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Phototherapeutic agents constitute a powerful armory for
treating cancers and infectious diseases,'~! and nanotechnol-
ogy has produced multifunctional arrays with targeted
cytotoxicity and labeling capabilities. Such structures
must be robust, well-characterized, and able to be produced
at industrial scale.”) Herein we show a multifunctional hybrid
material based on zeolite L able to target, label, and photo-
inactivate pathogenic and antibiotic-resistant bacteria. A
highly green-luminescent dye was inserted into the channels
of zeolite L nanocrystals for imaging and to label the cells.
The outer surface was functionalized with a photosensitizer
that forms toxic singlet oxygen upon red-light irradiation and
with amino groups for targeting the living microorganisms.
The resulting trifunctional nanomaterial therefore shows
intense green fluorescence and efficient 'O, photoproduction.
As a consequence, it can target, label, and photoinactivate
antibiotic-resistant Escherichia coli and Neisseria gonor-
rhoeae. These results open fascinating possibilities for the
development of the next generation of photosensitizers for
phototherapy.

Recent challenges of modern pharmacology include
resistance of bacteria to multiple antibiotics and of neoplastic
cells to chemotherapeutics, which on the other hand cause
undesired side effects. Photodynamic therapy (PDT) is an
established cancer and macular degeneration treatment!"?
and constitutes an alternative against antibiotic-resistant
bacteria.’! In PDT, a photosensitizer generates cytotoxic 'O,
upon irradiation with light. The ultimate goal is to develop
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one single structure possessing targeted therapeutic agents,
efficient 'O, photoproduction, and imaging capacities.'!
Nanoparticles have been investigated as therapeutic,
sensing, and imaging agents, relying on surface modification
with biocompatible moieties.®'*! Also, it has been recently
reported that amino-modified zeolite L microcrystals are able
to bind to the surface of E. coli cells.'"¥ Zeolite L is an
aluminosilicate possessing channels able to host a variety of
dyes™ and constitutes a nontoxic nanocarrier that can be
functionalized on its surface and orthogonally modified on
the channel entrances."® No attempt has been made to date to
exploit these properties for therapeutic purposes. Phthalo-
cyanines are excellent for the development of photothera-
peutic agents owing to their low toxicity, high stability,
efficient 'O, generation, and intense light absorption in the
therapeutic window.'">!"! In particular, zinc(I) and sili-
con(IV) phthalocyaninates have been investigated as promis-
ing photosensitizers."”! Amino groups are also important to
modulate the biological activity of these dyes,'®'! which can
be conjugated to a variety of structures with interesting
photophysical and photobiological properties.”*?* However,
aggregation is a drawback that must be avoided in order to
exploit the photosensitizing ability of these macrocycles.!"”
We designed a nanoarchitecture to provide fluorescence
labeling, photosensitizing activity, and cellular adhesion
(Figure 1). We used zeolite L nanocrystals, 50 nm in both
length and diameter, loaded with the green emitter DXP
(N,N'-bis(2,6-dimethylphenyl)perylene-3,4,9,10-tetracarbo-
diimide), which was encapsulated by gas-phase insertion.”!
The DXP-loaded zeolite L nanocrystals were further func-
tionalized with tetra-tert-butyl-substituted Si'¥ phthalocya-
nine dihydroxide (PC) by axial attachment of the macro-
cycle’s central silicon atom to OH groups of the zeolite L
surface. Therefore, PC can be regarded as an extension of the
structure of zeolite L (Figure 1). Aggregation of the macro-
cycle is avoided by axial binding of the central Si'¥ atom to the
surface and by steric repulsion between the tert-butyl groups.
Finally, the surface of the multifunctional zeolites was coated
with amino groups to promote the adhesion to bacteria.l]
The DXP loading was kept below 1% to avoid the
formation of J aggregates inside the zeolite L channels, which
are known to lower the photoluminescence quantum yield
and to cause a bathochromic shift of the emitted wave-
length.®! Such low concentrations give rise to uniform green
luminescence. Using fluorescence spectroscopy, we estimated
a coverage of 17x10° PC molecules per crystal. In this
calculation, the zeolites were approximated as having a
cylindrical shape with height and diameter of 50 nm. This
approach underestimates the effective surface area of the
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Figure 1. Pictorial view of the multifunctional nanomaterial used to target, label, and photoinactivate antibiotic-resistant bacteria. The zeolite L
nanocrystal is loaded with the DXP emitter (green ellipsoid), and its surface is functionalized with a phthalocyanine derivative (red ellipsoid) and
with amino groups (blue circles), where the latter provide noncovalent binding of the hybrid nanomaterial to the bacterial surface. On the right, a
schematic view of the connection of the functional groups to the zeolite L framework is shown.

