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hotodynamic therapy (PDT) is a tech-

nique where undesirable cells or tis-

sues (e.g., pathogenic microorgan-
isms or tumors) are destroyed by reactive
oxygen species, mainly singlet oxygen, gen-
erated by a photosensitizer (PS) upon irra-
diation with visible light in the presence of
oxygen.'? Studies performed with
porphyrin-based photosensitizers point out
the great potentiality of this type of com-
pounds for biomedical applications, namely
for treatment of oncological, cardiovascu-
lar, dermatological, and ophthalmic dis-
eases.? Recent studies demonstrated that
PDT can be also very effective in the photo-
inactivation of microorganisms (MO) and
can become a potential alternative for the
treatment and eradication of emerging bac-
terial strains resistant to antibiotics, viruses
resistant to classical antiviral drugs, fungi,
and protozoa.*~® Moreover, some research-
ers are investigating the possibility of using
this technique not only for application in
the clinic field but also in environmental ap-
plications, more specifically for the inactiva-
tion of pathogenic MO in water and
wastewater.”?

Although the transmission of microbial
diseases seems to be highly reduced, at
least in developed countries, by the im-
provement of water supplies and hygienic-
based procedures for a whole range of hu-
man activities, it is recognized that new
environmentally friendly technologies are
needed for combating microbial contami-
nation in water and wastewater.'®

Recent works have shown that cationic
porphyrin derivatives can efficiently photo-
inactivate both Gram (+) and Gram (—) bac-
teria types, even without the presence of
membrane disrupting agents (e.g., CaCl,,
EDTA or polymixin B nonapeptide). These
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ABSTRACT (ationic nanomagnet— porphyrin hybrids were synthesized and their photodynamic therapy

capabilities were investigated against the Gram (—) Escherichia coli bacteria, the Gram () Enterococcus faecalis

bacteria and T4-like phage. The synthesis, structural characterization, photophysical properties, and antimicrobial

activity of these new materials are discussed. The results show that these new multicharged

nanomagnet— porphyrin hybrids are very stable in water and highly effective in the photoinactivation of bacteria

and phages. Their remarkable antimicrobial activity, associated with their easy recovery, just by applying a

magnetic field, makes these materials novel photosensitizers for water or wastewater disinfection.

KEYWORDS: porphyrins - cationic - nanomagnets - photoinactivation -

microorganisms - hybrid materials

results are important, especially due to the
resistance of Gram (—) bacteria to the direct
action of neutral and anionic PS without
the presence of those membrane disrupt-
ing agents.*5" However, the extension of
the photodynamic principle to a new envi-
ronmentally friendly technology can only
become economically viable if the PS is im-
mobilized on a solid matrix in order to allow
its complete recovery after the photoinacti-
vation process. Few studies have explored
this approach. Bonnett et al.'? reported the
immobilization of meso-tetraarylporphyrins
with amino and hydroxy substituents by ad-
sorption into chitosan, and also a phthalo-
cyanine tetrasulfonic acid by covalent at-
tachment. The photomicrobicidal
evaluation of these systems showed that
the most effective is the one where the PS
is covalently attached to the polymer.

In recent years we have been develop-
ing efficient photosensitizers for the photo-
inactivation of environmental MO. Having
in mind their recovery and reuse, we consid-
ered the possibility of immobilizing those
PS on magnetic nanoparticles.'* The use of
magnetic nanoparticles as a template for
the dispersion of a PS can facilitate its recov-
ery in a wastewater treatment plant just by
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Scheme 1. Synthesis of the nanomagnet—porphyrin hybrids 5—9 and the cationic nanomaterial 10. Conditions: (i) DMSO,

140 °C, 24 h; (ii) CH;l, DMF, 40 °C, overnight.

applying a magnetic field."*'> Nanoparticles with mag-
netic characteristics have been widely used in biology
and medicine for protein and enzyme immobilization,'®
immunoassays,'” DNA purification,® cell isolation'
and drug delivery.2>?' However, to the best of our
knowledge, this is the first time that magnetic nanopar-
ticles functionalized with neutral and cationic porphy-
rins are used as antimicrobial materials.

