteves 
(BPD/38008/2007) are grateful to FCT for their grants. 10 

Notes and references 
a Department of Biology & Centre for Environmental and Marine Studies 

(CESAM), University of Aveiro, 3810-193 Aveiro, Portugal 
b Department of Chemistry & Organic Chemistry Research Unit 

(QOPNA), University of Aveiro, 3810-193 Aveiro, Portugal 15 

*Corresponding author. Fax: +351 234 372 587 Tel.: +351 234 370 200 

E-mail: aalmeida@ua.pt 

 
1 E. Shacter, Quantification and significance of protein oxidation in 

biological samples, Drug Metab. Rev., 2000, 32, 307-326. 20 

2 M. J. Davies, Singlet oxygen-mediated damage to proteins and its 
consequences, Biochem. Biophys. Res. Commun., 2003, 305, 761-
770. 

3 A. Juzeniene, K. P. Nielsen and J. Moan, Biophysical aspects of 
photodynamic therapy, J. Environ. Pathol., Toxicol. Oncol., 2006, 25 

25, 7-28. 
4 C. S. Foote, Definition of type I and type II photosensitized 

oxidation, Photochem. Photobiol., 1991, 54, 659-659. 
5 P. Agostinis, K. Berg, K. A. Cengel, T. H. Foster, A. W. Girotti, S. 

O. Gollnick, S. M. Hahn, M. R. Hamblin, A. Juzeniene and D. 30 

Kessel, Photodynamic therapy of cancer: an update, CA Cancer J. 

Clin., 2011, 61, 250-281. 
6 A. Tavares, S. R. S. Dias, C. M. B. Carvalho, M. A. F. Faustino, J. P. 

C. Tomé, M. G. P. M. S. Neves, A. C. Tomé, J. A. S. Cavaleiro, A. 
Cunha, N. C. M. Gomes, E. Alves and A. Almeida, Mechanisms of 35 

photodynamic inactivation of a Gram-negative recombinant 
bioluminescent bacterium by cationic porphyrins, Photochem. 

Photobiol. Sci., 2011, 10, 1659-1669. 
7 Y. Nitzan, M. Gutterman, Z. Malik and B. Ehrenberg, Inactivation of 

Gram-negative bacteria by photosensitized porphyrins, Photochem. 40 

Photobiol., 1992, 55, 89-96. 
8 G. Jori, M. Camerin, M. Soncin, L. Guidolin and O. Coppellotti, 

Antimicrobial photodynamic therapy: basic principles, in 
Photodynamic inactivation of microbial pathogens: medical and 

environmental applications, ed. M. Hamblin and G. Jori, Royal 45 

Society of Chemistry, Cambridge, 2011, pp. 3-14. 
9 E. Alves, M. A. F. Faustino, M. G. Neves, A. Cunha, J. Tome and A. 

Almeida, An insight on bacterial cellular targets of photodynamic 
inactivation, Future Med. Chem., 2014, 6, 141-164. 

10 T. J. Silhavy, D. Kahne and S. Walker, The bacterial cell envelope, 50 

Cold Spring Harb. Perspect. Biol., 2010, 2, a000414. 
 

Page 9 of 11 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

10  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

11 E. Alves, N. Santos, T. Melo, E. Maciel, M. L. Dória, M. A. 
Faustino, J. P. Tomé, M. G. Neves, J. A. Cavaleiro, Â. Cunha, L. A. 
Helguero, P. Domingues, A. Almeida and M. R. M. Domingues, 
Photodynamic oxidation of Escherichia coli membrane 
phospholipids: new insights based on lipidomics, Rapid Commun. 5 

Mass Spectrom, 2013, 27: 2717–2728. 
12 E. Alves, N. Santos, T. Melo, E. Maciel, M. L. Dória, M. A. 

Faustino, J. P. Tomé, M. G. Neves, J. A. Cavaleiro, Â. Cunha, L. A. 
Helguero, P. Domingues Photodynamic oxidation of Staphylococcus 

warneri membrane phospholipids: new insights based on lipidomics, 10 

Rapid Commun. Mass Spectrom., 2013, 27, 1607-1618. 
13 D. I. Pattison, A. S. Rahmanto and M. J. Davies, Photo-oxidation of 

proteins, Photochem. Photobiol. Sci., 2012, 11, 38-53. 
14 M. J. Davies, Reactive species formed on proteins exposed to singlet 

oxygen, Photochem. Photobiol. Sci., 2004, 3, 17-25. 15 

15 G. R. Buettner, Molecular targets of photosensitization - some 
biological chemistry of singlet oxygen (1O2), in Photobiological 
Sciences Online, ed. K. C. Smith, American Society for 
Photobiology, 2011, http://www.photobiology.info/Buettner.html, 
(accessed October 2013). 20 

16 L. Booth and R. W. Redmond, Can lipid peroxidation of plasma 
membranes induce DNA strand breaks, Free Radical Biol. Med., 
2002, 33(suppl. 2), S390. 