single crystals, which are irregular and exhibit terraces. The
area of a single PC molecule can be estimated as 2 nm?
meaning that 6x10° molecules could be attached to an
idealized cylindrical nanocrystal of zeolite L (surface area ca.
12000 nm?). This value is smaller than that experimentally
obtained for the nanomaterial but is of the same order of
magnitude and indicates that the effective surface area of the
nanocrystals is larger. This result suggests that most of the
crystals’ surface is covered with PC, which contributes to the
photobiological efficiency (see below).

The photophysical properties are shown in Figure 2, which
depicts excitation and emission spectra of the hybrid system
and fluorescence microscopy images. Figure 2a shows the
characteristic emission and excitation spectra of DXP.*"! The
green fluorescence exhibited by the sample upon excitation of
DXP is shown on the right. Figure 2b shows the distinctive
excitation and emission spectra of PC?*?!I together with a
microscopy image of its red luminescence, which demon-
strates that the zeolite L surface hinders the formation of
aggregates. We performed an additional experiment with
4 um long zeolite L crystals, showing that upon excitation of
PC, a bright red luminescence is only observed on the
functionalized zeolite L crystals. The unbound PC remains
aggregated in the form of nonfluorescent green crystals
(Figure S1 in the Supporting Information).

When monitoring the emission of PC (Figure 2b), the
excitation spectrum only shows the Soret and Q bands of the
macrocycle (no DXP absorption band is detected). No
electronic energy transfer occurs from DXP to PC, which is
a consequence of the electronic decoupling between the
chromophores localized inside the zeolite L channels and
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those attached to the surface.’>'® Both dyes constitute
independent photophysical labels that can be separately
detected and addressed, thus allowing the use of DXP as an
internal standard to monitor the labeling of the bacteria.

Figure 2 ¢ shows that upon excitation of PC at 670 nm an
intense emission with maximum at 1275 nm is obtained, which
matches the characteristic phosphorescence of '0,.2*?!! The
corresponding excitation spectrum was recorded by monitor-
ing the emission at 1275 nm, and it reproduces the Soret and
Q bands of the macrocycle (compare with Figure 2b), which
confirms that only PC in the monomeric form is responsible
for the 'O, generation. The 'O, quencher DABCO (1,4-
diazabicyclo[2.2.2]octane) completely suppressed the emis-
sion at 1275 nm. No 'O, photoproduction was observed when
the nanocrystals were not functionalized with PC.

A strain of E. coli bacteria resistant to chloramphenicol
was employed as a model biological target. Gram-negative
bacteria are harder to photoinactivate owing to the presence
of an additional outer membrane including a lipopolysac-
charide, which renders them more resistant to common
photosensitizing drugs.”] The amino-functionalized hybrid
nanomaterial labeled the E. coli cells, as can be seen in the
microscopy images (Figure 3a,b and Figure S2 in the Sup-
porting Information). The SEM pictures of labeled E. coli
bacteria (Figure 3¢ and inset) confirm the adhesion of the
hybrid nanomaterial. The amino groups provide an effective
anchor to the bacterial surface owing to their capacity for
hydrogen bonding and electrostatic bonding. The zeta poten-
tial measurements (Table S1 in the Supporting Information)
demonstrate that the amino-functionalized zeolites are pos-
itively charged, favoring adhesion to the negatively charged
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Figure 2. Excitation (dotted line) and emission (solid line) spectra of
DXP (a; Aemy =620 NM, Ao, =480 nm), PC (b; Aer, =750 nm,
Jexe=630 nm), and PC and 'O, (¢; Aeyy =1275 Nnm, A, =670 nm) in a
suspension of the nanomaterial in CH,Cl, (a,b) or CD,Cl, (c).

