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Abstract

The development of hybrid nanoscintillators is hunted for the implementation of modern detection
technologies, like in high energy physics, homeland security, radioactive gas sensing, and medical
imaging, as well as of the established therapies in radiation oncology, such as in X-ray activated
photodynamic therapy. Engineering of the physico-chemical properties of nanoparticles (NPs)
enables the manufacture of hybrids in which the conjugation of inorganic/organic components leads
to increased multifunctionality and performance. However, the optimization of the properties of
nanoparticles in combination with the use of ionizing radiation is not trivial: a complete knowledge
on the structure, composition, physico-chemical features, and scintillation property relationships in
hybrid nanomaterials is pivotal for any applications exploiting X-rays. In this paper, the design of
hybrid nanoscintillators based on ZnO grown onto porous SiO, substrates (ZnO/SiO,) has been
performed in the view to create nanosystems potentially suitable in X-ray activated photodynamic
therapy. Indeed, cytotoxic porphyrin dyes with increasing concentrations have been anchored on
Zn0/Si02 nanoparticles through amino-silane moieties. Chemical and structural analyses correlated
with photoluminescence reveal that radiative energy transfer between ZnO and porphyrins is the
principal mechanism prompting the excitation of photosensitizers. The use of soft X-ray excitation
results in a further sensitization of the porphyrin emission, due to augmented energy deposition
promoted by ZnO in the surroundings of the chemically bound porphyrin. This finding unveils the
cruciality of the design of hybrid nanoparticles in ruling the efficacy of the interaction between
ionizing radiation and inorganic/organic moieties, and thus of the final nanomaterial performances
towards the foreseen application.



Introduction

Organic and inorganic NPs as large as 1 to 100 nm are exploited in a wide range of applications,=
ssuch as in scintillation and lighting, electronics, catalysis, surface coating, cosmetics, and
biomedicine.== They present unique physico-chemical qualities that can be controlled by the
composition, size, shape, and structure, as well as the stability and ease of
functionalization.zc Besides, the high surface area and reactivity of NPs enable the loading with
various functional groups, hydrophobic molecules, organic dyes, DNA moieties, and polymers that
improve their colloidal dispersibility, stability and surface electronic properties for specific
applications.=2 The development of advanced synthesis methods has allowed the creation of a class
of novel hybrid nanomaterials, consisting of diverse targeted organic moieties, whose qualities
surpass those of the parent components and can be described as a synergetic combination of the
properties of the constituents.: The class of hybrid NPs meets the interest of biomedical
technologies for biosensing, imaging, and radiation oncology therapy applications.z One of the
promising oncological therapies for the treatment of deep tumours is X-ray activated photodynamic
therapy (X-PDT),z based on the simultaneous application of radiotherapy and photodynamic
therapy (PDT). The strategy relies on the exploitation of hybrid NPs featuring dense and high atomic
number (Z) scintillating nanoparticles converting ionizing radiations into ultraviolet light or visible
light; in addition, the surface of the dense NP is typically grafted with organic dyes as cytotoxic
photosensitizers (PSs), able to generate reactive oxygen species (ROS), especially singlet oxygen
moieties, upon excitation.x= The X-ray excited NP can trigger the cancer killing actions of the PS on
the surface through multiple radiative emission and reabsorption process, as well as through
efficient energy transfer mechanisms (ET).:.ex

The current literature proposes an extensive investigation on nanomaterials suitable for X-PDT —
such as oxides, fluorides, silica-based nanostructures, and semiconductor nanocrystals combined
with organic PSs — with proofs of the higher efficacy of X-PDT in killing tumour cells with respect to
the traditional individual radiotherapy and PDT.==2 The recent experimental results have assessed
that the outstanding qualities of the hybrid NP enable the performance of the modern technology
to be improved in diverse areas, particularly regarding the advancement in X-ray based diagnostic
and therapeutic tools.z2 Despite the evidence, the achievement of an exhaustive knowledge of the
physical processes involving the interaction of the ionizing radiation and the energy deposition
mechanism within hybrid systems at the nanoscale is eagerly hunted. In hybrids, the high Z of the
inorganic elements in proximity to the organic molecules allows in enhancing the interaction cross
section of the nanohybrid with ionizing radiations,= leading to NP excitation and the release of many
secondary free carriers in the surrounding that, afterwards, interact with the coupled PS. However,
computational analyses have shown that the reduced material dimension is critical in the presence
of high energy ionizing radiation, since the nanometric size is much smaller than the secondary
carrier mean free path generated within the material by the first ionizing event.z A significant
fraction of the X-ray energy is lost outside the NP, supposedly limiting the applicability of the hybrid
nanoscintillators.zz Thus, the architecture of the nanohybrids and the type of dense
nanoscintillators and organic dyes with appropriate physico-chemical properties, together with the



selection of surface functionalization strategies, in terms of the dye concentration and spatial
distribution on the NP surface, are key points for the development of high performance materials.