RESULTS AND DISCUSSION

The synthetic route to the novel magnetic
nanoparticle—porphyrin conjugates 5—9 is shown in
Scheme 1. The starting magnetic template 4?2 and the
porphyrins used in this work [5-(pentafluorophenyl)-
10,15,20-tris(4-pyridyl)porphyrin (1),
5-(pentafluorophenyl)-10,15,20-tris(1-
methylpyridinium-4-yl)porphyrin tri-iodide (2) and
5-(pentafluorophenyl)-10,15,20-triphenylporphyrin (3)
were prepared according to the literature, with minor
modifications.” The grafting of porphyrins 1, 2, and 3
on the magnetic nanomaterial 4 was carried out in
DMSO at 140 °C. After 24 h, TLC of each reaction mix-
ture showed that most of the starting porphyrin was
converted into a new red-colored material that remains
in the baseline. The resulting solids were filtered and
washed with the appropriate solvent in order to remove
the residual unbound porphyrin. This process was
monitored by UV—vis and stopped when no Soret
band was detected in the rinse solvent (Supporting In-
formation, Figure S1). The amount of porphyrin co-
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valently bound to the nanomaterial was calculated by
subtracting the amount of recovered porphyrin in the
combined washing solvents (measured by UV—vis) to
the initial amount of porphyrin used. In the three mate-
rials 5—7, the relative amount of porphyrin is ca. 4—5%
(w/w).

The neutral hybrids 5 and 7, when suspended in wa-
ter, show a high tendency to aggregate. However, the
suspensions of the cationic material 6 in water showed
a reasonable stability (Figure 1a), probably due to
charge repulsion between each individual particle. So,
in order to circumvent this situation, we decided to
quaternize the free amino groups of the new materials
5—7 and also the magnetic nanomaterial 4; this one to
be used as control in the biological assays (Scheme 1).
The cationization process was carried out with a large
excess of methyl iodide in DMF at 40 °C."" After 16 h, the
cationic hybrids 8 and 9, and the cationic nanomate-
rial 10, were filtered and thoroughly washed with wa-
ter. After the cationization, materials 5 and 6 give ex-

Figure 1. Water suspensions of the magnetic materials 4, 6,
8—10; (a) in the absence of a magnetic field, (b) in the pres-
ence of a magnetic field.
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actly the same material 8, since the pyridyl groups of 5
are also methylated.

Hybrids 6 and 8 are constituted by the cationic por-
phyrin 2 coupled, respectively, to the neutral or cation-
ized nanomaterial 4. Hybrid 9 is constituted by the neu-
tral porphyrin 3 coupled to cationic nanomaterial. Our
previous results, on the bactericidal effect of porphyrins
with different number and distribution of positive
charges and different meso-substituent groups, led us
to consider porphyrin 2 to construct hybrids 6 and
8.2%% This porphyrin showed to be the most efficient
PS against Enterococcus faecalis (E. faecalis) and Escheri-
chia coli (E. coli) strains and also against a biolumines-
cent recombinant E. coli strain, other faecal coliforms,
sewage bacteriophages, and bacterial endospores. =%
Porphyrin 3 was chosen to build hybrid 9 in order to
check if the presence of positive charges in the porphy-
rin macrocycle is an essential feature for the efficiency
of the hybrid nanomaterials. It is worth noting that both
porphyrins 2 and 3 have a pentafluorophenyl group
that allowed the covalent linkage to the nanomagnet
4.

As expected, water suspensions of the new cationic
materials show a minor tendency to form clusters/ag-
gregates more so than the suspensions of the corre-
sponding precursors 5—7 (Figure 1a). That is due to a
higher repulsion between the nanoparticles caused by
the increased number of positive charges. In this re-
spect, suspensions of hybrid 8 proved to be the most
stable ones.

Figure 1a shows water suspensions of cationic hy-
brids 6, 8, and 9, that can be stirred on a magnetic
plate even without a magnetic stirrer. Figure 1b shows
the deposition of the same materials, which occurs in a
few seconds when placed on the top of two small su-
permagnetic discs. This behavior confirms that the ma-
terial can be easily recovered, just by using the influ-
ence of a permanent magnetic field.

