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Abstract: Two different porphyrins were incorporated to chitosan membranes aiming photoinactivation of the Gram-negative bacteria
Escherichia coli, which can be present in drinking water due to contamination. The incorporated porphyrin were
5,10,15,20-tetrakis(p-aminophenyl)-porphyrin (p-TAPP) and meso-tetrakis (4-N-metylpyridyl)-porphyrin (TMPyP). To verify the
photoactivity of the membranes were employed static and dynamic (water flow system) arrangements containing E. coli exposed to an
apparatus containing white LEDs. Evaluation of the static setup showed that both incorporated porphyrins have caused a considerable
bactericidal effect under irradiation (3 log reduction in 180 min, for p-TAPP and 5 log reduction in 120 min for TMPyP). Therefore, the
photoinactivation was most effective for TMPyP leading to a greater reduction in cell proliferation with shorter irradiation time. The
results showed that the dynamic setup, using chitosan membranes containing TMPyP, was effective showing 3 log reduction at 80 min
irradiation. These results suggest that the process is valuable and has potential to eliminate microbial contaminants in water.
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1. Introduction
The ever-increasing demand for drinkable and clean water represents a challenge, and this is mainly due to an
environmental contamination from domestic and industrial waste discharges, which has become a serious public health
problem [1,2]. Methods of water disinfection for human use aim inactivation of pathogenic microorganisms in order to
minimize the risk of waterborne diseases. Treatments of water with chemicals such as chlorination are the most used
due to its effectiveness and low cost [3]. However, implementation of these disinfectants can form toxic and potentially
carcinogenic by-products (organo-chlorinated), suggesting the inadequacy of this method [3-5]. Furthermore water
treatments do not completely eliminate the pathogenic microorganisms and other toxic substances, since these agents
can be present in the treatment effluents [2,6]. Therefore it is important to develop new methods that does not endanger
human health and have high efficacy of decontamination.
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The Photodynamic inactivation (PDI) seems to be a very promising possibility to inactivate microorganisms in water
without formation of potencially hazardous by-products [3,7-9]. PDI is a process that utilizes photosensitizers and light
in the presence of the oxygen to promote a phototoxic response, normally oxidant, which is capable to damage
biomolecules and cellular structures and thus killing microorganisms. The photoinactivation has the advantage of
having a broad spectrum of action, in general bacteria [10], fungi [11], protozoa [12] and viruses [13] are efficiently
photoinactivated [14]. Regarding bacteria, both Gram-positive and Gram-negative are susceptible to photoinactivation
under certain conditions [9,10,15] with the Gram-positive bacteria being more easily damaged [10,16-19]. This is
attributed to differences in the structure and organization of the cell wall of these bacteria. In Gram-positive bacteria,
the outer portion of the cell wall is relatively more porous, allowing neutral or anionic photosensitizers to bind
efficiently and to spread to sensitive sites of the cell. In Gram-negative bacteria, the structure of the outer membrane is
more complex, forming a physical and functional barrier between the cell and the environment, thus making difficult
the penetration of the photosensitizer [18-20].
There are studies in the literature suggesting the use of PDI for microbiological water disinfection, but the application
of this process in water treatment is still under investigation. The majority of studies aimed at the inactivation of
bacteria have been performed using photosensitizers in solution [3,11,13,17,21-28]. However, this is not suitable for
application in water treatment processes, where the presence of residual traces of photosensitizer is not acceptable. In
this kind of purpose, the procedure requires removal of the photosensitizer after its photodynamic action [29] since
photosensitizer cannot remain free as a contaminant [8,26,29-31]. Therefore, in the present paper, chitosan membranes
containing photosensitizers were developed and tested against Gram-negative bacteria Escherichia coli, commonly
present in drinking water. In order to verify the possibility of membranes application to microbiological disinfection of
water, a circulatory flow system was used.

