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A B S T R A C T

Silica nanoparticles (SiNPs) embedded with Zn(II) 2,9,16,23-tetrakis(methoxy)phthalocyanine
(SiNPZnPcOCH3), Zn(II) 2,9,16,23-tetrakis(4-pyridyloxy) phthalocyanine (SiNPZnPcOPy) and Zn(II) 2,9,16,23-
tetrakis(t-butyl) phthalocyanine (SiNPZnPctBu) were synthesized in the nonpolar core of AOT/1-butanol/water
micelles using triethoxyvinylsilane and 3-aminopropyltriethoxysilane. These SiNPs-Pc presented an average
diameter of about 20–25 nm. UV–vis absorption spectra presented the characteristic Soret and Q bands of
phthalocyanines embedded into the nanoparticles. Moreover, red fluorescence emission of SiNPs bearing
phthalocyanines was detected in water. The SiNPs-Pc produced the photodecomposition of 2,2′-(anthracene-
9,10-diyl)bis(methylmalonic acid), which was used to sense the singlet molecular oxygen O2(1Δg) generation in
aqueous medium. Also, the formation of superoxide anion radical was detected by nitro blue tetrazolium re-
duction in the presence of NADH. Photoinactivation of microorganisms was investigated in Staphylococcus aureus
and Candida albicans. In vitro experiments showed that photosensitized inactivation induced by SiNPZnPcOCH3

and SiNPZnPctBu improved with an increase of irradiation times. After 30min irradiation, over 7 log reduction
was found for S. aureus. Also, these SiNPs-Pc produced a decrease of 2.5 log in C. albicans after 60min irra-
diation. In both cases, a lower photoinactivation activity was found for SiNPZnPcOPy. Studies of photodynamic
action mechanism showed that the photokilling of microbial cells was protected in the presence of sodium azide
and diazabicyclo[2.2.2]octane. Also, a reduction on the cell photodamage was found with the addition of D-
mannitol. Therefore, the photodynamic activity sensitized by SiNPZnPcOCH3 and SiNPZnPctBu in microbial
cells was mediated by a contribution of both type I and type II photooxidative mechanisms. Thus, silica nano-
particles are interesting materials to vehicle ZnPcOCH3 and ZnPctBu in aqueous media to photoeradicate mi-
croorganisms.

1. Introduction

Antimicrobial resistance is a growing problem that complicates the
treatment of infections acquired in the hospitals and in the community
[1]. Therefore it is important to search for alternative therapeutic
modalities [2]. Some modifications to the application of photodynamic
therapy (PDT) for the treatment of cancer have been proposed for
photokilling of microorganisms [3]. This approach, called photo-
dynamic inactivation (PDI), is based on the preferential accumulation
of the photosensitizer in the microbial cells. Subsequently, irradiation
with visible light in the presence of oxygen leads to the formation of
reactive oxygen species (ROS), which react with biomolecules inducing

a loss of biological functionality and microbial cell inactivation [4].
Two types of photodynamic mechanisms may occur after photoactiva-
tion of photosensitizing [5]. One involves the generation of free radicals
(type I) and the other the formation of singlet molecular oxygen,
O2(1Δg) (type II) [6]. These highly reactive species affect the cell via-
bility causing lethal damage in the microorganisms [7,8]. In this sense,
discovery an appropriate photosensitizer is decisive in improving the
efficacy of PDI. A large number of potential photosensitizers have been
proposed for different microorganism [9]. In particular, phthalocyanine
derivatives have been investigated as interesting photosensitizers with
several biomedical applications [10,11]. This family of photosensitizers
has a high molar extinction coefficient in the region of the
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phototherapeutic window (650–800 nm), high O2(1Δ g) singlet oxygen
generation efficiency and high photostability [12,13]. For these rea-
sons, the phthalocyanines have been studied mainly for their anti-
bacterial, antifungal and antipathogenic efficacies [14,15].On the other
hand, for an efficient photoinactivation effect, the phthalocyanine must
be dissolved as monomers in the cell medium, because aggregate for-
mation leads to loss of photodynamic activity [16]. However, most
photosensitizers used in PDI are hydrophobic and insoluble in water.
Therefore, the administration of phototherapy agents is one of the main
challenges in PDI of microorganisms. In this way, the recent develop-
ment of nanomedicine has opened a new front in advance in the field of
phototherapy [17]. The nanoparticles, with a size ranging from 1 to
100 nm, have raised expectations for providing phototherapeutic agents
to produce an effective pathological death of cells [18,19]. The versatile
polymerization of silica can be used to stabilize encapsulated photo-
sensitizers, which can maintain their properties even in photo-
inactivating conditions [20,21]. In particular, silica nanoparticles have
been used to encapsulate several photosensitizers. SiNPs are stable to
pH changes and are not subject to microbial attack. Due to the per-
meability of the porous matrix to molecular oxygen, ROS can be gen-
erated in the SiNPs and diffuse to kill microorganisms.