All the cationic nanomagnet—porphyrin hybrids
were characterized by powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), selected area
electron diffraction (SAED), and solid-state UV —vis
spectrophotometry.

Powder XRD was performed in the range 10—90°
26 on a Philips X'pert MPD diffractometer using Cu Ka
radiation. The pattern shown in Supporting Informa-
tion, Figure S2 is from a nanosupport sample, which
was kept in ethanol for more than 1 year. Magnetite
(Fe30,) is the main crystal phase present, the sample be-
ing black. Small amounts of maghemite cannot be dis-
carded, since both magnetite and maghemite have a
spinel structure and exhibit very similar powder XRD
patterns. However, maghemite is brown in color, not
black. The peak at 44.65° 26 probably results from «-Fe
metal while the broad peak at ca. 28° 26 is ascribed to
the amorphous SiO, shell. This indicates that the nano-
support is stable. The crystallite size may be estimated
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Figure 2. Solid-state UV—vis spectra of the hybrids 6, 8, and
9 and material 10.

via the full-width at half-maximum (fwhm) of the stron-
gest XRD reflection, using the well-known Scherrer for-
mula.?® Using the peak at 35.56° in Supporting Informa-
tion, Figure S2, the crystallite size of magnetite is
estimated to be ca. 18 nm. This result is in accordance
with TEM evidence (Supporting Information, Figure S3).

TEM images and SAED patterns were recorded on a
Hitachi H9000 NA microscope operated at 200 kV. Sup-
porting Information, Figure S3 shows a TEM image of
an assembly of cationic nanomagnet—porphyrin hybrid
nanoparticles with an average size of ca. 20 nm (includ-
ing the SiO; shell). The SAED pattern of the cationic
nanomagnet—porphyrin hybrid nanoparticles (Sup-
porting Information, Figure S4), reveals that the nano-
support remains crystalline after the surface immobili-
zation of porphyrin.

The UV—vis spectra of the hybrid materials 6, 8,
and 9 and of material 10 are shown in Figure 2. The
characteristic Soret band of a porphyrin derivative (at
ca. 400 nm) in the hybrid spectra indicates clearly the
success of the immobilization process and the preserva-
tion of the structural features of the PS.

The photostability of the nanomaterials 6, 8, and 9
was evaluated under the same conditions used in the
biological assays (white light, 380—700 nm, 40 W m~2).
This parameter was calculated by the ratio of the re-
sidual absorbance (measured at the Soret band) be-
fore and after irradiation for different periods of time.
Under these conditions, all the cationic hybrids show
suspension stability (dark control) and photostability, as
exemplified in Figure 3 for material 8. Materials 6 and
9 show a small absorbance decrease similar to that ob-
served in the dark, probably due to aggregation phe-
nomena (Supporting Information, Figure S5). The non-
immobilized porphyrins 2 and 3 have also been
described as photostable under similar irradiation con-
ditions. The nonphotobleaching of the materials indi-
cates that no extensive destruction of the porphyrin
macrocycle occurs. This is an important parameter that
certifies that the recycled material will be operational
for a long time.

To evaluate the potentiality of the new hybrids in
the photodynamic inactivation of MO, their capacities
to generate singlet oxygen were estimated qualitatively
using 1,3-diphenylisobenzofuran (DPiBF) as a 'O, indi-
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cator. The yellow DPiBF reacts with '0, in a [4 + 2] cy-
cloaddition being oxidized to colorless
o-dibenzoylbenzene. Since DPiBF has an absorption
maximum at 415 nm, it is possible to follow the ability
of the PS to generate '0, by measuring the absorption
decay, at this wavelength. A DMF/H,0 (90:10) solution
of DPiBF and the PS was irradiated with white light fil-
tered through a cutoff filter for wavelengths <540 nm
(40 W m~2). The results summarized in Figure 4 show
that the new hybrids 6, 8, and 9, at 20 wM, are able to
generate singlet oxygen at a rate similar to that of the
nonimmobilized porphyrins 2 and 3 at 0.5 wM. No sig-
nificant differences were observed among the three
nanomaterials.

