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ABSTRACT: Herein, we present a straightforward strategy to disperse highly insoluble
photosensitizers in aqueous environments, without major synthetic efforts and keeping
their photosensitizing abilities unaffected. A layered nanoclay was employed to adsorb
and to solubilize a highly efficient yet hydrophobic Si(IV) phthalocyaninate in water. The
aggregation of the photoactive dye was correlated with its photophysical properties,
particularly with the ability to produce highly cytotoxic singlet oxygen. Moreover, the
resulting hybrid nanomaterial is able to selectively photoinactivate Gram-positive
pathogens, due to local interactions between the bacterial membranes and the negatively
charged nanodiscs. Nanotoxicity assays confirmed its innocuousness toward eukaryotic
cells, showing that it constitutes a new class of “phototriggered magic bullet” for the
inactivation of pathogens in phototherapy, as well as in the development of coatings for

self-disinfecting surfaces.
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B INTRODUCTION

Bacterial resistance against antibiotics and difficult-to-treat
infections are considered among the major challenges in public
health and modern pharmacology.'~* In the United States and
Europe alone, around 50 000 deaths annually can be related to
this problem, causing immense costs for the health system.”®
Phototherapy is commonly used in the treatment of cancer and
macular degeneration, but the same principles can be applied
for inactivation of antibiotic-resistant or antibiotic-tolerant
infections.” ™ Briefly, irradiation with visible light causes the
production of cytotoxic 'O, by collisional energy transfer from
a photosensitizing dye to O, in solution or at a surface.'”"’
Phthalocyanines are particularly suited for the development of
phototherapeutic agents due to their efficient 'O, generation,
intense red-light absorption, low toxicity, and high stabil-
ity.">~"* In order to retain the photosensitizing characteristics
of these macrocycles, aggregation must be avoided.'>'® One
strategy involves the axial functionalization of Si(IV)
phthalocyanines, which has been successfully applied in the
treatment of cancer leading to the FDA-approved photo-
therapeutic drug Pc4.'”'® The prevention of prevalent
infections also includes the development of self-cleaning
surfaces, as well as the affordable supply of drinking water.
Several approaches have been explored, including the use of
silver nanoparticles in self-cleaning surfaces and of chemical,
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electrochemical, or photochemical methods for the decontami-
nation of drinking water.'””**

The use of nanomaterials as targeted therapeutic, sensing,
and imaging agents relies on surface modification with suitable
bioactive functionalities.”*™’ In a previous article, we have
shown that photoactive nanomaterials can be suitably designed
employing Si(IV) phthalocyanines axially bound onto zeolite L
nanocrystals, where the resulting hybrid nanomaterial was able
to target, to label, and to photoinactivate antibiotic-resistant
Gram-negative pathogens such as E. coli and N. gonorrheae.””"
The surface functionalization and charge can be directly
correlated with the photophysical properties, showing that
the dispersibility in water as well as the interaction with Gram-
negative bacteria is favored by positive surface charges.’”
However, zeolite L crystals do not provide fully transparent
dispersions, and the aqueous suspensions tend to show limited
stabilities.”® Furthermore, Gram-positive bacteria need to be
addressed as well, due to their clinical relevance. On the other
hand, Laponite RD is a nontoxic nanoclay consisting of disc-
shaped nanoparticles forming stable dispersions in water. This
interesting nanomaterial has found applications in the
formulation of water-based coatings, as it facilitates the
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solubilization of pigments in aqueous environments. In
particular, we have recently demonstrated that Laponite can
be used to disperse highly hydrophobic pigments such as indigo
blue in water, and the correlation between the ag§regation of
the dye and its optical properties was investigated.””*> Besides
its applications in materials science, its lack of toxicity also
renders it an interesting additive for pharmaceutical, cosmetic,
and food formulations.”*~** Moreover, its application as a drug
carrier has been proposed,’"** for instance, to enhance the
selective uptake and accumulation of the chemotherapeutic
drug doxorubicin by neoplastic cells.”*~* Herein, we present a
hybrid nanomaterial that can be easily obtained by adsorbing
axially and peripherally substituted Si(IV) phthalocyanines onto
Laponite, yielding stable and transparent aqueous dispersions.
The photophysical properties can be precisely correlated with
the aggregation of the photosensitizer, and the interactions
between the negatively charged discs and the bacterial surfaces
enable the selective photoinactivation of Gram-positive bacteria
in the presence of Gram-negative species by irradiation with red
light. Suitable nanotoxicity assays corroborated the lack of
toxicity toward eukaryotic cells.