In this paper, we report the synthesis of organically modified silica-
based nanoparticles embedded with phthalocyanines. Thus, SiNPs-Pc
containing Zn(II) 2,9,16,23-tetrakis(methoxy)phthalocyanine
(ZnPcOCH3), Zn(II) 2,9,16,23-tetrakis(t-butyl)phthalocyanine
(ZnPctBu) and Zn(II) 2,9,16,23-tetrakis(4-pyridyloxy) phthalocyanine
(ZnPcOPy) were synthesized in micellar media (Fig. 1). ZnPcOCH3

substituted by methoxy groups was previously evaluated as efficient
phototherapeutic agent in photodynamic therapy treatments [22].
Moreover, ZnPcOPy was investigated as photosensitizer to inactivate
microorganisms [13]. These phthalocyanines are non-soluble in water.
Therefore, spectroscopic and photodynamic properties of SiNPs-Pc
were evaluated in aqueous solution. Moreover, PDI mediated by these
photosensitizers was studied in a Gram-positive bacteria S. aureus and a
yeast C. albicans. To obtain insight about the mechanism of photo-
dynamic action mediated by these SiNPs-Pc, photoinactivation was
investigated in presence of different scavengers of ROS, such as sodium
azide, D-mannitol and DABCO [15].

2. Materials and methods

2.1. General

Absorption and fluorescence spectra were recorded on a Shimadzu
UV-2401PC spectrometer (Shimadzu Corporation, Tokyo, Japan) and
on a Spex FluoroMax spectrofluorometer (Horiba Jobin Yvon Inc,
Edison, NJ, USA), respectively. Fluence rates were obtained with a
Radiometer Laser Mate-Q (Coherent, Santa Clara, CA, USA).
Experiments of steady state photolysis in solution were carried out with
a Cole-Parmer illuminator 41720-series (Cole-Parmer, Vernon Hills, IL,
USA) with a 150W halogen lamp. A wavelength range between 590 and
800 nm (14mW/cm2) was selected using an optical filter (OG590 cutoff
filter). The visible light source used to irradiate cell suspensions was a
Novamat 130 A F (Braun Photo Technik, Nürnberg, Germany) slide
projector containing with a 150W lamp. A 2.5 cm glass cuvette filled

with water was used to remove the heat from the lamp. A wavelength
range between 350 and 800 nm was selected by optical filters with a
fluence rate of 30mW/cm2. Sodium bis(2-ethylhexyl)sulfosuccinate
(AOT) from Sigma (St. Louis, MO, USA) was dried under vacuum. The
cosurfactant 1-butanol, triethoxyvinylsilane (TEVS) and 3-aminopro-
pyltriethoxysilane (APTES) were purchased from Aldrich (Milwaukee,
WI, USA).

2.2. Synthesis and characterization of drug-loaded silica-based
nanoparticles

ZnPcOPy, ZnPcOCH3 and Zn(II)tetramethyltetrapyridino[2,3-
b:2′,3′-g:2′′,3′′-l:2′′′,3′′′-q]porphyrazinium (ZnTM2,3PyPz) were syn-
thesized as previously described [13,22,23]. ZnPctBu from Aldrich
were used without further purification.

The SiNPs-Pc were synthesized in the nonpolar core of AOT/1-bu-
tanol/water micelles [24]. In a typical experiment, the micelles were
prepared by dissolving 1.76 g of AOT and 3.2 mL of cosurfactant 1-
butanol in 80mL of doubly distilled water by vigorous magnetic stir-
ring. A 500 μL sample of 15mM phthalocyanine in N,N-dimetilforma-
mida (DMF) was dissolved by magnetic stirring in the resulting clear
solution. Then, triethoxyvinylsilane (800 μL) was added to the micellar
system and the resulting solution was stirred for about 1 h, or until it
became clear. After that, 40 μL of 3-aminopropyltriethoxysilane was
added and the system stirred for about 24 h. The entire reaction was
carried out at room temperature. At the end of the process, a greenish-
blue translucency indicating the formation of nanoparticles was ob-
served. After the formation of drug embedded nanoparticles, surfactant
AOT and cosurfactant 1-butanol were completely removed by dialyzing
the solution in water through a 12–14 kDa cutoff cellulose membrane
(Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) for one
week. This approach produced SiNPs-Pc, named as SiNPZnPcOCH3,
SiNPZnPctBu and SiNPZnPcOPy, which contain ZnPcOCH3, ZnPctBu,
and ZnPcOPy, respectively. Stock suspension of 2mg nanoparticles/mL,
containing 10 nmol phthalocyanine/mg nanoparticles were prepared in
water. Transmission electron microscopy (TEM) was employed to de-
termine the morphology and size of the aqueous dispersion of nano-
particles, using a transmission electron microscope Zeiss LEO 906E
(Oberkochen, Germany).

2.3. Spectroscopic studies

Absorption and fluorescence spectra were recorded in a quartz cell
of 1 cm path length at 25.0 ± 0.5 °C. Fluorescence emission spectra of
nanoparticles were obtained in water exciting the samples at 610 nm,
while the fluorescence excitation spectra were performed using a wa-
velength of emission at 700 nm. The fluorescence quantum yield (Φ F)
of phthalocyanines encapsulated in SiNPs were calculated by compar-
ison of the area below the corrected emission spectrum in water with
that of ZnTM2,3PyPz as a reference (Φ F= 0.29) [23]. Sample and
reference absorbances were matched at the excitation wavelength
(610 nm) and the areas of the emission spectra were integrated in the
range 630–800 nm.