To be used as disinfectants in a wastewater treat-
ment plant, the nanomagnetic—porphyrin hybrids
should be able to efficiently photoinactivate a broad
spectrum of MO. To test if the synthesized hybrids meet
this requirement, the antimicrobial efficiencies of the
three cationic hybrids 6, 8, and 9 were tested against
the Gram (—) E. coli, the Gram (+) E. faecalis bacteria,
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Figure 4. Reduction of DPiBF absorbance in the presence of
the nonimmobilized porphyrins 2 and 3 or the target PS 6, 8,
and 9 at different concentrations after 10 min of irradiation
with white light filtered through a cutoff filter for wave-
lengths <540 nm (40 W m~2). Concentrations indicated for
the nanomaterials 6, 8, and 9 refer to the equivalent concen-
tration of nonimmobilized porphyrins. Each point repre-
sents the mean of two independent experiments, with two
replicates each, and has a standard deviation lower than 5%.
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Figure 3. Photostability and stability of a water suspension of 8: (a) after irradiation with white light (40 W cm™2) for different periods of
time; (b) stability in solution (without irradiation).

and also T4-like phage. The selected bacteria and the
T4-like phages are commonly used as indicators of the
presence of pathogenic MO in wastewaters. The photo-
toxicity of the various PS was determined using both
bacterial and phage suspensions in phosphate buffered
saline (pH =~ 7.4) with appropriate concentration of PS,
followed by irradiation with white light, at a fluence rate
of 40 W m~2 for 270 min (total light dose of 64.8 J cm™2).
The efficiency of bacterial and viral photoinactivation
by the various PS was evaluated through quantification
of the number of MO in laboratory conditions, before
and after light exposition, using bacterial suspensions
with ~5 log CFU mL™" and phage suspensions with ~7
log PFU mL~". For each PS two independent experi-
ments were done, and the results shown are the aver-
age of two assays.

Four controls were carried out: (i) dark toxicity con-
trol (MO exposed to PS without irradiation); (ii) light
control (MO exposed to irradiation without PS); (iii) non-
immobilized porphyrin control (MO exposed to deriva-
tive 2 under irradiation); and (iv) support control (MO
exposed to the cationic magnetic silica nanoparticles 10
under irradiation). No considerable decrease in cell sur-
vival was observed upon dark incubation with all tar-
get PS and upon irradiation without PS or in the pres-
ence of the neutral (4) or cationic (10) support
nanomaterials.

The results of the photoinactivation of the Gram
(=) E. coli and T4-like phage by photosensitizers 2, 6,
8, and 9 are summarized in Table 1.

For all tested hybrids (6, 8, and 9) it is necessary to
use a higher concentration of immobilized PS to get a
photoinactivation similar to that observed with the free
PS (Supporting Information, Figure S7), as expected
from the results of singlet oxygen generation (Figure
4). For example, with porphyrin 2 a concentration of 5
M and a light dose of 21.6 J cm~2 is sufficient to get a
nearly total photoinactivation of E. coli (4.8 log). How-
ever, to get approximately the same result with hybrid
6, at the same light dose, the PS concentration on the
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TABLE 1. PS Minimum Concentration (M) versus Light Dose (J cm~2) Causing the Highest Decrease in the Survival (log)
of the Selected Microorganism upon White Light Irradiation at a Fluence Rate of 40 W m~2

E. coli®
PS [PS] (juM) light dose (J cm™?) survival decrease (log)
2 5 216 48°¢
6 200 216 4.7
8 20 432 4.8
9 200 64.8 0.2

T4-like phage®

[PS] (puM) light dose (J em™?) survival decrease (log)
5 43.2 6.9
20 64.8 6.9
20 144 6.8
100 64.8 5.2

“Initial concentration = 10° CFU mL~". *Initial concentration = 10" PFU mL~". ‘Detection limit.

material must be 200 wM. With material 8 a concentra-
tion of 20 uM and a light dose of 43.2 J cm ™2 is required
to obtain a similar photoinactivation. Hybrid 9 is clearly
the weakest PS against E. coli. Even at 200 wM, and a
light dose of 64.8 J cm ™2, it leads to a reduction of only
0.2 log on cell viability.