B RESULTS AND DISCUSSION

Synthesis. Laponite nanodiscs, 25 nm in diameter and 1 nm
in thickness, were loaded with tetra-tert-butyl-substituted Si'
phthalocyanine dihydroxide (SiPc) as a photosensitizer (PS)
(Scheme 1). Due to the peripheral t-butyl groups, aggregation

Scheme 1. Synthetic Route Towards Laponite Nanodiscs
with Three Different Loadings: LS1, LS10, and LS100“

'S

| :
1mg/1g 100 mg/1g
LS1 LS100

“The solid materials and the dispersions (2 mg/mL) in distilled water
are depicted.

b

is hindered, whereas the OH groups favor axial binding onto
the surface of the nanodiscs. The PS was dissolved in toluene
and readily adsorbed onto the surface of the nanodiscs by
overnight stirring, followed by repeated suspension in fresh
toluene and centrifugation. Three different loading ratios were
investigated, namely, 1, 10, and 100 mg of SiPc/g of Laponite,
yielding three different nanomaterials (LS1, LS10, and LS100,
respectively, Scheme 1). Spectrophotometric quantification of

the PS in the mother liquors pointed toward a quantitative
adsorption for LS1 and LS10 (no traceable dye in the
supernatants). For LS100, however, the surface appears
saturated, as part of the PS is washed off. The actual loadings
are listed in Table 1, taking into account the initial amount of

Table 1. Size Determined by Dynamic Light Scattering
(DLS), ¢&-Potential, and Loading with SiPc of LSO, LS1,
LS10, and LS100

size {-potential loading (mmoles SiPc/
sample (nm) (mV) 1 g Laponite)
LSO 33.6 —45.8 0
LS1 36.3 —-34.4 0.00125
LS10 62.7 —-26.3 0.0125
LS100 924 -21.6 0.123

PS and the desorbed dye (see also Supporting Information for
further details). Interestingly, the (-potential rises (less
negative) with increasing loadings, as well as the particle size
measured by DLS. This indicates that the SiPc at the surface
leads to a higher hydrophobicity, which causes the formation of
clusters of nanodiscs with increasing size.

Photophysics. The photophysical properties of the hybrid
nanodiscs are summarized in Table 2, including the absorption,
excitation, and emission maxima, the fluorescence (®g) and
singlet oxygen (®,) quantum yields, and the fluorescence
lifetimes (73) (the corresponding spectra and decays can be
found in Figures S2—S8). For comparison, dilute solutions of
SiPc in DCM provided the quantum yields of the monomeric
species of the phthaloczfaninate, namely, ®; = 0.52 and @, =
047 (tz = 534 ns).>> When the loading is increased, the
progressive formation of aggregates at the surfaces can be
traced by monitoring the growth of a blue-shifted shoulder on
the Q-band (H-t);pe),46 as well as of a red-shifted band above
750 nm (J-type)*’ (Figure 1), which are both characteristic for
phthalocyaninates. This trend is also reflected in the quantum
yields, @y drops from 14% to 5% and 1%, whereas @,
decreases from 14% to 8% and 5% for LS1, LS10, and
LS100, respectively (Table 2).

