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This highlight is an overview of the recent work of the University of Aveiro researchers on 

photodynamic inactivation of environmental microorganisms with tetrapyrrolic 

photosensitizers. 

 

 
 
 
Outline  
The emergence of microbial resistance to the 
major classes of antimicrobial drugs is 
becoming an increasing problem in the 
clinical and environmental areas. As such, 
the discovery of drugs with novel modes of 
action will be vital to meet the threats created 

by the multidrug resistant (MDR) 
microorganisms. Photodynamic inactivation 
(PDI) is receiving considerable attention for 
its potentialities as a new form of 
antimicrobial treatment. It is a non-antibiotic 
approach that combines a nontoxic 
photosensitizer (PS) (Fig. 1), visible light and 
molecular oxygen to generate reactive 
oxygen species (ROS) that oxidize microbial 
vital constituents resulting in lethal damage.  

 

 
 

Fig. 1. Skeletons of some synthetic pyrrolic macrocycles used as photosensitizers.

 

Some PS nucleuses are related with 
tetrapyrrolic macrocycles with natural 
occurrence (Fig. 2). PDI has already been 
successfully used against bacteria, viruses, 
fungi and protozoa (Almeida et al., 2011). 
 
The major advantages of PDI are the broad 
spectrum of antimicrobial inactivation and the 
lack of resistance mechanisms due to the 
multi-targeted mode of action and to the 
irreversibility of the damages caused by 
oxidative stress. The type I and type II 
pathways of PDI, involve highly ROS: manly 
singlet oxygen, but also hydrogen peroxide, 
superoxide and hydroxyl radicals. Antioxidant 

enzymes, such as superoxide dismutase, 
catalase and peroxidase, can protect against 
some ROS, but are not effective against 
singlet oxygen (Wainwright & Crossley, 
2004), and may even be destroyed by it (Kim 
et al., 2001). 
 
The main targets of the PDI are external 
microbial structures, such as cell walls, cell 
membranes, protein capsids and lipid 
envelopes and damage can involve leakage 
of cellular contents or inactivation of 
membrane transport systems and enzymes. 
Therefore, the PS does not need to penetrate 
in the microorganism (Preuß et al., 2012). 
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Although nucleic acid damage also occurs, it 
is not a major cause of inactivation (Hamblin 
& Hasan, 2008). Being a multi target process, 
PDI is a broad spectrum approach of 
irreversible inactivation (Tavares et al., 2010; 
Costa et al., 2011) and resistance 
mechanisms are unlikely to develop (Tavares 
et al., 2010; Costa et al., 2011). Also, it 
inactivates MDR microorganisms as much as 
their native counterparts (Almeida et al., 
2011). 
 

 
 
Fig. 2. Structure of some tetrapyrrolic 
macrocycles with natural occurrence. 
 
Environmental applications of PDI 
The promising results of PDI against a large 
range of microorganisms of clinical interest 
and the possibility of immobilizing PS on solid 
matrixes, opens perspectives to the 
inactivation of pathogenic microorganisms in 
environmental matrices in a less-expensive, 
easy-applicable and environmentally-friendly 
approach. 
 
Although only few studies have been 
conducted envisaging environmental 
applications, preliminary results obtained at 
both laboratory and pilot station levels 
suggest that PDI has a great potential for 
environmental application, namely for 
disinfection of water in sewage treatment 
plants and in fish-farming plants (Almeida et 
al., 2011). 
 
To transpose this technology from the clinical 
context to the environment some aspects 
must be considered: 1) the removal of the 
photosensitizer after photodynamic action to 
avoid the PS release to the environment; 2) 
the use of PS that are stable under sunlight 
irradiation; 3) the impact of this procedure on 
the structure of the natural non-pathogenic 
microbial communities; 4) the toxicity of the 
PS to aquatic organisms at doses which 
induce marked mortality on microbial 

pathogens; 5) the effect of physical and 
chemical properties of environmental waters 
on PDI efficiency and 6) the possibility of 
using sunlight as light source. 
 