17 G. D. Ouédraogo and R. W. Redmond, Secondary reactive oxygen 
species extend the range of photosensitization effects in cells: DNA 25 

damage produced via initial membrane photosensitization, 
Photochem. Photobiol., 2003, 77, 192-203. 

18 B. Bose and A. Dube, Interaction of chlorin p6 with bovine serum 
albumin and photodynamic oxidation of protein, J. Photochem. 

Photobiol., B, 2006, 85, 49-55. 30 

19 J. A. Silvester, G. S. Timmins and M. J. Davies, Protein 
hydroperoxides and carbonyl groups generated by porphyrin-induced 
photo-oxidation of bovine serum albumin, Arch. Biochem. Biophys., 
1998, 350, 249-258. 

20 J. Tamarit, E. Cabiscol and J. Ros, Identification of the major 35 

oxidatively damaged proteins in Escherichia coli cells exposed to 
oxidative stress, J. Biol. Chem., 1998, 273, 3027-3032. 

21 G. Bertoloni, F. M. Lauro, G. Cortella and M. Merchat, 
Photosensitizing activity of hematoporphyrin on Staphylococcus 

aureus cells, Biochim. Biophys. Acta, Gen. Subj., 2000, 1475, 169-40 

174. 
22 R. Dosselli, R. Millioni, L. Puricelli, P. Tessari, G. Arrigoni, C. 

Franchin, A. Segalla, E. Teardo and E. Reddi, Molecular targets of 
antimicrobial photodynamic therapy identified by a proteomic 
approach, J. Proteomics, 2012, 77, 329-343. 45 

23 G. Valduga, B. Breda, G. M. Giacometti, G. Jori and E. Reddi, 
Photosensitization of wild and mutant strains of Escherichia coli by 
meso-tetra (N-methyl-4-pyridyl)porphine, Biochem. Biophys. Res. 

Commun., 1999, 256, 84-88. 
24 M. C. Gomes, S. Silva, M. A. F. Faustino, M. G. P. M. S. Neves, A. 50 

Almeida, J. A. S. Cavaleiro, J. P. C. Tome and A. Cunha, Cationic 
galactoporphyrin photosensitisers against UV-B resistant bacteria: 
oxidation of lipids and proteins by 1O2, Photochem. Photobiol. Sci., 
2013, 12, 262-271. 

25 A. Segalla, C. D. Borsarelli, S. E. Braslavsky, J. D. Spikes, G. 55 

Roncucci, D. Dei, G. Chiti, G. Jori and E. Reddi, Photophysical, 
photochemical and antibacterial photosensitizing properties of a 
novel octacationic Zn(II)-phthalocyanine, Photochem. Photobiol. 

Sci., 2002, 1, 641-648. 
26 S. George and A. Kishen, Influence of photosensitizer solvent on the 60 

mechanisms of photoactivated killing of Enterococcus faecalis, 
Photochem. Photobiol., 2008, 84, 734-740. 

27 S.-L. Lin, J.-M. Hu, S.-S. Tang, X.-Y. Wu, Z.-Q. Chen and S.-Z. 
Tang, Photodynamic inactivation of methylene blue and tungsten-
halogen lamp light against food pathogen Listeria monocytogenes, 65 

Photochem. Photobiol., 2012, 88, 985-991. 
28 M. Bhatti, A. MacRobert, S. Meghji, B. Henderson and M. Wilson, A 

study of the uptake of toluidine blue O by Porphyromonas gingivalis 
and the mechanism of lethal photosensitization, Photochem. 

Photobiol., 1998, 68, 370-376. 70 

29 M. Bhatti, S. P. Nair, A. J. Macrobert, B. Henderson, P. Shepherd, J. 
Cridland and M. Wilson, Identification of photolabile outer 
membrane proteins of Porphyromonas gingivalis, Curr. Microbiol., 
2001, 43, 96-99. 

30 S. Packer, M. Bhatti, T. Burns and M. Wilson, Inactivation of 75 

proteolytic enzymes from Porphyromonas gingivalis using light-
activated agents, Lasers Med. Sci., 2000, 15, 24-30. 