Homo-FRET is most likely responsible for the observed
drops, by funneling the excitons along the nanodiscs toward
energy traps (inactive aggregates) that ultimately lead to
thermal dissipation.”® Therefore, closer lateral dye distances
also cause a progressive shortening of the excited state lifetimes
(Table 2), whereas the shape of the fluorescence spectra
remains unaffected when going from LS1 to LS100 (Figure
S2). The latter observation points toward a negligible self-
absorption (i.e., trivial energy transfer) for dilute dispersions of
the nanodiscs. However, when the concentration of nano-
particles in water is increased for a given load, trivial energy
transfer between the particles is switched on: the 7y lengthens,
@y, drops (Tables S1 and S2), and the relative intensity of the
red-shifted vibrational shoulder of the fluorescence spectrum is
enhanced (Figure S3). Besides this optical density-related
effect, interparticle aggregation does not significantly affect the
photophysical properties of the nanodiscs (Figures 1 and S7
and Table S2). Interestingly, high concentrations of nanodiscs
lead to weakly fluorescent hydrogels, which become photo-
active upon dilution and monomerization of the nanodiscs.

Photoinactivation. In order to investigate the photo-
bactericidal potential, suspensions of S. aureus 6850 (Table S3),
a Gram-positive pathogen, were treated with dispersions of the
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Table 2. Photophysical Properties of LS1, LS10, and LS100

sample @ (£0.02) @, (£0.05) Agps/DM Aem/nM 7/ns
LS1 0.14 0.14 622; 658; 692 697 4.31 (100%)
LS10 0.05 0.08 624; 649; 690 699 4.15 (95%); 0.83 (5%)
LS100 0.01 0.05 630; 647; 692 699 379 (84%); 0.81 (16%)
LS100 on Petri dishes with different feeding grounds such as sheep-
127 blood agar (nonselective), SAID agar (selective for S. aureus),
g 10- and MacConkey agar (selective for E. coli) permitted the
2 s evaluation of the number of CFUs of every type of bacteria. In
S 0,81 i Figure 2, the bacterial count is represented as a function of the
2 H i
% 0,64 i A E. coli (MacConkey plates)
2 4] 1.5x10°+
© , @8 LS10 (dark control)
£ @ Lso
2 02 & 1.0410° @8 LS10
+H
0,0 ; ; . £
500 600 700 800 & 5.0x1071
Wavelength (nm)
Figure 1. Normalized absorption spectra of LS1, LS10, and LS100 in o2 S A o o .
water at room temperature for five different concentrations of loaded Time (hours)
Laponite ranging from 0.0008 to 8 mg/mL.
B S. aureus (SAID plates)
. . . . e ﬁ - @B LS10 (dark control)
nanodiscs (2 mg/mL) and irradiated with a weak poly- sl o
chromatic light source (10.0 mW/cm?®) with a cutoff filter at a : R : LS10
610 nm for up to 4 h (total radiant exposure: 144 J/cm?). Thus, b e
the photosensitizer is selectively excited and produces cytotoxic g
'0,. Aliquots of samples and controls were taken in 60 min & 20x10%
intervals, and several dilutions (up to 1077 of the original
bacterial concentration) were plated on Petri dishes with sheep- o
blood feeding grounds (Figure S9). A statistical analysis of the > 2 2 s
number of colony forming units (CFUs) after 20 h of s thowre)
incubation delivered the number of remaining bacteria in the c E. coli+ S. aureus (blood plates)
irradiated samples (dark and LSO, i.e., native Laponite, were 8.0x10%+
also analyzed, for comparison). LS1 particles did not show any B 1579 (dark control)
effect on the number of CFUs, whereas LS10 and LS100 o 6.0x10%4 : tzgo
significantly reduced the amount of bacteria (Figure S10). v
Notably, LS10 and LS100 inactivated 99.9% and 80% of the E 40x10%
bacteria, respectively. Although the LS1 particles have the best g .
quantum vyields, it is clear that the concentration of SiPc is too =
low, as well as the resulting amount of '0,. The most efficient ol

inactivation is reached with LS10 particles, where the amount
of '0, is sufficient and aggregation phenomena do not
compromise the performance to a large extent (vide supra).
Higher loadings with SiPc do not correlate with further
inactivation enhancements, despite the fact that, in principle,
more PS molecules are available. Aggregation and homo-FRET
between adjacent molecules most likely compete with energy
transfer to molecular oxygen, which would ultimately lead to
'0,.