It is well-known that Gram (+) bacteria are easily
photoinactivated, not only with cationic PS but also
with neutral and anionic ones, due to their membrane
higher permeability.® Our studies confirm this observa-
tion since all tested hybrids (6, 8, and 9) induced a to-
tal photoinactivation of E. faecalis, ca. 5.0 log drop on
cell viability (data not shown), even when used at 20
M and after a light dose of 21.6 J cm™2 (90 min of irra-
diation).

The three cationic hybrids were also evaluated
against T4-like phage and all showed to be very effi-
cient against nonenveloped viruses (Table 1 and Sup-
porting Information, Figure S8). The best materials, 6
and 8, are able to induce a complete photoinactivation
of T4-like phage (6.9 log) at 20 wM, after a light dose
of 64.8 and 14.4 J cm ™2, respectively.

The biological results showed that hybrid 8 (cat-
ionic PS coupled to cationic material) at 20 pM was
the most effective material against both Gram bacteria
types and T4-like phage, where a light dose of 43.2 and
14.4 ) cm™2, respectively, was only necessary for com-
plete photoinactivation. Hybrid 6 (cationic PS coupled
to neutral material) was the second most effective one
showing, at the same PS concentration, a similar photo-
inactivation for E. faecalis and T4-like phage, but for
the last one a higher light dose (64.8 J cm™2) is required.
To attain a similar efficiency against E. coli a much
higher concentration is required. Hybrid 9 (neutral PS
coupled to cationic material) is clearly the less efficient
material. It is effective against E. faecalis but not against
E. coli.

Comparing the results obtained with hybrid 8 and
hybrid 9, it is evident that positive charges in the PS
are essential to achieve a significant photoinactivation
of E. coli. The positive charges in the nanomaterial play
other important roles, such as the stabilization of the
magnetic nanoparticles in water suspensions, allowing
a higher availability of the PS for the photodynamic
process.

www.acsnano.org

Phthalocyanines immobilized on chitosan matri-
ces'? were considered good PS for the photodisinfec-
tion of polluted waters with microbial levels lower than
those tested in this work. However, only a maximum
of 2.25 log kill was achieved.'? In our study, for the same
initial bacterial level, a 5 log cell kill was attained with
the best hybrids. Both 6 and 8 can be considered excel-
lent bactericidal hybrids since they can promote the
photoinactivation of the tested strains even at higher
levels than those typically present in contaminated wa-
ters. Furthermore, the complete photoinactivation of
T4-like phage by these two nanomaterials suggests that
they might be able to photoinactivate a large spec-
trum of MO. It is worth noting that the artificial light flu-
ence (40 W m~2) used in this study for the photoinacti-
vation of both bacteria and phage is much lower than
solar visible radiation (400—700 nm). In temperate cli-
mates, as in Portugal, where this work was carried out,
solar visible radiation reaches fluence rates of about 400
W m~2in winter and 620 W m~2 in summer. This means
that if sunlight is used as the light source, the time
needed for an efficient photodynamic process will be
much shorter than the 4.5 h required in this study.?
Therefore, the use of this technology for wastewater
treatment under natural light conditions may be a
simple, not expensive, and accessible process. Addition-
ally, the magnetic nanoparticles have the following ad-
vantages: the magnetic core of iron oxide allows the re-
moval of the PS from the surrounding medium
(essential for the recovery and reuse of the antimicro-
bial hybrids) and the silica coating avoids the oxidation,
and consequent degradation, of the magnetic core; it
is also useful to prevent the aggregation and partial ex-
posure of naked magnetite.

CONCLUSIONS

The novel cationic nanomagnet—porphyrin hybrids
can be considered highly efficient for the photoinacti-
vation of bacteria and phages. Hybrid 8 turned out to
be the most effective material: at 20 wM it caused a to-
tal photoinactivation (to the limit of detection) of E.
faecalis, E. coli, and T4-like phage, upon irradiation with
white light of 21.6, 43.2, and 14.4 J cm ™2, respectively.
With these results we can anticipate that it should have
a broad action spectrum against bacteria and viruses
and may be used to disinfect water or wastewater. In
addition, this magnetic material can be easily recovered
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from the treated systems just by applying a magnetic
field.