2.4. Steady state photolysis

Solutions of 2,2´-(anthracene-9,10-diyl)bis(methylmalonic acid)
(ABMA, 35 μM) and nanoparticles (photosensitizer absorbance ∼0.1 at
λ=680 nm for nanoparticles and 630 nm for the reference
ZnTM2,3PyPz) in water (2 mL) were irradiated in a quartz cell of 1 cm
path length. The kinetics of ABMA photooxidation were studied fol-
lowing the decrease of the fluorescence (I) at λmax= 428
(λexc= 378 nm) [25]. The observed rate constants (kobs) were obtained
by a linear least-squares fit of the semilogarithmic plot of Ln I0/I vs.
time. Quantum yields of O2(1Δg) production (ΦΔ) were calculated in
water comparing the kobs for the corresponding SiNPs-Pc with that forFig. 1. Structures of phthalocyanines.
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ZnTM2,3PyPz (ΦΔ=0.65) [23]. ZnTM2,3PyPz was used as a reference
due to its solubility in aqueous media. Measurements of the sample and
reference under the same conditions afforded ΦΔ for photosensitizers by
direct comparison of the slopes in the linear region of the plots.

2.5. Detection of superoxide anion radical

The photooxidation of nitro blue tetrazolium (NBT) was used to
detect superoxide anion radical (O2

%−) formation. The nitro blue tet-
razolium (NBT) method was carried out using 0.2mM NBT, 0.5mM
NADH and photosensitizer (absorbance 0.3 at Soret band) in 2mL of
DMF/water (9/1) [26]. Control experiments were performed in absence
of NBT, NADH or photosensitizer. The progress of the reaction was
monitored by following the increase of the absorbance at λ=560 nm.

2.6. Bacterial and yeast strain and preparation of cultures

The microorganisms used in this study were the strains of S. aureus
ATCC 25923 and C. albicans (PC31), which were previously char-
acterized and identified [27,28]. Microbial cells were grown aerobically
in sterile condition overnight at 37 °C in 4mL tryptic soy or Sabouraud
(Britania, Buenos Aires, Argentina) broths for cultures of bacteria or
yeast, respectively. An aliquot (60 μL) of the bacterial culture was
aseptically transferred to 4mL of fresh tryptic soy broth and incubated
at 37 °C to exponential phase of growth (absorbance 0.7 at 660 nm).
Cells were centrifuged (3000 rpm for 15min) and re-suspended in equal
amount of 10mM phosphate-buffered saline (PBS, pH=7.4) solution,
corresponding to ∼108 colony forming units (CFU)/mL. After over-
night cultures of C. albicans, cells were harvested by centrifugation
(3000 rpm for 15min) and re-suspended in PBS. Yeast cells (absorbance
0.5 at 650 nm) were diluted 1:4 in PBS to obtain ∼106 CFU/mL. After
each assay, cell suspensions were serially diluted 10-fold in PBS. Cell
suspensions were quantified by the spread plate counting method in
triplicate for estimating the survival rate of microorganisms. Viable
microbial cells were monitored and the number of CFU was determined
after ∼24 h (bacteria) or ∼48 h (C. albicans) incubation at 37 °C in the
dark.

2.7. Photosensitized inactivation of microorganisms

Cells suspensions (2 mL, ∼108 CFU/mL bacteria and ∼106 CFU/mL
yeast) in PBS were treated with the photosensitizer SiNPZnPcOCH3,
SiNPZnPcOPy and SiNPZnPctBu (0.01mM). The photosensitizer was
added from a stock solution (0.02mM) in water. The cultures were
incubated in the dark at 37 °C for 30min. Then, 200 μL of each cell
suspension were transferred to 96-well microtiter plates (Deltalab,
Barcelona, Spain) and exposed for different time intervals with visible
light. Cell viability was determined as described above.

2.8. Photoinactivation of S. aureus and C. albicans cell suspensions under
different conditions

Cell suspensions of S. aureus (2 mL, ∼108 CFU/mL) and C. albicans
(2 mL, ∼106 CFU/mL) in PBS were treated with 1mg/mL SiNPs-Pc,
which correspond to 10 μM phthalocyanine, for 30min in dark at 37 °C.
Photodynamic activity of SiNPs-Pc was studied in presence of sodium
azide, diazabicyclo[2.2.2]octane (DABCO) and D-mannitol. These
compounds were added from a stock solution 1M sodium azide, 0.2 M
DABCO and 2M D-mannitol in water. The concentration of these ad-
ditives in the cell suspensions were 100mM sodium azide, 10mM
DABCO and 100mM D-mannitol. After that, the cultures were exposed
to visible light for 15min and 60min for bacteria and yeast, respec-
tively. Cells were quantified as described above.