Comparable photoinactivation experiments with Gram-
negative pathogenic bacteria, such as E. coli and E. cloacae,
indicated that only Gram-positive species (such as the
pathogens S. aureus 6850, S. aureus USA300 (MRSA), S. aureus
Cowan I, and E. faecalis) are significantly affected by the
photoactive nanodiscs (for further details, see Figures S11 and
S12 and Table S3). LS10 was further used to treat a mixture of
S. aureus 6850 and E. coli, in order to evaluate the selective
recognition and phototoxicity when both types of bacteria are
present at similar concentrations. After irradiation, the growth

Time (hours)

Figure 2. Number of colony forming units (CFUs) of E. coli and S.
aureus 6850 treated with LS10 and irradiated. The number of CFUs
was determined using (A) E. coli-selective plates (MacConkey), (B) S.
aureus selective plates (SAID), and (C) plates on which both bacteria
can grow (sheep-blood).

light dose. It is clear that, even in the mixture, E. coli bacteria
remain unaffected by the irradiation (MacConkey plates),
whereas SAID dishes show that 99.9% of the S. aureus bacteria
are inactivated (Figure S13). The ability of the nanodiscs to
discriminate between different classes of bacteria was further
investigated by fluorescence and scanning electron micros-
copies (SEM). Upon addition of LS10 to a suspension of
fluorescein-stained E. coli, no colocalization of the red-
fluorescent nanodiscs and the green bacteria was detected, as
opposed to the distinct correlation between the red
fluorescence of the nanodiscs and the green-fluorescence-
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20 pm

Figure 3. Fluorescence micrographs of S. aureus 6850 (A), LS10 (B), and the merged image (C). Fluorescence micrographs of E. coli (D), LS10 (E),
and the merged image (F). SEM images of LS10 with S. aureus 6850 (G) and with E. coli (H), the insets represent bacterial samples without

nanodiscs.

labeled S. aureus 6850 bacteria (Figures 3, S14, and S15). The
scanning electron micrographs confirmed these findings: S.
aureus 6850 bacteria appear entrapped in a network of LS10 as
a carpet of filaments, whereas E. coli and LS10 do not show any
significant colocalization (Figures 3 and S16). The selectivity
can be attributed to local interactions of the nanodiscs and the
peptidoglycan layer of Gram-positive bacteria, whereas the
outer membrane of Gram-negative species hinders such
interactions. The resulting distance between the biological
target and the PS that photoproduces 'O, is too large for
Gram-negative bacteria in relation to the diffusion range of 'O,
(268 nm).*

B CONCLUSION

As Laponite is already employed in cosmetic formulations, our
nanomaterial could be implemented for the phototherapy of
infections, particularly on skin-related conditions. Indeed,
nanotoxicity assays with primary dermal fibroblast cells and a
COLO-818 cell line indicate that, both with and without red-

light irradiation, no damage is inflicted by LS10 toward
eukaryotic cells (Figure S17). Thus, a hydrogel of the
nanomaterial could be used to treat the affected area and
subsequently selectively irradiated. Only the regions where the
monomeric discs are available (for instance, at the bacterial
surface) would be exposed to 'O, upon directed irradiation
with harmless red light, which is able to deeply penetrate into
tissues. Moreover, the development of self-disinfecting surface
coatings can be envisaged. Actually, Laponite is currently used
as a thixotropic agent in numerous formulations of water-based
lacquers, and a tailored combination of phthalocyanine-loaded
nanodiscs with bacteriostatic cations added by ion exchange
(e.g., with benzalchonium chloride) lies at hand, as well as the
use of other photosensitizers. The combination of bacteriostatic
and phototoxic properties, which could also extend the activity
against Gram-negative species, is the object of ongoing research

in our laboratories.
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B EXPERIMENTAL SECTION