Currently we are testing hybrid 8 under different
meteorological conditions of light and temperature in

EXPERIMENTAL SECTION

Synthesis of Porphyrins 1—3. Neutral porphyrins 1 and 3 were
synthesized by the crossed Rothemund reactions using pyrrole
and the adequate benzaldehydes (pentafluorobenzaldehyde
and pyridine-4-carbaldehyde or benzaldehyde) at reflux in ace-
tic acid and nitrobenzene.""? The resulting compounds were
separated and purified by column chromatography (silica). Cat-
ionic porphyrin 2 was prepared by quarternization of the three
pyridyl groups of porphyrin 1 with methyl iodide. The resulting
product was purified by crystallization from water/acetone. The
purity of the three porphyrins was confirmed by thin layer chro-
matography and by 'H NMR spectroscopy, and the spectro-
scopic data were in accordance with literature.3° Porphyrin 1.
UV—vis (CHCl3), Amax (I0g &): 416 (5.73), 510 (4.33), 542 (3.61), 584
(3.79), 639 (3.19) nm. Porphyrin 2. UV—vis (DMSO), Amax (log &):
422 (5.48), 485 (3.85), 513 (4.30), 545 (3.70), 640 (3.14) nm. Por-
phyrin 3. UV—vis (CHCl;), Amax (I0g &): 417 (5.74), 513 (4.33), 547
(3.81), 588 (3.79), 645 (3.52) nm.

Synthesis of the Magnetic Silica Nanoparticles. The magnetic nano-
material 4 was prepared according to the literature with minor
modifications.?? The Fe;O, core was obtained by the conven-
tional coprecipitation method with some modifications.
FeNH,(SO4); (2.95 g) and (NH,4),Fe(SO.); (1.20 g) were dissolved
in deionized water (100 mL) with vigorous stirring at 80 °C.

NHs - H,0 25% (3.5 mL) was then added dropwise to the solu-
tion. The color of the bulk solution immediately changed from
orange to black. The magnetite precipitate was washed twice
with deionized water. Sodium metasilicate (23.75 g) was dis-
solved in deionized water, and the pH value of the solution was
adjusted to ca. 12 by the addition of a required amount of con-
centrated hydrochloric acid (37%). The sodium metasilicate solu-
tion and the prepared Fe;04 nanocores were poured into a bea-
ker equipped with a mechanical stirrer. The mixture was
ultrasonicated for 30 min. Then, the temperature of the mixture
was increased to 80 °C. HCl was added dropwise to adjust the pH
value to 6—7. The precipitate was washed several times with
deionized water and then dispersed in ethanol (800 mL). (3-
Aminopropyl)triethoxysilane (APTS) was added to the suspen-
sion and the resulting mixture was magnetically stirred at room
temperature for 24 h. The precipitate was washed several times
with ethanol, and the magnetic nanoparticles were purified by
magnetic decantation and then dispersed in the same solvent
(600 mL).

Synthesis of the Nanomagnet—Porphyrin Hybrids—Standard
Procedure. Recently prepared magnetic silica nanoparticles 4 were
filtered through a polyamide membrane; then 500 mg of 4 (743
pmol of aminopropyl groups, 20 equiv) were resuspended in
DMSO (1 mL). A solution of each porphyrin 1—3 (37.3 pmol) in
DMSO (9 mL) was added to that suspension and the resulting
mixture was magnetically stirred during 24 h at 140 °C. In each
case a red insoluble product (5—7) was obtained. The immobili-
zation of porphyrin 1—3 was monitored by TLC. The resulting hy-
brid materials were washed with the appropriate solvent (50
mL) (Supporting Information, Table S1) until no Soret band was
observed in the rinse solvent (Figure S2, example given for hy-
brid 6). In the washing process the materials were decanted by
using a magnetic disk. The amount of unreacted porphyrin was
calculated by UV—vis spectrophotometry (the & value at the
Soret band, for each porphyrin, is indicated above). Derivative 6
was resuspended in water (50 mL) for the direct evaluation of the
antimicrobial activity. The hybrid products were also resus-
pended in dry DMF (20 mL) for subsequent treatment with
methyl iodide. The cationization procedure was carried out by
the addition of a large excess of methyl iodide (4 mL) to suspen-
sions of hybrid 5—7 in dry DMF (20 mL). The reaction mixtures
were kept under stirring at 40 °C for 16 h. After this period the

) VOL. 4 = NO.12 = CARVALHO ET AL.

order to evaluate its reuse on large scale microbial pho-
toinactivation. The use of magnetic template 4 to sup-
port other types of PS, eventually cheaper than porphy-
rins, is also under evaluation.

suspensions were cooled down in ice and the cationic hybrids
8 and 9 were filtered and washed up with water (5 X 50 mL).
These products were also resuspended in water (50 mL) for anti-
microbial activity determination.