To provide a complete description of the relationship among nanoscintillator, PS, and ionizing
radiation with respect to the final performance of the nanohybrids, we have performed the
synthesis and structural and spectroscopic analyses on a model system of porphyrin functionalized
zinc oxide NPs, which can also be considered for X-PDT purposes due to the high ability of porphyrin
to generate singlet oxygen species.z In particular, ZnO NPs with a diameter of 4—6 nm were grown
directly on highly porous SiO; spherical particle substrates (ZnO/SiO,) and then functionalized with
different amounts of meso-tetra(4-carboxyphenyl)porphyrin (TCPP) anchored to the silica surfaces
through amino-silane groups. Among nanomaterials, ZnO NPs have been proposed for medical
applications due to their low toxicity and good anti-cancer and anti-microbial activities.z Silica
coated ZnO NPs have been studied as radiosensitizers to enhance the radiotherapy cytotoxic
effects.2 Moreover, ZnO NPs conjugated with porphyrin derivatives have been proposed as agents
in PDT and X-PDT.:== Indeed, ZnO is a wide band gap (~3.4 eV) semiconductor with a large excitonic
binding energy (~60 meV),= and it displays a near-UV excitonic emission accompanied by several
visible defect-related bands under X-rays (radioluminescence — RL) and light (photoluminescence —
PL) excitations.== Thus, ZnO visible emissions enable in efficiently stimulating diverse organic PSs,
especially porphyrins, with the subsequent generation of cytotoxic species, since the PS typical
absorption spans in the visible spectral range from the violet to the orange region.= The occurrence
of radiative and non-radiative ET mechanisms from the NP to the PS in nanohybrids is guaranteed
by the overlap between the NP luminescence emission and the PS absorption features.

In this work, we have highlighted that, under X-ray irradiation, the ET mechanisms are not trivial,
since, beside the excitation of the porphyrin moiety by ZnO, the direct interaction of the ionizing
radiation with the TCPP and energy deposition in the surroundings of the NP must be considered as
factors affecting the trigger of the cancer killing mechanism and the therapeutic outcome of the
hybrid ZnO.z For this investigation, the luminescence properties of the TCPP functionalized and bare
Zn0/Si02 nanoscintillators and the TCPP molecules alone have been detected under both light and
X-ray excitation. In particular, we have explored the ET probability and the energy deposition
mechanism as a function of the dye loading level and the intra- and inter-spatial distributions of the
ZnO NPs and the porphyrin molecules; these are crucial parameters to avoid the formation of PS
aggregates, namely J-aggregates and H-aggregates,~= acting as quenching channels for the PS
emission with a detrimental reduction of ROS and singlet oxygen production.=«

This work shows a consistent approach to check the manufacture process of hybrid NPs, based
on the exploration of the properties of the individual components and the final hybrid architecture.
The validity of the study goes beyond the experimental findings on the specific case of TCPP
functionalized ZnO/Si0,, as it proves the importance of achieving a high-level control of the
tuneability of hybrid nanoparticle properties. Indeed, the engineering of the morphological,
structural, and luminescence features of the components of hybrid nanosystems and the
nanohybrid itself is a fundamental step to create materials with performances that could match with
the specific requests of the advanced X-ray-based applications and techniques.

Results and discussion



Morphological and structural characterization

Porphyrin functionalized ZnO/SiO, systems were prepared following a four-step procedure as
shown in Fig. 1. Briefly, ZnO NPs were previously anchored onto the porous SiO substrate (ZS, steps
I and ll); then, amino-silane (3-aminopropyltriethoxysilane, APTES) was attached to the SiO. surface
(ZS-A, step 1ll) and TCPP molecules were covalently bonded to them (ZS-A-PY, step IV, where Y is the
APTES : TCPP molar ratios, equalto1:1,1:0.5,1:0.25, and 1:0.1). All the operative details are
reported in the Experimental Section.
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Fig. 1 Reaction paths for the synthesis of ZS-AP-Y: (a) synthesis of ZS (steps | and Il) and (b)
functionalization of ZS (steps Ill and IV). For each step, a schematic representation of the
morphological features is reported.