Chemicals. Silicon 2,9,16,23-tetra-tert-butyl-29H,31 H-phtalocya-
nine dihydroxide (SiPc, M,: 799.06 g/mol) was purchased from
Sigma-Aldrich. The solvents (Merck) were analytical grade and used
without further purification. The Laponite RD nanomaterial was
purchased from Rockwood Additives and used without modification
and is further referred to simply as Laponite.

Dynamic Light Scattering Measurements. Dynamic light
scattering (DLS) and {-potential measurements were carried out in
bidistilled water with a Malvern Instrument (Zetasizer, Nano ZS).

Instrumentation for Spectroscopy. Absorption spectra were
measured on a Varian Cary 5000 double-beam UV—vis-NIR
spectrometer and baseline corrected. Steady-state emission spectra
were recorded on a FluoTime300 spectrometer from PicoQuant
equipped with a 300 W ozone-free Xe lamp (250—900 nm), a 10 W
Xe flash-lamp (250—900 nm, pulse width <10 ps) with repetition rates
of 0.1-300 Hz, an excitation monochromator (Czerny-Turner 2.7
nm/mm dispersion, 1200 grooves/mm, blazed at 300 nm), diode
lasers (pulse width <80 ps) operated by a computer-controlled laser
driver PDL-820 (repetition rate up to 80 MHz, burst mode for slow
and weak decays), two emission monochromators (Czerny-Turner,
selectable gratings blazed at 500 nm with 2.7 nm/mm dispersion and
1200 grooves/mm or blazed at 1250 nm with 5.4 nm/mm dispersion
and 600 grooves/mm), Glan-Thompson polarizers for excitation (Xe-
lamps) and emission, a Peltier-thermostatized sample holder from
Quantum Northwest (—40 to 105 °C), and two detectors, namely, a
PMA Hybrid 40 (transit time spread fwhm <120 ps, 300—720 nm)
and a R5509-42 NIR-photomultiplier tube (transit time spread fwhm
1.5 ns, 300—1400 nm) with external cooling (—80 °C) from
Hamamatsu. Steady-state and fluorescence lifetimes were recorded in
TCSPC mode by a PicoHarp 300 (minimum base resolution 4 ps).
Emission and excitation spectra were corrected for source intensity
(lamp and grating) by standard correction curves. Lifetime analysis
was performed using the commercial FluoFit software. The quality of
the fit was assessed by minimizing the reduced chi squared function
(") and visual inspection of the weighted residuals and their
autocorrelation. Luminescence quantum yields were measured with a
Hamamatsu Photonics absolute PL quantum yield measurement
system (C9920-02) equipped with a L9799-01 CW Xenon light source
(150 W), monochromator, C7473 photonic multichannel analyzer,
and integrating sphere and employing U6039-0S PLQY measurement
software (Hamamatsu Photonics, Ltd., Shizuoka, Japan). All solvents
used were of spectrometric grade.

Singlet Oxygen Quantum Yields. The singlet oxygen quantum
yields of LS1, LS10, and LS100 (®,) were measured in water in order
to address their use in aqueous media. Due to the low
phosphorescence intensity of the spin-forbidden radiative 'O, —
%0, transition, 'O, photogeneration rates were derived using 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABMDMA) as a
fluorescent monitor (4, = 380 nm) for photosensitized bleaching
rates. Polychromatic irradiation from a projector lamp (Leica ZETT
Royal II afs) passing through a cutoff filter at 610 nm was used to carry
out the experiments (Figure S8 and further details are described in the
Supporting Information).