2.9. Controls and statistical analysis

Control experiments were carried out in the presence and absence of
SiNPs-Pc in the dark and in the absence of SiNPs-Pc with cells irra-
diated. Three values were obtained per each condition and each ex-
periment was repeated separately three times. Differences between
means were tested for significance by one-way ANOVA. Results were
considered statistically significant with a confidence level of 95% (p <
0.05). Data were represented as the mean± standard deviation of each
group.

3. Results and discussion

3.1. Synthesis of SiNPs-Pc

Phthalocyanine derivatives used in la synthesis of nanoparticles are
shown in Fig. 1. These phthalocyanines are lipophilic compounds in-
soluble in water [13,22]. In particular, ZnPOCH3 was an effective
photosensitizer with applications in PDT in vitro and in vivo for the
treatment of accessible malignancies [29,30]. Also, ZnPOPy and ZnPtBu
are active photosensitizers in organic solvent [13]. Therefore, these
phthalocyanines were chose to load SiNPs with photosensitizers. Silica-
based nanocarriers embedded with phthalocyanines were synthesized
in the non-polar core of AOT/1-butanol/water micelles using trie-
thoxyvinylsilane as silica precursor [24]. This approach was performed
using 15mM of ZnPOCH3, ZnPOPy and ZnPtBu to yield SiNPZnP-
cOCH3, SiNPZnPcOPy and SiNPZnPctBu, respectively. This concentra-
tion of phthalocyanine was used to obtain an excess of photosensitizer
in the reaction medium. After the formation SiNPs-Pc, these were
purified by dialyzing the solution against water in order to eliminate
the remaining phthalocyanine. The dialyzed solutions were stable
SiNPs-Pc suspensions in water, as shown in Fig. 2. The size and shape of
SiNPs-Pc bearing phthalocyanines was observed by TEM. Typical
images for SiNPs-Pc are shown in Fig. 3. In the three cases, similar
results were found. The silica-based nanocarriers are spherical, having
uniform size distribution, with an average size of 20–25 nm. SiNPs-Pc of
similar size were previously reported encapsulating photosensitizers for
in vitro photodynamic therapy [24,31].

3.2. Spectroscopic properties of SiNPs-Pc

The UV–vis absorption spectra of the SiNPs-Pc are displayed in
Fig. 4A. Spectra showed the typical Soret band at ∼350 nm and Q-
bands in the region between 550–750 nm. However, the bands of
phthalocyanine were broader and shifted in comparison with those of
monomeric phthalocyanine in DMF (Fig. 4B) [32,33]. These phthalo-
cyanines showed an intense Q-band in the region of ∼678 nm, which is
characteristic of Zn(II)phthalocyanine derivatives dissolved as mono-
meric molecules in DMF [13,22]. The spectra of SiNPZnPcOPy showed
two intense peaks in water (Fig. 4A), the one at 635 nm corresponds to
absorption by the aggregate, while the other at 677 nm was due to

Fig. 2. Suspension of (A) SiNPZnPcOCH3, (B) SiNPZnPctBu and (C)
SiNPZnPcOPy in water.

E. Baigorria et al. Photodiagnosis and Photodynamic Therapy 23 (2018) 261–269

263



absorption by the monomeric molecule [16]. Less intense and widened
absorption bands were observed for SiNPZnPcOCH3 and SiNPZnPctBu.
Therefore, the absorption spectra indicated that the photosensitizers are
partially aggregated in the SiNPs-Pc, mainly when the phthalocyanines
ZnPcOCH3 and ZnPctBu were used.

Fig. 5 shows the fluorescence emission spectra of aqueous dispersion
of SiNPZnPcOCH3, SiNPZnPcOPy and SiNPZnPctBu entrapped in na-
noparticles. In Fig. 5 the spectra showed the two bands in the red
spectral region with a more intense peak at∼685 nm, which are typical
of Zn(II)phthalocyanine [22]. Since aggregated phthalocyanines are
non-emissive, the emission observed upon excitation at 610 nm occurs
from the monomeric species [34]. These bands have been assigned to Q
(0–0) and Q(0–1) transitions [35]. Moreover, the inset in Fig. 5 shows
the excitation spectra of solutions following the nanoparticles 717 nm
emission. These results indicate that maintain the form of the corre-
sponding absorption spectra of phthalocyanines. Thus, no significant
change in the peak positions of the excitation spectra were observed
respect to free phthalocyanine in solution (Fig. 4B). This is because the
species responsible for the emission of the SiNPs-Pc is the phthalocya-
nine monomer embedded in them. A small Stokes shift (5–10 nm) was
observed for the phthalocyanines in the SiNPs-Pc indicating that the
spectroscopic energy is nearly identical to the relaxed energy of the
singlet state. That suggests that only a minor geometric relaxation oc-
curs in the first excited state [10].

Fluorescence quantum yields (ΦF) of these SiNPs-Pc were de-
termined by comparing with ZnTM2,3PyPz as a reference [23]. The
values of ΦF (≤0.01) for the phthalocyanines incorporated into SiNPs-
Pc were considerably lower than those of the same in solution [13,22].
These results are in agreement with the partial aggregation of the
phthalocyanines in the SiNPs-Pc observed by UV–vis absorption spec-
troscopy as shown in Fig. 4A.