Photostability and Stability of Hybrids 6, 8, and 9 in Suspension. The
photostability of the hybrids 6, 8, and 9 were evaluated by ex-
posing aerated suspensions of these compounds to visible light.
In a glass cell, 30 p.L of hybrid compound suspensions were di-
luted in 2 mL of H,0 and were irradiated using the same condi-
tions as in the biological assays (white light, fluence rate of 40 W
m~2). During irradiation the suspensions were magnetically
stirred, using just the magnetic field of the particles (without a
magnetic bar) at room temperature. The UV —vis spectra of these
suspensions were recorded at different times of irradiation
(0—270 min). To evaluate the stability of the hybrid compounds
suspensions, a procedure similar to that described above was fol-
lowed but now without irradiation (glass cells were kept in the
dark).

Determination of the Singlet Oxygen Generation. Stock solutions/
suspensions of each PS at 0.1 mM in DMF/water (9:1) (for the hy-
brid compounds 0.1 mM corresponds to the equivalent concen-
tration of the supported porphyrin) and a stock solution of 1,3-
diphenylisobenzofuran (DPiBF) at 10 mM in DMSO were
prepared. A mixture of 50 wM of DPiBF and 0.5 uM of a PS de-
rivative in DMF water (9:1) in glass cells (2 mL) was irradiated with
white light filtered through a cutoff filter of wavelength < 540
nm, at a fluence rate of 40 W m~2, For the cationic immobilized
PS (6, 8, and 9) the same strategy was followed but PS concen-
trations of 5, 10, and 20 wM were also used. During the irradia-
tion period, the solutions/suspensions were stirred at room tem-
perature. The generation of singlet oxygen was followed by its
reaction with DPiBF. The breakdown of DPiBF was monitored by
measuring the decreasing of the absorbance at 415 nm at irra-
diation intervals of 1 min for 10 min.

Experimental Setup for the Photoinactivation of Bacteria. Irradiation
Conditions. All samples were exposed, in parallel, to white light
(PAR radiation, 13 OSRAM 21 lamps of 18 W each, 380—700 nm)
with a fluence rate of 40 W m~2 (measured with a light meter LI-
COR model LI-250, Li-Cor Inc., USA), at 20—25 °C for 270 min, un-
der 100 rpm mechanical stirring. The emission spectrum of white
light source used in this study is shown in Supporting Informa-
tion, Figure S6.

Microorganisms and Growth Conditions. The Gram (—) strain Escheri-
chia coli ATCC 13706 and the Gram (+) strain Enterococcus faeca-
lis ATCC 29212 were stored at 4 °C in triptic soy agar (TSA, Merck).
Before each assay the strains were grown aerobically for 24 h at
37 °Cin 30 mL of triptic soy broth (TSB, Merck). Then, an aliquot
of this culture (200 p.L) was aseptically subcultured into 30 mL of
fresh TSB medium and grew overnight at 37 °C to reach an opti-
cal density (ODgo) of ~1.3, corresponding to ~10° cells mL™".

Bacterial Photoinactivation Method. The efficiency of hybrids 6, 8,
and 9 was assessed using bacterial suspensions. Bacterial cul-
tures of E. coli grown overnight (ODggo ~ 1.3) were diluted one
thousand fold in phosphate buffered saline (PBS, pH = 7.4),to a
final concentration of ~10° colony forming units (CFU) per mL
and equally distributed in 600 mL acid-washed and sterilized
glass beakers (20 mL of bacterial suspension in each beaker).
Meanwhile, the different hybrids (6, 8, and 9) were sonicated
for 45 min to promote a better disaggregation of the materials.
After the addition of bacterial suspension to the beakers, the hy-
brids were added to the respective beaker until the final concen-
trations of 20 WM and 200 wM (PS concentration) were achieved.