Environmental applications of PDI 
addressed by the Aveiro group 
New broad-spectrum PS, namely cationic 
porphyrins (Fig. 3) which can efficiently 
inactivate bacteria, bacterial endospores 
(Oliveira et al., 2009), viruses (Costa et al., 
2008; Costa et al, 2012) and fungi (Gomes et 
al., 2011) have been synthesised. Recently, 
one of the most effective compounds (Tri-
Py+-Me-PF) (Fig. 3), was tested on bacteria 
and viruses in order to check for viability 
recovery and resistance development after 
repeated incomplete PDI cycles.  
 

 
 
Fig. 3. Structures of some synthetic cationic 
porphyrins prepared by the Aveiro group and 
used in the PDI assays. 
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The results showed that bacteria and viruses 
that were inactivated to the detection limit in 
the presence of Tri-Py+-Me-PF do not 
recover viability after one week, and that 
resistance is not enhanced after ten 
generations of sub-lethal photosensitization 
(Tavares et al., 2010; Costa et al., 2011). 
Presently, the group has developed new 
materials based on the most effective 
tricationic porphyrin (Tri-Py+-Me-PF) 
immobilized in magnetic nanoparticles by 
covalent bounding (Fig. 4), that can be 
removed, recovered, and reused (Carvalho et 
al., 2010).  
 

 
 
Fig. 4. Schematic representation of the 
immobilized PS used in the PDI assays. 
 
 
Wastewater disinfection 
In general, wastewater (WW) from urban 
areas is primarily, sometimes secondarily, 
treated and launched into the seawater far 
from beach areas. However, the secondary 
effluent contains high concentrations of 
microorganisms. To reduce the microbial load 
of WW, tertiary treatment is required. 
Traditional tertiary treatment, based on water 
disinfection with chlorine, ozone, or UV, is 
toxic to aquatic species, induces genetic 
damage selecting for UV and chlorine-
resistant bacteria, and it is expensive. 
Therefore, the extension of these approaches 
to WW treatment is not feasible. However, 
the changing patterns of infectious diseases 
and the emerging of MDR bacteria, imposes 
a serious risks on the discharge of WW 
improperly treated in the environment, 
especially when WW contains hospital 
sewage. PDI may represent a potential 
alternative to the traditional methods to treat 
WW. 
 

In the early stage of our work, PDI was tested 
for disinfection of WW in microcosm 
conditions, using WW samples from a 
secondary-treated sewage plant of Aveiro 
and porphyrins as PS (Carvalho et al., 2007). 
Faecal coliforms and faecal enterococci were 
analysed as indicators of faecal pollution. 
Two of the cationic porphyrins used (Tri-Py+-
Me-PF and Tetra-Py+-Me) revealed to be 
highly active, inactivating 94–99.8% of the 
faecal coliforms at 5.0 µM under white light at 
low light intensity (40 W m–2). In this study, 
two rapid monitoring methods, galactosidase 
activity as an indicator of the presence of 
faecal coliforms and leucine incorporation as 
an indicator of bacterial activity, were used to 
follow the photoinactivation of bacteria. These 
methods were easier and faster to perform 
than the determination of colony forming units 
and gave an excellent relation with faecal 
indicators abundance. 
 