2. Materials and Methods
Photosensitizers and Membrane Components
The meso-tetra(N-methyl-4-pyridyl)-porphyrin (TMPyP, Midcentury Chemicals-USA) and 5,10,15,20-tetrakis
(p-aminophenyl)-porphyrin (p-TAPP, Sigma Aldrich-USA) were a gift of Prof. Marcel Tabak and were used without
further purification. The chemical structures are represented in Fig. 1. The other reagents used in this study were of pure
analytical grade. A stock solution of the TMPyP and p-TAPP were prepared at a concentration of 1 mg mL-1 in ethanol
and maintained at 4°C.
Chitosan was obtained by deacetylation of β-chitin from pens of Loligo sp [34]. Chitin is one of the most abundant
natural polymers in Earth. The degree of acetylation of chitosan was determined by conductimetric measurements
Molar mass was determined by viscometric measurements [35].
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Fig. 1 Chemical structure of TMPyP (A) and p-TAPP (B)

Preparation of Chitosan Membranes
The stock of chitosan gel was prepared at a concentration of 1% (w/w) in acetic acid. Ten grams of chitosan gel was
placed in Teflon® molds (4.7 x 4.7 x 0.7 cm). The molds were kept in a chamber with air flow for three days. After
drought the membranes were treated in solution 0.5% (w/w) of sodium tripolyphosphate (TPP) in 2 mol L-1NaOH for
30 min, in order to give the material a greater stability against fragmentation and less swelling. The membranes were
then washed, dried and stored at room temperature (25°C).
The chitosan membrane prepared for use in the water circulatory system was made by incorporating a nylon net
(thickness 0.45 ± 0.01 mm and mesh 2.38 ± 0.01 mm), in order to strengthen the membranes8. The process of preparing
chitosan membranes was done as described previously, except that a fragment of a nylon mesh (4.5 x 4.5 cm) was
placed in the bottom of the Teflon®molds before the evaporation step.

Preparation of Chitosan Membranes with Incorporated Photosensitizer
One mL of each photosensitizer solution was added to 15 g of chitosan gel 1% (w/w) in acetic acid. The mixture was
homogenized and then treated as described under “preparation of the chitosan membranes”. After drought the in vitro
release of the photosensitizer not immobilized in chitosan membranes was performed. Membranes (22 cm2) containing
photosensitizer were placed in 200 mL of distilled water under mechanical agitation for three days or until no more
photosensitizer was observed by spectroscopy (416 or 425 nm, for p-TAPP and TMPyP, respectively). The membranes
were then air-dried. The concentration of photosensitizer in chitosan membrane was estimated by UV-Visible
Spectroscopy at the above wavelength [8].

Characterization
FT-IR spectra were recorded in silicon support, after samples of chitosan gel 1% (w/w) in acetic acid, with and
without photosensitizer, were oven dried in vacuum. FT-IR spectra were obtained in a spectrophotometer Bomen
MB-102 at 400 to 4000 cm-1 with 32 scans.
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Microorganisms and Growth Conditions
Escherichia coli (ATCC 25922), a Gram-negative bacterium, was kindly provided by Prof. José Francisco Hoffling,
Department of Oral Diagnosis, UNICAMP. E. coli was grown aerobically for 18 h at 37 °C in Luria-Bertani (LB,
Broth-Oxoid, São Paulo, Brazil) in an orbital shaker (Marconi MA 410, Piracicaba, Brazil) at 100 rpm. The bacteria
were harvested by centrifugation of broth cultures (1300 rpm for 10 minutes) and the pellet suspended in 10 mL of
sterile saline. This procedure was repeated two more times, yielding a bacterial concentration of 1x109 cells mL-1
Counting of cells in suspension was performed using a spectrophotometer at 590 nm (Hitachi U2800, Japan).

Irradiation Conditions
An apparatus similar to a reactor was constructed in order to reproduce a water tank. A water reservoir ( 30cm large,
10 cm deep) made of acrylic was placed into a metal box (50 x 50 cm), made of steel sheet, lined with aluminum foil
containing a system of three white LEDs (400-700 nm, 3x103 mW cm-2, Empalux, model IE33001), disposed on each
side and on top of the water container. The membrane containing the photosensitizer was placed inside of the reservoir.
A small pump was responsible for the water circulation from one side of the membrane to another. The device was used
in experiments on dynamic photoinactivation setup.

Static Photoinactivation Setup
In the static system the photodynamic effect was assessed by incubating the membrane under study (surface area 1
cm2) with 1.2 mL of bacterial suspension (1x109 cells mL-1), placed in a polystyrene plate with 24 wells (Corning
Costar) and irradiated with LED during different time intervals (20-180 min). Aliquots of 0.1 ml of suspension were
removed and the number of colony-forming units per milliliter (CFU mL-1) was determined. Control experiments were
performed with chitosan membrane without sensitizer under irradiation and chitosan membrane with photosensitizer in
the dark. Three independent experiments were performed for each sample of microbiological analysis and the results
presented are the average of the individual results of each assay.