31 F. Arslan, N. Saltoglu, B. Mete and A. Mert, Recurrent 
Staphylococcus warnerii prosthetic valve endocarditis: a case report 
and review, Ann. Clin. Microbiol. Antimicrob., 2011, 10, 14. 80 

32 K. J. Center, A. C. Reboli, R. Hubler, G. L. Rodgers and S. S. Long, 
Decreased vancomycin susceptibility of coagulase-negative 
staphylococci in a neonatal intensive care unit: evidence of spread of 
Staphylococcus warneri, J. Clin. Microbiol., 2003, 41, 4660-4665. 

33 J. P. Cimiotti, J. P. Haas, P. Della-Latta, F. Wu, L. Saiman and E. L. 85 

Larson, Prevalence and clinical relevance of Staphylococcus warneri 
in the neonatal intensive care unit, Infect. Control Hosp. Epidemiol., 
2007, 28, 326–330. 

34 V. Hira, M. Sluijter, W. H. F. Goessens, A. Ott, R. de Groot, P. W. 
M. Hermans and R. F. Kornelisse, Coagulase-negative 90 

staphylococcal skin carriage among neonatal intensive care unit 
personnel: from population to infection, J. Clin. Microbiol., 2010, 48, 
3876-3881. 

35 C. Stöllberger, A. Wechsler-Fördös, F. Geppert, W. Gulz, E. 
Brownstone, M. Nicolakis and J. Finsterer, Staphylococcus warneri 95 

endocarditis after implantation of a lumbar disc prosthesis in an 
immunocompetent patient, J. Infect., 2006, 52, e15-e18. 

36 C. Raetz, Enzymology, genetics, and regulation of membrane 
phospholipid synthesis in Escherichia coli, Microbiol. Rev., 1978, 42, 
614-659. 100 

37 M. C. Gomes, S. M. Woranovicz-Barreira, M. A. F. Faustino, R. 
Fernandes, M. G. P. M. S. Neves, A. C. Tome, N. C. M. Gomes, A. 
Almeida, J. A. S. Cavaleiro, A. Cunha and J. P. C. Tome, 
Photodynamic inactivation of Penicillium chrysogenum conidia by 
cationic porphyrins, Photochem. Photobiol. Sci., 2011, 10, 1735-105 

1743. 
38 C. M. B. Carvalho, A. T. P. C. Gomes, S. C. D. Fernandes, A. C. B. 

Prata, M. A. Almeida, M. A. Cunha, J. P. C. Tomé, M. A. F. 
Faustino, M. G. P. M. S. Neves, A. C. Tomé, J. A. S. Cavaleiro, Z. 
Lin, J. P. Rainho and J. Rocha, Photoinactivation of bacteria in 110 

wastewater by porphyrins: bacterial beta-galactosidase activity and 
leucine-uptake as methods to monitor the process, J. Photochem. 

Photobiol. B., 2007, 88, 112-118. 
39 C. M. B. Carvalho, E. Alves, L. Costa, J. P. C. Tomé, M. A. F. 

Faustino, M. G. P. M. S. Neves, A. C. Tomé, J. A. S. Cavaleiro, A. 115 

Almeida, Â. Cunha, Z. Lin and J. Rocha, Functional cationic 
nanomagnet-porphyrin hybrids for the photoinactivation of 
microorganisms, ACS Nano, 2010, 4, 7133-7140. 

40 A. Almeida, Cavaleiro, J.A.S., J. Rocha, C. M. B. Carvalho, L. A. S. 
Costa, E. Alves, A. Cunha, J. P. C. Tomé, M. A. F. Faustino, M. G. 120 

P. M. S. Neves, A. C. Tomé, Z. Lin and J. P. J. Rainho, Nanomagnet-
porphyrin hybrid materials: synthesis and water disinfection 
application, Portuguese Patent PT103828, Portugal, 2009. 

41 E. Alves, L. Costa, C. M. Carvalho, J. P. Tomé, M. A. Faustino, M. 
G. Neves, A. C. Tomé, J. A. Cavaleiro, Â. Cunha and A. Almeida, 125 

Charge effect on the photoinactivation of Gram-negative and Gram-
positive bacteria by cationic meso-substituted porphyrins, BMC 

Microbiol., 2009, 9, 70. 
42 E. Alves, M. A. F. Faustino, J. P. C. Tomé, M. G. P. M. S. Neves, A. 

C. Tomé, J. A. S. Cavaleiro, Â. Cunha, N. C. M. Gomes and A. 130 

Almeida, Photodynamic antimicrobial chemotherapy in aquaculture: 
photoinactivation studies of Vibrio fischeri, PLoS One, 2011, 6, 
e20970. 