3.3. Singlet molecular oxygen production

Anthracene derivatives with hydrophilic substituents can serve as
O2(1Δg) traps in aqueous solution [36]. Thus, the photooxidation of
anthracene derivative ABMA sensitized by SiNPs-Pc embedded with Zn
(II)phthalocyanines was studied in water. Under these conditions, the
O2(1Δg) generated converts ABMA into its corresponding endoperoxide
forms, leading to the reduction in the intensity of the peaks in its

absorption spectra [25]. Typical results of first-order plots for the
photooxidation of ABMA in aqueous solutions photosensitized by
SiNPs-Pc are shown in Fig. 6. The values of the observed rate constant
(kobs) were calculated from first-order kinetic plots of the ABMA
emission at 428 nm vs. time. As can be observed in Table 1, a higher
value of kobs was obtained for SiNPZnPctBu followed by SiNPZnPcPy,
whereas SiNPZnPcOCH3 were the least effective SiNPs-Pc to decompose
ABMA. Also, the photooxidation of ABMA sensitized by SiNPs-Pc were
compared with that induced by ZnTM2,3PyPz in water. It is know that
this phthalocyanine represents an active photosensitizer to produce
O2(1Δg) in aqueous medium because ZnTM2,3PyPz is soluble in water
as monomer [23]. Thus, higher value of kobs (3.46 ± 0.2) x10−3 s-1 for
ABMA was obtained for the reaction photosensitized in solution by this
cationic phthalocyanine. As can be observed, SiNPZnPcOCH3 presents a
kobs value of 100 times less than the reference phthalocyanine, whereas
the kobs values of SiNPZnPcOPy and SiNPZnPctBu were 30 to 13 times
smaller than that found for ZnTM2,3PyPz. Taking into account that
ABMA quenches O2(1Δg) exclusively by chemical reaction, this sub-
strate can be used as a method to evaluate the ability of the photo-
sensitizers to produce O2(1Δg) in solution [37]. The quantum yield of
O2(1Δg) production (ΦΔ) were calculated comparing the kobs for the
corresponding phthalocyanine with that for the reference. As shown in
Table 1, the SiNPs-Pc produced lower ΦΔ than the reference [23]. Thus,
increased production of O2(1Δg) was found for SiNPZnPcOPy and
SiNPZnPctBu, while a lower value was for NPZnPcOCH3. The decrease
in the O2(1Δg) production of phthalocyanines may be due to a partial
aggregation of the photosensitizer embedded in the SiNPs-Pc. It is
known, that the phenomenon of aggregation decreased the photo-
dynamic properties of photosensitizers [16].

3.4. Formation of superoxide anion radical

Generation of O2%
− by SiNPs bearing phthalocyanines was eval-

uated using NBT reduction to diformazan in presence of NADH, fol-
lowing the absorption at 510 nm in water [26]. Photosensitized de-
composition of NBT takes place predominantly through a type I
photoreaction process [38]. The increase in diformazan absorption was
investigated as a function of time after irradiation with visible light. As
can be observed in Fig. 7, decomposition of NBT significantly increases
in presence of SiNPs-Pc and NADH after irradiation with respect to

Fig. 3. TEM image of SiNPs-Pc silica-based nanocarriers (A) SiNPs, (B) SiNPZnPcOCH3, (C) SiNPZnPctBu (D) SiNPZnPcOPy; scale bar 0.1 μm.
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solution without the photosensitizers. A faster formation of diformazan
was observed in presence of SiNPZnPctBu than SiNPZnPcPy, while a
lower NBT decomposition was found using SiNPZnPcOCH3. Therefore,
even though O2(1Δg) can be generated by photoexcited triplet state of
phthalocyanines, it was observed that O2%

− can also be produced in the
presence of NADH.

3.5. PDI of microbial cell suspensions

The photodynamic action induced by SiNPs-Pc was compared to
inactivate S. aureus and C. albicans cell suspensions in PBS. Thus, S.

Fig. 4. Absorption spectra of (A) SiNPZnPcOCH3 (solid line), SiNPZnPctBu
(dashed line) and SiNPZnPcOPy (dotted line) in water and (B) ZnPcOCH3 (solid
line), ZnPctBu (dashed line) and ZnPcOPy (dotted line) in DMF.

Fig. 5. Fluorescence emission spectra of nanoparticles SiNPZnPcOCH3 (solid
line), SiNPZnPctBu (dashed line) and SiNPZnPcOPy (dotted line) in water
(λexc= 610 nm). Inset: spectra excitation of SiNPZnPcOCH3 (solid line),
SiNPZnPctBu (dashed line) and SiNPZnPcOPy (dotted line) in water
(λem=700 nm).

Fig. 6. First-order plots for the photooxidation of ABMA (35 μM) photo-
sensitized by the nanoparticles SiNPZnPcOCH3 (●), SiNPZnPctBu (■) and
SiNPZnPcOPy (▴) in water; λexc= 378 nm, λirr =. 590–800 nm.