Fluorescence microscopy images were acquired by exciting at 420—
490 nm (a) or at 575-630 nm (b).

membranes of the bacteria. Zeolites without amino groups, in
contrast, display a negative zeta potential. No cell adhesion
can therefore occur between the negatively charged surface of
the bacteria and the zeolites without amino groups. This
conclusion is confirmed by fluorescence microscopy and SEM
analysis (Figure 3e,f).

To explore the photobiological activity, a photodynamic
treatment was carried out by suspending E. coli cells with the
hybrid nanomaterial and irradiating the sample for 2.5 h in
the wavelength range between 570 and 900 nm (irradiance of
3 mWcm?). In this spectral region only the PC is excited to
produce 'O,, thus avoiding photobleaching of the DXP
entrapped inside the zeolite channels. Every 30 min samples
were stained with propidium iodide (PI), a cationic dye that
selectively penetrates the membrane of dead cells, which is
possible owing to their altered membrane potential, and
exhibits strong red emission upon intercalation into DNA."!
This method allows the visualization of inactivated bacteria.
Figure 4a shows a time sequence of fluorescence pictures of
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Figure 3. Interaction of the hybrid nanomaterials with E. coli cells in
phosphate-buffered saline solution (PBS). a) Bright-field microscopy,
b) fluorescence microscopy (A, =470-490 nm), and c) SEM images of
bacteria treated with the amino-functionalized nanomaterial. The inset
in (c) shows a magnified portion of the bacterium showing the
adhesion of the nanomaterial to the cell surface. d) Bright-field micros-
copy, e) fluorescence microscopy (A, =470-490 nm), and f) SEM
images of bacteria treated with the nanomaterial without amino
functionalization. Comparison of the left with the right part of the
figure shows the targeting effect of the amino groups (see text for
details).

E. coli cells labeled with the hybrid nanomaterial, taken
during the photodynamic treatment. The progressing cell
death can be monitored by the color change: the living cells
exhibit green emission from DXP labeling, and the inacti-
vated ones show the red fluorescence from the PI.

Quantification of the dead bacteria as a function of
irradiation time is shown in Figure 4 b, obtained by analysis of
the bright-field and fluorescence microscopy images acquired
during the photodynamic treatment. Only concomitant irra-
diation and PC functionalization led to the successful photo-
inactivation of the cells, thus confirming the photodynamic
effect. No significant cell death was detected in the absence of
PC or of irradiation. The photodynamic inactivation was
complete (95%) after 2 h, corresponding to a light dose of
27 Jem ™2, which is smaller than other values described in the
literature.”® Similar results were obtained with a pathogenic
strain of tetracycline-resistant N. gonorrhoeae, where the
inactivation efficiency was 95 % (Figure 4c).

In conclusion, we developed an innovative potential
phototherapeutic tool by using a multifunctional nanoarchi-
tecture constructed on the zeolite L platform. The robust
assembly is easy to synthesize by combining industry-standard
chromophores and a well-defined solid substrate. We dem-
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Figure 4. a) Time-lapse fluorescence microscopy images of the chloram-

phenicol-resistant E. coli cells during photodynamic treatment in PBS,
recorded with excitation in the range 470-490 nm. The green emission

comes from the DXP-filled hybrid nanomaterial, while the red one arises

from the PI-DNA complex, which is only formed inside dead bacteria.
b) Percentage of inactivated E. Coli and c) N. gonorrhoeae cells as a
function of time and experimental conditions.

onstrated that the hybrid nanomaterial efficiently produces
singlet oxygen and adheres to bacterial surfaces, leading to
targeting, labeling, and photoinactivation capabilities against
antibiotic-resistant bacteria. These results open fascinating
possibilities for the photodynamic treatment of infectious and
neoplastic diseases, shining new light onto the design of third-
generation photosensitizers for PDT.
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