Later, seven synthetic cationic meso-
substituted porphyrins with one to four 
charges (Fig. 3) were tested on the Gram (+) 
Enterococcus faecalis and the Gram (–) 
Escherichia coli faecal bacteria, showing that 
tri- (Tri-Py+-Me-PF, Tri-Py+-Me-CO2Me) and 
tetra-cationic photosensitizers (Tetra-Py+-
Me) at 5.0 µM were the most efficient PS 
(Alves et al., 2009). The complete 
photoinactivation of bacteria with low light 
intensity (40 W m–2) suggests that PDI can 
be a promising possibility for WW disinfection 
process under natural light conditions. The 
authors (Alves et al., 2008) also reported a 
faster and simpler method to monitor the 
photoinactivation process of faecal Gram (-) 
bacteria, using a recombinant bioluminescent 
E. coli strain as indicator. The 
photoinactivation of the bioluminescent E. coli 
was effective (> 4 log bioluminescence 
decrease) with the three porphyrins used 
(Tetra-Py+-Me, Tri-Py+-Me-PF and Tri-Py+-
Me-CO2Me), but the tricationic porphyrin Tri-
Py+-Me-PF was the most efficient compound. 
Six of these synthetic PS (Fig. 3) were tested 
in the photoinactivation, with white light (40 W 
m–2), of bacteriophages isolated in WW 
(Costa et al., 2008). The studies revealed 
once again that the tetra- and tricationic 
porphyrins inactivate the T4-like phage to the 
limits of detection (reduction of ≈ 7 log). 
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Although efficient bacterial PDI in residual 
waters has been reported by our group and 
by other research group, the application of 
this approach to WW using immobilized 
cationic nanomagnet-porphyrins to inactivate 
pathogenic microorganisms had not been 
attempted. Based on the most effective 
porphyrin (Tri-Py+-Me-PF) tested (Costa et 
al., 2008; Alves et al., 2009), new inorganic-
organic hybrids were designed in order to 
allow the recovery and recycling of the PS 
(Carvalho et al, 2010). PorphyrinTri-Py+-Me-
PF was immobilized by covalent bond to 
silica-coated iron oxide magnetic 
nanoparticles. Three different hybrids were 
prepared and tested in microcosm conditions, 
one of them (Tri-Py+-Me-PF-Fe, Fig. 4) being 
quite effective against Gram (+) and Gram (-) 
faecal bacteria (5 log decrease for E. faecalis 
and E. coli at 20 µM of PS). This hybrid also 
presented antiviral activity, inactivating the 
T4-like bacteriophage to the limits of 
detection (≈ 7 log of inactivation) (Carvalho et 
al., 2010). 
 
In order to upscale the PDT approach to 
operative field conditions, the group recently 
tested the Tri-Py+-Me-PF-Fe hybrid in a pilot 
station. Preliminary results showed that the 
hybrid was effective to photoinactivate 
bacteria for at least 6 cycles, inactivating > 60 
log of an E. coli suspension under low light 
intensity (40 W m–2) (unpublished data). 
 
The complete inactivation of bacteria and 
viruses with low light intensity (40 W m–2) 
suggests that solar irradiation (around ten 
times more intense than the artificial white 
light used in our studies) can be used as 
source light, even in cloudy days. As the 
supported PS can be recovered and recycled, 
PDI can be a less-expensive, easy-applicable 
and environmental-friendly approach, 
opening the possibility to develop new 
technologies for WW treatment. 
 
Although there is a tremendous need for 
research in the field of hospital WW 
treatment, with the exception of our group, 
PDI tests in hospital WW have not reported. 
The efficiency of PDI on four MDR isolated 
bacteria in PBS and in hospital WW, using 
5.0 µM of Tetra-Py+-Me under 40 W m-2 was 
evaluated (Almeida, 2011). The results show 
an efficient inactivation of MDR bacteria in 

PBS (reduction of 6-8 log) and in the WW, in 
which the photoinactivation of the four 
bacteria was also effective and the decrease 
in bacterial number occurred sooner. The 
results suggest that PDI has the potential to 
be an effective alternative for the inactivation 
of MDR bacteria of hospital WW. 
 
Aquaculture water disinfection 
Aquaculture activity is increasing worldwide, 
motivated by the progressive reduction of 
natural fish stocks. This activity suffers, 
however, substantial financial losses resulting 
from fish infections by pathogenic 
microorganisms, including MDR strains. 
Consequently, strategies to control fish 
pathogens are urgently needed and PDI can 
be an alternative to treat diseases and to 
prevent the development of antibiotic 
resistance by pathogenic bacteria. 
 