Table 1
Spectroscopic data, kinetic parameters (kobs) for the photooxidation reaction of
ABMA and quantum yield of O2(1Δg) production (ΦΔ) of SiNPs-Pc in water.

SiNPs-Pc λmax
abs

(nm)
λmax

em

(nm)
kobsABMA (s−1) ΦΔ

a

SiNPZnPcOCH3 682 692 (3.89 ± 0.04)x10−5 0.007 ± 0.001
SiNPZnPctBu 678 683 (2.66 ± 0.06)x10−4 0.049 ± 0.004
SiNPZnPcOPy 677 683 (1.04 ± 0.05)x10−4 0.019 ± 0.002

a using ZnTM2,3PyPz as a reference, kobsABMA= (3.46 ± 0.05)× 10−3

s−1, ΦΔ=0.65 [23].

Fig. 7. Reduction of NBT (0.2 mM) sensitized by SiNPZnPcOCH3 (●),
SiNPZnPctBu (■) and SiNPZnPcOPy (▴) in presence NADH (0.5 mM) as an
increase in the absorption at 510 nm in DMF/water (9:1). Control with NBT and
NADH without photosensitizer (▾);λirr = 590–800 nm.
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aureus cells were treated with (0.01 mM) of SiNPZnPcOCH3,
SiNPZnPcOPy and SiNPZnPctBu for 30min at 37 °C in dark and exposed
to visible light for different irradiation times (5, 15 and 30min). The
Fig. 8 shows the survival of bacterial cells after irradiation. Control
experiments demonstrate that the viability of S. aureus were unaffected
by illumination alone, by dark incubation with these SiNPs-Pc for
30min or SiNPs-Pc without photosensitizers. Therefore, the cell in-
activation observed after irradiation of the cultures treated with the
photosensitizers was mediated by the photosensitization activity of the
phthalocyanines in the SiNPs-Pc. The studies showed that the photo-
dynamic action mediated by SiNPZnPcOCH3 or SiNPZnPctBu produced
a decrease of 3.5 log in S. aureus cell viability after 15min of irradia-
tion, which represents a 99.97% cell death. In contrast, SiNPZnPcOPy
caused a small effect on the viability of the microorganism (1.5 log).
Under these conditions, an enhancement in the cell inactivation sensi-
tized by SiNPZnPcOCH3 or SiNPZnPctBu was found increasing the ir-
radiation time to 30min. Thus, these SiNPs-Pc embedded with
ZnPcOCH3 or ZnPctBu induced a complete eradication of S. aureus (over
7 log decrease). By comparison with previous studies under similar
conditions, it was found that 5,10,15,20-tetrakis(4-carboxyphenyl)
porphyrin covalently linked to silica-coated magnetite nanoparticles
(MNPNH-TCPP) produced a 2.5 log reduction of S. aureus after 30min
irradiation [39]. Also, porphyrin derivatives linked to magnetic nano-
particles were effective for photoinactivation of bacteria and phages
[40,41]. On the other hand, photoexcitation of phthalocyanines cova-
lently linked to aminopropyl silica gel produced O2(1Δg) and displayed
reasonable photodynamic activity against bacteria E. coli [42]. Instead
of the phthalocyanines, the chlorin derivative was immobilized on two
commercial materials, a 3-bromopropyl-functionalized silica and a
Merrifield resin [43]. These materials have high potential as photo-
sensitizer for the inactivation of Gram negative bacteria.

Photosensitized inactivation of C. albicans was investigated in PBS
cell suspensions incubated with photosensitizers (0.01mM). Survival
curves are shown in Fig. 9. No toxicity was found for the cells treated
with these concentrations of SiNPs-Pc for 60min in dark. Moreover, the
viability of microbial cells was not affected by irradiation without
photosensitizer. The results showed that the presence of SiNPZnPcOPy
induced only 1 log of photokilling after 30min irradiation. In contrast,
a higher photoinactivation of cells was observed in the presence of
SiNPZnPcOCH3 or SiNPZnPctBu. These SiNPs-Pc produced a decrease
in cell survival of 2.5 log (99.7%) after 60min irradiation. Similar re-
sults were previously obtained for C. albicans treated with MNPNH-
TCPP [39]. The fungal cell walls have a relatively thick layer of β

-glucan and chitin that leads to permeability barrier greater than Gram-
positive bacteria [44]. Thus, S. aureus cells were more susceptible to the
photodynamic activity mediated by SiNPs-Pc, while C. albicans required
longer irradiation or higher concentration to obtain significant eradi-
cation.