First, the morphology of all samples was investigated by transmission electron microscopy (TEM)
analysis. TEM images of SiO: (Fig. 2(a) and (b)) confirmed the formation of almost spherical SiO2 NPs,
with an average size of 80 + 6 nm and ordered mesoporous channels of few nanometer diameter
(average diameter 3 + 1 nm), generated by the cetyltrimethylammonium bromide (CTAB) self-
assembly during SiO, growth.
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Fig. 2 TEM images of SiO. NPs (a) and (b), ZS (c) and (d), ZS-A (e) and ZS-AP-1 (f) as an example
of ZS-AP-Y samples. The red arrows in (c) indicate the ZnO NPs grown on the external SiO: surface.

In step I, the effective formation of ZnO NPs was first validated by diffuse reflectance
spectroscopy (DRS) analysis (Fig. S1, ESIT), which showed the absorbance features in ZS
corresponding to the typical ZnO band gap energy (~3.2 eV). Besides, the good Zn distribution over
the SiO. NPs was assessed by elemental mapping (Fig. S2, ESIT). TEM images of ZS show ZnO NPs of
4—6 nm in diameter on the external SiO; surface (red arrows, Fig. 2(c)) through the interaction of
the zinc precursor in basic ethanol solution with the surface —OH groups of SiO.. However, ZnO NPs
partially grow also in the mesopores of SiO. NPs, as schematically depicted in the step Il of Fig. 1. In
fact, the long-range order of the parallel channels in the pristine SiO. almost totally disappeared in
ZS, overlapped by the low contrast and darker superimposed images of the ZnO particles in the silica
bulk, caused by the presence of the high-atomic number Zn element in the inner part of SiO, NPs.
Only a residual mesoporosity is detectable in ZS, as evidenced by the red circle in Fig. 2(d).

This observation can be explained considering that, during step Il, the solution of the zinc
precursor is able to penetrate the mesoporous channels of SiO. due to the high available specific
surface area (SSA = 1100 m? g!) leading to the formation of ZnO NPs inside the SiO, mesoporosity.
Accordingly, the nitrogen physisorption analysis on ZS showed a severe reduction of a SSA value
(109 m?2 g1), and a strong decrease of the cumulative pore volume (DCPV), which can be connected
to the almost total disappearance of the SiO. mesopores with a size between 1.5 and 3.0 nm (Fig.
S3, ESIT). This suggests that the growth of ZnO NPs destroyed the ordered mesoporosity of
SiO; producing a residual smaller amount of disordered interparticle pores.

After ZS functionalization with APTES, TEM images of ZS-A evidenced a further modification of
the SiO. morphology. The SiO, ordered mesoporosity was not detectable, suggesting that APTES
molecules penetrated into the residual available SiO; pores (Fig. 2(e)) but condensed mainly on the
external SiO. surface. The image of the NPs shows high and low contrast spotted areas, ascribed to
the presence of higher and lower atomic number elements, Zn and Si, respectively, due to
amorphous ZnO NPs grown in the inner part of the amorphous SiO., where the ordered
mesoporosity was modified by reactions between the silica matrix and both the zinc precursor and
APTES. In ZS-AP-Y, these morphological features were not altered by TCPP addition in step IV (Fig.
2(f)), and no detrimental effects on the Zn distribution were detected through the elemental
mapping of ZS-AP-Y (Fig. S2, ESIT).