Photoinactivation of Bacteria. One mL of Laponite dispersion
(see Supporting Information for further details) was filled into a quartz
cuvette (10 mm X 10 mm), and 1 mL of bacterial suspension was
added. The irradiation was realized with polychromatic light of a
projector lamp passing through a 610 nm cutoff filter (10 mW/cm?)
for a time lapse of 4 h (total radiant exposure: 144 J/cm?), while the
temperature remained constant within 5 °C of room temperature (22
°C). Mixing occurred throughout the experiment by magnetic stirring
bars. Aliquots of 10 uL were taken out of the cuvettes after defined
time intervals (every 60 min) and diluted further until a dilution factor
of 1077 of the original concentration of the bacterial suspension was
reached. The dilutions were plated out on Petri-dishes with either
sheep-blood as feeding grounds, S. aureus-selective SAID plates, or E.
coli-selective MacConkey plates. Colony forming units (CFUs) were
counted 18 h after incubation of the plates. The relationship between
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all the data was established by the one way ANOVA test with the
Dunnett’s multicomparison post-test (LS10 dark control in compar-
ison with LSO and LS10). Significance was calculated using the
GraphPad Prism 6.0 software. To monitor the irradiation effect of the
different loadings, LSO, LS1, LS10, and LS100 particles were directly
compared within the course of an irradiation experiment employing S.
aureus 6850 bacteria.

Fluorescence Staining of Bacteria. Five mg of fluorescein 5(6)-
isothiocyanate (FITC) on Celite (10%) were suspended in S mL of
Na,CO; buffer solution and centrifuged at 13 000g for 10 min. The
bacteria were prepared as mentioned in the Supporting Information,
and the suspension was centrifuged to form a bacterial pellet, which
was resuspended in 2 mL of FITC solution and incubated for 30 min
in the dark. The resulting suspension was centrifuged (4000 rpm, 8
min), and the remaining bacterial pellet was washed twice with PBS.
The ODyy, was set to 1, and the Laponite dispersion was added to
obtain a volumetric ratio of 1:1.

Fluorescence Microscopy. Fluorescence microscopy images were
recorded on an Olympus IX71 microscope equipped with a XC10
color CCD camera and a xenon lamp as excitation source. FITC was
selectively excited with light passing through a 470—490 nm band-pass
filter, and emission was recorded through a 400 nm dichroic filter and
2420 nm long-pass filter. SiPc on Laponite was selectively excited with
light passing through a 620—660 nm band-pass filter, and emission was
recorded through a 670 nm dichroic filter and a 660—720 nm band-
pass filter.

Scanning Electron Microscopy. The samples were deposited
onto silicon dioxide substrates via drop casting. After drying of the
samples, they were covered by a 5 nm thick silver layer via sputtering.
The samples were finally investigated using a Zeiss 1540 EsB dual
beam focused ion beam/field emission scanning electron microscope,
with a working distance of 8 mm and an extra high tension (EHT) of 3
kv.

Cytotoxicity Assays. The primary dermal fibroblast cells (ATCC,
USA) were cultured in fibroblast basal medium supplemented with
fibroblast growth kit low serum (ATCC, USA). The COLO-818 cell
line (DSMZ, Germany) was cultivated in RPMI 1640 containing 10%
fetal bovine serum (Biochrom, Germany). Both cell lines were
incubated at 37 °C and 5% CO, in a humidified atmosphere. For the
cytotoxicity assays (Promega, USA), 3.6 X 10° cells were seeded in 96-
well plates and, after a 12 h preincubation, incubated for 24 h with
different nanoparticle concentrations. After 24 h of incubation, the
plates were kept in the dark or irradiated at 600 nm with 530 yW for 4
h (7.6 J/cm?®). Luminescence was measured using a FluoStar Optima
microplate reader. For evaluation, toxicity was determined as the fold
increase of the negative control.
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