Four controls were carried out in the same conditions: dark
control (MO exposed to PS without irradiation), light control
(MO exposed to irradiation without PS), nonimmobilized porphy-
rin control (MO exposed to 2 (5 wM) under irradiation), and sup-
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port control (MO exposed to nanoparticles 4 and 10 under irra-
diation). The beakers were then exposed to white light radiation.
Subsamples (1 mL) of treated and control samples were taken
at time 0, 90, 180, and 270 min of light exposure, serially diluted,
and plated, in duplicate, in TSA medium. The dark control plates
were kept in the dark immediately after plating and during the
incubation period. After 24 h of dark incubation at 37 °C, the
number of colonies was counted on the most convenient series
of dilution. Bacterial density (CFU mL™") was determined at each
time of sampling as the mean of the two duplicates. For each
PS, two experiments were done and the results presented are
the average of the two assays. Data are presented by survival
curves plotted as logarithmic bacterial reduction in log CFU mL™"
versus light dose in J cm™2,

Experimental Setup for the Photoinactivation of T4-like Phage. Phage
Selection and Identification. A wastewater sample from a secondary-
treated sewage plant of the city of Aveiro (Portugal) was used to
select the somatic bacteriophages of E. coli ATCC 13706.% DNA
extraction and purification of phage suspension were done us-
ing standard techniques.?' The phage was identified as a T4-like
phage that has 82% of homology with the Enterobacteriaceae
phage RB43.% The nucleotide sequence of the phage has been
deposited in the GenBank database under accession no.
EU026274.

Bacteriophage Host Viability Test. As bacteria are sensible to the PS,
the viability of the viral host was evaluated in order to prove
that the phage inactivation was due to photoinactivation by the
PS and not due to bacterial host inactivation by porphyrin. So,
according to a procedure already described,? additional samples
were collected in each sampling time after irradiation with white
light. Then the samples were washed by ultracentrifugation at
280009 for 90 min, at room temperature, to remove the photo-
sensitizer (washed experiments). The photosensitizer-free pellet
of phages was resuspended in PBS buffer, serially diluted, and
pour-plated by the double layer technique. The results obtained
are identical with those resulting from direct spread (nonwashed
experiments) after irradiation. This bacteriophage host viability
test was done at the beginning of the work and only for the free
porphyrin 2 at 5.0 wM. In the other experiments this step was
not done, but the Petri dishes were incubated under dark
conditions.

T4-like Phage Photoinactivation Method. A stock suspension of ph-
ages (10° PFU mL™', calculated by the agar double-layer tech-
nique) was diluted on phosphate buffer (PBS) until 5 X 107 PFU
mL~" and distributed in 600 mL acid-washed and sterilized glass
beakers (20 mL of phage suspension in each beaker). After the
addition of phage suspension to the beakers, hybrids 6, 8, and
9 were added to the respective beaker until the final concentra-
tions of 5, 20, and 100 wM (PS concentration) were achieved.
Four controls were carried out in the same conditions: dark con-
trol (MO exposed to PS without irradiation), light control (MO ex-
posed to irradiation without PS), nonimmobilized porphyrin con-
trol (MO exposed to 2 (5 wM) under irradiation), and support
control (MO exposed to nanoparticles 4 and 10 under irradia-
tion). The beakers were then exposed to white light and subsam-
ples (1 mL) of treated and control samples were taken at time
0, 30, 60, 90, 180, and 270 min after exposure, serially diluted and
analyzed, in duplicate, for bacteriophage number by the agar
double layer technique,*® using the E. coli strain as host. The Petri
plates were kept in the dark immediately after spread and dur-
ing the incubation to avoid the inactivation of the bacterial host
by the PS. Viral density (PFU mL™") was determined at each
time of sampling as the mean of the two duplicates in the most
convenient dilution series.>?

For each PS, two experiments were done and the results pre-
sented are the average of the two assays. Data are presented
by survival curves plotted as logarithmic phage reduction in log

PFU mL~" versus light dose in J cm™2
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