Dynamic Photoinactivation Setup
For the experiments conducted in a dynamic setup, the water circulatory system was employed. The acrylic reservoir
was filled with 280 mL of bacteria suspension (1×108 cells). A silicone rubber was used to connect the tank with a
submerged pump (Sarlo Better). The chitosan membranes reinforced with nylon and containing photosensitizers were
fixed to a plastic frame (4.5 cm diameter) in order to prevent bending of the membranes. The frames were then coupled
to the acrylic plates fixed to the acrylic box. Six chitosan membranes were placed in parallel at a distance of 3 cm from
each other. The flow rate employed was 25 mL min-1, corresponding to a cycle time of 11.32 minutes. At appropriate
intervals aliquots (3 mL) were taken for determination of CFU mL-1. The experiments were repeated three times and the
results presented are the average of the individual results of each one.

3. Results and Discussion
Chitosan Membranes
The degree of chitosan acetylation of 9% was determined by conductmetric measurements. Viscometric
measurements were used to estimate the chitosan molar mass as 1.248×105 g mol-1.
Two different porphyrins were incorporated into chitosan. Chitosan membranes prepared without (CH) and with
photosensitizer were translucent with thicknesses of 60.0 μm and 120 μm for reinforced membrane with a nylon net.
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The chitosan membranes with p-TAPP (CHpTAPP) and TMPyP (CHTMPyP) were light brown and light yellow,
respectively.
The characterization of chitosan gel with and without photosensitizer was performed by FT-IR. These FT-IR spectra
(Fig 2) exhibit characteristic absorption bands between 1600 and 1670 cm-1 - C=O stretch of amide I, since chitosan is
not completely deacetylated; at 1550 cm-1 - angular deformation of N–H (amide II); at 1150 cm-1 - axial deformation of
O–H in the hydrogen bond; between 800 and 1200 cm-1 - pyranoside ring [36-39]. In all cases the FT-IR spectra
presented similar behavior to those shown for chitosan and chitosan with p-TAPP or TMPyP, but was observed that the
peaks of amino groups (amide I) of chitosan with porphyrins were shifted to lower wavenumbers, suggesting an
interaction with the photosensitizers.
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Fig. 2 Infrared spectra of chitosan membrane without photosensitizer (A), containing p-TAPP (B) and TMPyP (C) incorporated.

Before experiments of photoinactivation, the release of photosensitizer that were not immobilized into chitosan
membranes was performed to ensure that during PDI experiments the photosensitizer would not be released from the
chitosan membranes. After these procedures, part of the membranes was used in photoinactivation assays and part was
used to determine the final concentration of photosensitizer that was incorporated to the membrane. There is, however,
a problem with their quantitative characterization. Due to the fact that photosensitizers are immobilized into chitosan
membranes, which are insoluble in water, one cannot make a direct comparison of their spectroscopic properties with
free photosensitizer molecules. For this purpose, the absorption spectrum of the chitosan membranes with
photosensitizer was obtained by dissolving it in acetic acid 1% (w/w) in order to compare with the absorption spectrum
of the photosensitizer in 1% acetic acid solution.
The Fig. 3 presents p-TAPP and TMPyP spectra obtained from the dissolution of the chitosan membrane with
photosensitizer (CHpTAPP or CHTMPyP) and of the photosensitizer (p-TAPP or TMPyP) in 1% (w/w) acetic acid
exhibiting a Soret band at 416 and 425 nm, respectively. In spectra obtained of CHpTAPP and CHTMPyP dissolution it
was observed a small red shift of the Q-band (500-600 nm), when compared with spectrum of p-TAPP and TMPyP
solution, respectively. From the absorbance at 416 nm for p-TAPP and 425 nm for TMpYP a rough estimate may be
given that p-TAPP or TMPyP content in the membrane were about 1 µmol L-1 p-TAPP and 2 µmol L-1TMPyP in 1 g of
chitosan membrane. The estimated value to the photosensitizer attached to the chitosan membranes was rough because
the molar extinction coefficient is dependent on the composition of the solvent [40]. Bonnett et al (2006) [9] showed
that incorporation efficiency of p-TAPP in chitosan membranes were approximately 67%, much higher than that
obtained in this study (1.5 %). To date, there is no reported studies in the literature using TMPyP incorporated in
polymeric support.
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Fig. 3 Absorption spectrum of p-TAPP (A) and TMPyP (B) obtained from photosensitizers solution in 1% acetic acid (upper graph)
and dissolution of chitosan membrane with photosensitizer in 1% acetic acid (bottom graph). The spectrum shown in the inserts in
graphs refer to the expansion of the porphyrin Q-band in solution.