Ten bacterial species (Vibrio anguilarum, V. 
parahaemolyticus, Photobacteriumdamselae 
subsp. damselae, Photobacteriumdamselae 
subsp. piscicida, Aeromonas salmonicida, E. 
coli, Enterobacter sp., S. aureus, 
Enterococcus faecalis, Pseudomonas sp.) 
isolated from a fish-farming plant waters were 
effectively inactivated (up to 7 log) with the 
tricationic porphyrin Tri-Py+-Me-PF at 5.0 µM, 
under a low light intensity o(40 W m–2). This 
suggests that in the future, PDI can be used 
to photoinactivate bacterial fish pathogens in 
aquaculture waters even during low 
luminosity days (Arrojado et al., 2011). The 
cultivable fraction of the heterotrophic 
bacteria of the same aquaculture plant, 
including pathogenic and non-pathogenic 
bacteria, was also inactivated by PDI, but the 
efficiency of the inactivation varied during the 
sampling period. The seasonal variation of 
photoinactivation can be due to differences in 
bacterial community structure but also due to 
variations of the physico-chemical water 
properties. The results show clearly that it is 
more difficult to photoinactivate the complex 
natural bacterial communities of aquaculture 
waters than pure cultures of bacteria isolated 
from these waters (Arrojado et al., 2011). 
 
As PDI is not selective for pathogenic 
microorganisms, the non-pathogenic 
microbial community of aquaculture waters 
can also be affected. As non-pathogenic 
bacteria have an important ecological role in 
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the biogeochemical cycles in aquaculture 
waters, namely in semi-intensive systems, a 
careful evaluation of the environmental 
impact must be conducted before PDI 
implementation in these systems. Preliminary 
results of our group showed that not all 
bacterial populations are affected by PDI. In 
aquaculture water treated with Tri-Py+-Me-PF 
and exposed to light, a reduction on the 
number of genotypes relatively to the non-
treated water samples was observed, which 
indicates that dominant bacterial populations 
were affected by the PDI. However, the 
results obtained from the simple exposure to 
light also affect the bacterial population 
(Arrojado et al., 2011). 
 
The effect of physico-chemical properties of 
aquaculture waters on PDI efficiency was 
also studied (Alves et al., 2011). The PDI 
assays were designed having into account 
the annual variability of pH (6.5-7.5), 
temperature (13-22 ºC), salinity (10-35 g L-1) 
and oxygen concentration (2-6 mg L-1) 
values in the fish farms where the water was 
collected. To monitor the PDI kinetics, the 
bioluminescence of V. fischeri was measured. 
The variations in pH, temperature, salinity 
and O2 did not significantly affect the PDI of 
V. fischeri (≈ 7 log reduction in all conditions) 
with 5.0 µM of Tri-Py+-Me-PF under white 
light (40 W m-2). However, the particulate 
matter suspended in the aquaculture water 
reduced the efficiency of PDI in relation to 
clear aqueous solutions (PBS). Nevertheless, 
a good response was obtained in aquaculture 
water by increasing the PS concentration to 
20 µM. The kinetics of the photoinactivation 
of V. fischeri in aquaculture water using two 
different light sources (artificial white light and 
solar light) was also tested (Alves et al., 
2011). The inactivation of V. fischeri under 
solar light was compared with that obtained 
with artificial white light, using the same total 
light dose. The results obtained with 20 µM of 
PS show that, using the same total light dose 

(64.8 J cm-2), both light sources inactivated 
V. fischeri to the detection limit. As it is 
intended that this technology will be used in 
real aquaculture context, using solar 
irradiation as light source, it is expected make 
this water disinfection approach economically 
sustainable in terms of energy demand. 
 
Conclusion 
The efficient inhibition of microorganisms 
frequently found in the environment, including 
MDR strains, by PDI occurs at PS 
concentrations lower than those found to elicit 
cytotoxic responses on aquatic organisms, 
without the possibility of microbial viability 
recovery and development of resistance after 
treatment, indicate that PDI can be an 
alternative approach to control 
microorganisms in the environment. 
However, it is clearly more difficult to 
inactivate the complex natural microbial 
communities from environmental waters than 
pure cultures of microorganisms isolated from 
these waters. The sample containing the 
target microorganisms should be previously 
characterized to establish an efficient protocol 
having into account PS concentration and 
total light dose. The possibility of using solar 
light in PDI to treat environmental water 
associated with the easy recovery of the PS 
and its efficient reuse makes PDI cost-
effective, attractive and environmentally 
friendly. 
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