43 C. Arrojado, C. Pereira, J. P. C. Tomé, M. A. F. Faustino, M. G. P. 
M. S. Neves, A. C. Tomé, J. A. S. Cavaleiro, Â. Cunha, R. Calado, 135 

N. C. M. Gomes and A. Almeida, Applicability of photodynamic 
antimicrobial chemotherapy as an alternative to inactivate fish 
pathogenic bacteria in aquaculture systems, Photochem. Photobiol. 

Sci., 2011, 10, 1691-1700. 
44 L. Costa, C. M. B. Carvalho, J. P. Tomé, M. A. Faustino M. G. 140 

Neves, A. C. Tomé, J. A. Cavaleiro, Â. Cunha, N. C. M. Gomes and 

Page 10 of 11Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  11 

A. Almeida, Study of viral resistance following repeated exposure to 
aPDT and of viability recovery, Antiviral Research, 2011, 91, 278-
282. 

45 A. Oliveira, A. Almeida, C. M. B. Carvalho, J. P. C. Tomé, M. A. F. 
Faustino, M. G. P. M. S. Neves, A. C. Tomé, J. A. S. Cavaleiro and 5 

Â. Cunha, Porphyrin derivatives as photosensitizers for the 
inactivation of Bacillus cereus endospores, J. Appl. Microbiol., 2009, 
106, 1986-1995. 

46 L. Costa, A. C. Esteves, A. Correia, C. Moreirinha, I. Delgadillo, A. 
Cunha, M.G.P. S. Neves, M. A. F. Faustino, A. Almeida, SDS-PAGE 10 

and IR spectroscopy to evaluate modifications in the viral protein 
profile induced by a cationic porphyrinic photosensitizer, Journal of 

Virological Methods. 209, 103-109. 
47 U. K. Laemmli, Cleavage of structural proteins during the assembly 

of the head of bacteriophage T4, Nature, 1970, 227, 680-685. 15 

48 V. Neuhoff, R. Stamm and H. Eibl, Clear background and highly 
sensitive protein staining with Coomassie Blue dyes in 
polyacrylamide gels: a systematic analysis, modified by A. Posch., 
Electrophoresis, 1985, 6, 427-448. 

49 M. F. Lemos, A. M. V. M. Soares, A. C. Correia and A. C. Esteves, 20 

Proteins in ecotoxicology – how, why and why not?, Proteomics, 
2010, 10, 873-887. 

50 M. F. Lemos, A.C. Esteves, B. Samyn, I. Timperman, J. van 
Beeumen, A. Correia, C. A. M. van Gestel and A. M. V. M. Soares, 
Protein differential expression induced by endocrine disrupting 25 

compounds in a terrestrial isopod, Chemosphere, 2010, 79, 570-576. 
51 F. Fu, V. W. Cheng, Y. Wu, Y. Tang, J. H. Weiner and L. Li, 

Comparative proteomic and metabolomic analysis of Staphylococcus 

warneri SG1 cultured in the presence and absence of butanol, J. 

Proteome Res., 2013, 12, 4478–4489. 30 

52 M.-J. Han and S. Y. Lee, The Escherichia coli proteome: past, 
present, and future prospects, Microbiol Mol. Biol. Rev., 2006, 70, 
362-439. 

53  E. Alves, M. A. F. Faustino, J. P. C. Tomé, M. G. P. M. S. Neves, A. 
C. Tomé, J. A. S. Cavaleiro, Â. Cunha, N. C. M. Gomes and A. 35 

Almeida, Nucleic acid changes during photodynamic inactivation of 
bacteria by cationic porphyrins, Bioorg. Med. Chem., 2013, 21, 
4311–4318. 

54 S. Altuvia, M. Almiron, G. Huisman, R. Kolter and G. Storz, The dps 
promoter is activated by OxyR during growth and by IHF and σS in 40 

stationary phase, Mol. Microbiol., 1994, 13, 265-272. 
55 M. Bolean, T. d. P. Paulino, G. Thedei Jr and P. Ciancaglini, 

Photodynamic therapy with rose bengal induces GroEL expression in 
Streptococcus mutans, Photomed. Laser Surg., 2010, 28, S79-S84. 

56 T. G. St Denis, L. Huang, T. Dai and M. R. Hamblin, Analysis of the 45 

bacterial heat shock response to photodynamic therapy-mediated 
oxidative stress, Photochem. Photobiol., 2011, 87, 707-713. 

57 M. Gracanin, C. Hawkins, D. Pattison, M. Davies Singlet-oxygen-
mediated amino acid and protein oxidation: Formation of tryptophan 
peroxides and decomposition products. Free Rad. Biol. Med., 2009, 50 

47, 92–102.1. 
 

Page 11 of 11 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t