3.6. Photodynamic action mechanism induced by SiNPs-Pc in microbial
cells

Mechanism studies were performed with nanoparticles
SiNPZnPcOCH3 and SiNPZnPctBu because they were able to inactivate
S. aureus and C. albicans. Cell suspensions of S. aureus (∼108 CFU/mL)
were treated with 0.01mM for 15min in dark and then the cultures
were irradiated for 15min with visible light. On the other hand, C.
albicans cells (∼106 CFU/mL) were incubated with 2mg/mL for 30min
in dark and irradiated for 60min. These conditions were chosen be-
cause they allowed observing either possible protective effects or an
increase in the inactivation of cells. The simplest approach for de-
termining whether O2(1Δg) and/or ROS are involved in a photodynamic
inactivation process is to study the SiNPs-Pc efficacy in the presence of
various O2(1Δg) quenchers and ROS scavengers. Thus, the micro-
organism inactivation studies were carried out in the presence of sca-
vengers of ROS species. Azide anion was used as a quencher of O2(1Δg)
[45]. However, it also can deactivate photosensitizers in their triplet
excited state preventing both type I and type II photoprocesses. Also,
DABCO was used to inhibit O2(1Δg)-mediated oxidations. A charge
transfer-induced mechanism was suggested for the quenching of
O2(1Δg) by DABCO [46]. In contrast, D-mannitol can be used as a sca-
venger of the superoxide anion radical (O2%

−) and hydroxyl radical
(type I reaction) [47]. The O2(1Δg) quenchers sodium azide and DABCO
were used at concentrations of 100mM and 10mM, respectively. The
free radical scavenger D-mannitol was 100mM. Control tests confirm
that the viability of S. aureus or C. albicans are not affected either by
irradiation itself or by any of the SiNPs-Pc tested in the dark, nor by the
quenchers or scavengers tested, both in the dark or when exposed to
light.

The results for S. aureus are shown in Figs. 10 and 11 for cells
treated with SiNPZnPcOCH3 and SiNPZnPctBu, respectively. In the
presence of sodium azide, a reduction in PDI of 1.5 log and 3.5 log units
were observed for S. aureus with SiNPZnPcOCH3 and SiNPZnPctBu,
respectively. This inhibition was in accordance with the ability of these
SiNPs-Pc to generate O2(1Δg). The bacterial protection mediated by
sodium azide was more evident with SiNPZnPctBu, which showed a

Fig. 8. Survival curves of S. aureus cells (∼108 CFU/mL) incubated with na-
noparticles (0.01mM) of SiNPZnPcOCH3 (●), SiNPZnPctBu (■) and
SiNPZnPcOPy (▴) for 15min at 37 °C in dark and exposed to visible light for
different irradiation times. Control culture (⬜) corresponds to cells suspension
without SiNPs-Pc and irradiated.

Fig. 9. Survival curves of C. albicans cells (∼106 CFU/mL) incubated with
nanoparticles (0.01mM) of SiNPZnPcOCH3 (●), SiNPZnPctBu (■) and
SiNPZnPcOPy (▴) for 30min at 37 °C in dark and exposed to visible light for
different irradiation times. Control culture (⬜) corresponds to cells suspension
without SiNPs-Pc and irradiated.
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higher O2(1Δg) production. The addition of DABCO produced a 2 log in
S. aureus photoinactivation treated with SiNPZnPcOCH3, while it was
about 1 log in presence of SiNPZnPctBu. Also, a 1 log decrease in S.
aureus photokilling was observed in presence of D-mannitol with
SiNPZnPcOCH3, while a lower effect (0.4 log) was found using
SiNPZnPctBu. On the other hand, the effects of these ROS scavengers in
C. albicans cells are shown in Figs. 12 and 13 for SiNPZnPcOCH3 and
SiNPZnPctBu, respectively. The results indicate that in the presence of
SiNPZnPcOCH3 photoinactivation was mainly protected in presence of
azide ions (0.8 log) and DABCO (1.2 log), while a slight effect was

found with D-mannitol (0.3 log). When SiNPZnPctBu was used as
photosensitizer, a reduction of 1 log in C. albicans photoinactivation
was obtained for the three scavengers.

After activation of the phthalocyanines embedded in the SiNPs two
oxidative mechanisms can mainly take place, which are considered to
be principally implicated in the cell photodamage [5]. In the type I
photoprocess, the photosensitizer interacts with substrates to yield free
radicals. The majority of these radicals instantaneously reacts with
oxygen and generates a complicated mixture of highly ROS. In contrast,
O2(1Δg) is produced in the type II mechanism as the main species

Fig. 10. Survival of S. aureus cells (∼108 CFU/mL) incubated with 0.01mM
SiNPZnPcOCH3 in dark for 15min at 37 °C and exposed to visible light for
15min, 1) cells in dark, 2) irradiated cells, 3) cells treated with SiNPZnPcOCH3

in dark, 4) irradiated cells treated with SiNPZnPcOCH3, 5) cells treated with
SiNPZnPcOCH3 containing 100mM azide in dark, 6) irradiated cells treated
with SiNPZnPcOCH3 containing 100mM azide, 7) cells treated with
SiNPZnPcOCH3 containing 10mM DABCO in dark, 8) irradiated cells treated
with NPZnPcOCH3 containing 10mM DABCO, 9) cells treated with
SiNPZnPcOCH3 containing 100mM D-mannitol in dark, 10) irradiated cells
treated with SiNPZnPcOCH3 containing 100mM D-mannitol (*p<0.05, com-
pared with column 4).