Static Photoinactivation of Escherichia coli
The results of light and dark control experiments showed that the viability of E. coli is neither significantly affected
by chitosan membrane under irradiation (light control) nor by chitosan membrane with photosensitizer in the dark (dark
control) (Fig. 4), indicating that the reduction on cell survival obtained with chitosan membrane with photosensitizer
under irradiation was due to photosensitizing effect of the CHpTAPP or CHTMPyP.
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Fig. 4 Variation on viability of Escherichia coli in the presence of CHpTAPP (A) and CHTMPyP (B) exposed to the apparatus
containing white LEDs and control trials (membrane without photosensitizer irradiated and membrane with photosensitizer in the
dark). The points presented in the graph refer to the average of three independent experiments.

The CHTMPyP demonstrated a rapid decrease on cell survival (about 5 log reductions after 120 min of exposure to
the light) and CHpTAPP showed about 3 log reduction after 180 min irradiation. These results suggest that p-TAPP and
TMPyP incorporated in heterogeneous phase (chitosan membrane) have significant photodynamic activity when using
high initial concentration (1 x 109 cells ml-1) of bacterial suspension of which would be considered a huge bacterial
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contamination. It should be noted that similar study in the literature with chitosan membrane with incorporated
photosensitizer [8] showed a significant reduction when using higher concentration of phosensitizer (p-TAPP) and
lower initial concentration of bacterial suspension 3.5 x 103 cells mL-1.
It can also be observed that the more efficient system was CHTMPyP, since it caused higher cell reduction in a
shorter time of irradiation. This may be due to the larger concentration of TMPyP incorporated in the chitosan
membrane than the p-TAPP (2 µmol L-1 and 1 µmol L-1 per gram of chitosan membrane, respectively). Furthermore
TMPyP is tetra-cationic, while p-TAPP has no ionic charge, and TMPyP has a quantum yield of singlet oxygen greater
than the p-TAPP (0.74 and 0.53, respectively) [41,42]. Results found in the literature suggest that photoinactivation
depends on the concentration, quantum yield of singlet oxygen and ionic charge of photosensitizers, furthermore these
also suggest that Gram-negative bacteria (such as E. coli) are more easily photoinactivated by cationic photosensitizer.
These experiments allowed us to select the CHTMPyP for the next phase, consisting in simulate a real situation of
photoinactivation of the bacteria E. coli present in the water supply system, using a circulatory water flow.

Dynamic photoinactivation of Escherichia coli
The results show that no significant cell death occurred in the light and dark controls (Fig 5). In contrast, it was
observed around 3 log reduction of E. coli in 80 min irradiation in experiments using CHTMPyP reinforced membranes.
Results found in the literature had approximately 2 log reduction in assays employing photoinactivation circulatory
system of water and chitosan membranes with p-TAPP [8]. Therefore, one can consider this as a satisfactory result,
which shows that the concept of photoinactivation using an incorporated photosensitizer in a polymeric membrane in a
dynamic system is effective. However, the process of the dynamic system needs to be optimized by manipulating
parameters such as: amount of photosensitizer immobilized on the polymeric support and/or number of membranes used,
the initial concentration of bacterial cells; power of the light employed and the amount of oxygen in the medium.
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Fig. 5 Variation on viability of Escherichia coli using the water circulatory system in the presence of chitosan membranes with
TMPyP incorporated exposed to the apparatus containing white LEDs as well as control trials (membrane without photosensitizer
irradiated and membrane with photosensitizer in the dark). The points presented in the graph refer to the average of two independent
experiments.
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4. Conclusion
The photoinactivation of the bacteria Escherichia coli employed as a model organism was tested using chitosan
membrane with photosensitizer incorporated in a static and dynamic system. The results of static setup show a
significant cell reduction for both porphyrins (p-TAPP or TMPyP) incorporated in chitosan membrane when irradiated
with a white LED system. Furthermore, the results suggest that the photodynamic inactivation process employing
photosensitizer incorporated into the chitosan membranes depends on the concentration, ionic charge and photophysical
properties of the photosensitizer. In the dynamic setup employing a circulatory system of water and chitosan
membranes with TMPyP reinforced with nylon, the process of bacteria photoinactivation showed a significant
bactericidal effect suggesting to be effective to inactivate potential bacterial water contaminants.
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