Fig. 11. Survival of S. aureus cells (∼108 CFU/mL) incubated with 0.01mM
SiNPZnPctBu in dark for 15min at 37 °C and exposed to visible light for 15min,
1) cells in dark, 2) irradiated cells, 3) cells treated with SiNPZnPctBu in dark, 4)
irradiated cells treated with SiNPZnPctBu, 5) cells treated with SiNPZnPctBu
containing 100mM azide in dark, 6) irradiated cells treated with SiNPZnPctBu
containing 100mM azide, 7) cells treated with SiNPZnPctBu containing 10mM
DABCO in dark, 8) irradiated cells treated with SiNPZnPctBu containing 10mM
DABCO, 9) cells treated with SiNPZnPctBu containing 100mM D-mannitol in
dark, 10) irradiated cells treated with SiNPZnPctBu containing 100mM D-
mannitol (*p<0.05, compared with column 4).

Fig. 12. Survival of C. albicans cells (∼106 CFU/mL) incubated with 1mM
SiNPZnPcOCH3 in dark for 30min at 37 °C and exposed to visible light for
60min, 1) cells in dark, 2) irradiated cells, 3) cells treated with SiNPZnPcOCH3

in dark, 4) irradiated cells treated with SiNPZnPcOCH3, 5) cells treated with
SiNPZnPcOCH3 containing 100mM azide in dark, 6) irradiated cells treated
with SiNPZnPcOCH3 containing 100mM azide, 7) cells treated with
SiNPZnPcOCH3 containing 10mM DABCO in dark, 8) irradiated cells treated
with SiNPZnPcOCH3 containing 10mM DABCO, 9) cells treated with
SiNPZnPcOCH3 containing 100mM D-mannitol in dark, 10) irradiated cells
treated with SiNPZnPcOCH3 containing 100mM D-mannitol (*p<0.05, com-
pared with column 4).

Fig. 13. Survival of C. albicans cells (∼106 CFU/mL) incubated with 0.01mM
SiNPZnPctBu in dark for 30min at 37 °C and exposed to visible light for 60min,
1) cells in dark, 2) irradiated cells, 3) cells treated with SiNPZnPctBu in dark, 4)
irradiated cells treated with SiNPZnPctBu, 5) cells treated with SiNPZnPctBu
containing 100mM azide in dark, 6) irradiated cells treated with SiNPZnPctBu
containing 100mM azide, 7) cells treated with SiNPZnPctBu containing 10mM
DABCO in dark, 8) irradiated cells treated with SiNPZnPctBu containing 10mM
DABCO, 9) cells treated with SiNPZnPctBu containing 100mM D-mannitol in
dark, 10) irradiated cells treated with SiNPZnPctBu containing 100mM D-
mannitol (*p<0.05, compared with column 4).
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responsible for cell inactivation. These intermediates are capable to
oxidize a wide variety of biomolecules leading to a loss of appropriate
biological functionality [3]. The production of O2(1Δg) sensitized by
SiNPZnPcOCH3 and SiNPZnPctBu was detected in water. Moreover, the
formation of O2

%− through a type I photoreaction process mediated by
these SiNPs-Pc was observed in aqueous solutions. Thus, dependent on
experimental conditions, both O2(1Δg) and O2

%− must be involved in
the photodynamic activity. Furthermore, even if an excited photo-
sensitizer reacts with a given substrate by type I photoprocess, the final
result is also the oxidation of essential biomolecules. In a biological
medium, both mechanisms can occur simultaneously and the ratio be-
tween the two processes is influenced by the photosensitizer, substrates
and the nature of the environment. It was previously observed that the
killing of C. albicans cells by zinc(II) 2,9,16,23-tetrakis [4-(N-methyl-
pyridyloxy)]phthalocyanine and visible light irradiation seem to be
mediated mainly by O2(1Δg) [15]. The studies of PDI sensitized by
SiNPZnPcOCH3 and SiNPZnPctBu indicate a contribution of type I and
type II photooxidative mechanisms, although the photokilling of S.
aureus by SiNPZnPctBu and C. albicans by SiNPZnPcOCH3 showed a
lower influence of type I pathway.

4. Conclusions

In this study, SiNPs embedded with ZnPcOCH3, ZnPctBu or
ZnPcOPy phthalocyanines were prepared with an average diameter of
about 20–25 nm. The Soret and Q-bands absorptions indicated that
these phthalocyanines were partially aggregated in the SiNPs-Pc.
Moreover, the characteristic red fluorescence emission of phthalocya-
nines was observed in water. These SiNPs-Pc were able to produce
O2(1Δg) and O2%

− in presence of NADH in aqueous medium. In vitro
experiments showed that SiNPZnPcOCH3 and SiNPZnPctBu were ef-
fective photosensitizers to eradicate S. aureus and C. albicans. The re-
sults of this study showed that O2(1Δg) mediated reactions (type II
mechanism) represent the main pathway through which the
SiNPZnPcOCH3 and SiNPZnPctBu exert their photodynamic action.
However, the data obtained also support that free radicals-mediated
reactions occur and contribute to photoinactivation, but in a much
smaller extension in the case of SiNPZnPcOCH3 on S. aureus and in the
case of SiNPZnPctBu on C. albicans.
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