From the structural point of view, X-ray powder Diffraction (XRPD) analysis evidenced the
amorphous character of both SiO, and ZnO NPs. The only feature in ZS is the broad peak at 29 = 22°
due to amorphous SiO; (Fig. S4, ESIT) and no other peaks were detectable in ZS-A and ZS-AP-Y,
implying that no crystalline structures were formed and no porphyrin aggregation into crystalline
domains occurred.=

Fourier transform infrared spectroscopy (FTIR) in the attenuated total reflectance (ATR)
validated the functionalization. Firstly, in the ATR-FTIR spectrum of ZS compared to SiO; (Fig. S5a,
ESIT), the absence of the peak at 958 cm™, attributed to the surface —OH groups of SiO,, suggested
the ZnO anchoring on the SiO;surface through their partial replacement with Si—O-Zn



bonds.x Moreover, the ZS-A sample compared to ZS (Fig. S5a, ESIT) shows two new peaks at 2930
cm~ and 2860 cm™ assigned to the asymmetric and symmetric stretching of —CH. groups (vas and vs)
of the APTES propyl chains, in agreement with the spectra of pure APTES (Fig. S5b, ESIT). The same
peaks were observed in the SiO.-functionalized sample with higher APTES amount (3.0 wt%, ZS-A-3,
Fig. S5b, ESIT), where the higher peak intensity was due to the higher functionalization degree.
Besides, the absence of the peaks due to the ethoxy groups confirmed the efficient reaction of
APTES with the surface OH groups of SiO, through their hydrolysis and condensation. The peaks at
2930 and 2860 cm™ were similarly evident in ZS-AP-Y (Fig. S5a, ESIT), validating the stability of ZS-A
in N,N-dimethylformamide (DMF), used as the reaction solvent both for the TCPP interaction and
for the PL measurements. No strong signals due to TCPP were detected in the ATR-FTIR spectra of
ZS-AP-Y because of the very low TCPP amounts used in the synthesis.

Raman spectroscopy was performed to obtain insights into the amorphous nature of both
SiO, and ZnO as well as their interaction in the ZS sample. The Raman spectrum of bare SiO, showed
the main vibrational modes expected for Si—O bonds in the amorphous network,= indicative of a
relaxed structure typical for sol—gel derived silica not fully densified (Fig. S6, ESIt).:== Besides, in the
spectrum of ZS, a superposition of amorphous SiO. and ZnO signals was observed. These signals
were compared to the spectra of bare SiO. and amorphous ZnO NPs, prepared under the same
reaction conditions without adding SiO. NPs and used as a reference material. In fact, the two broad
bands in the region 300400 cm™, the small peak at 440 cm™ (similar to the E; mode of ZnO) and
the unstructured broad band at 500—-800 cm* due to amorphous-like ZnO,== along with the typical
SiO; signals, led to the formation of a plateau region, followed by a shoulder at higher wavenumbers.
Moreover, the strong enhancement of the peak at 1100 cm™assigned to the longitudinal
asymmetric stretching (ws) of bare SiO, can be attributed to the superposition of two-phonon
features of longitudinal modes (2LO) which may arise in disordered ZnO.= Interestingly, the
anchoring of ZnO NPs also led to a strong reduction of the symmetric stretch vibrations of silanol
groups (v =975 cm™),= confirming the FTIR results and validating that surface OH groups may act as
the anchoring site for ZnO.

The amounts of APTES and TCPP linked to SiO. were evaluated by the thermogravimetric analysis
(TGA) thermal profiles of ZS-A and ZS-AP-Y, by comparing them to bare ZS (Fig. 3). The weight loss
AWiso-1000 «c increased from ZS to ZS-A and ZS-AP-Y and the highest values were measured at the
highest TCPP amount. The amounts of APTES and TCPP in ZS-AP-Y were calculated from AW:so-1000
- and are close to the nominal ones (Table S1, ESIt). Besides, the calculated molar ratios between
TCPP and APTES over SiO. were similar to the expected nominal values (Table S1, ESIT), suggesting
that the anchoring of TCPP to SiO. was carried out under high controlled conditions. The TGA results
were further validated by the elemental CHNS analysis, where the increased N% of ZS-A and ZS-AP-
Y compared to bare ZS was assigned to the nitrogen contributions given by both APTES and TCPP
molecules. For TGA analysis, the N% increased by increasing the TCPP amount and the results were
very similar to the nominal values (Table S1, ESIT).
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Fig. 3 TGA profiles in the temperature range of 150—-1000 °C for ZS, ZS-A and ZS-AP-Y.

At last, the absorption spectra of the TCPP alone and ZS-AP-Y dispersed in DMF were obtained to
investigate the TCPP absorption features upon anchoring on ZS and estimate its amount in the
samples (Fig. S7 and Table S2, ESIt). All the spectra disclose the characteristic porphyrin absorption
features: the Soret band at about 3.0 eV (~410 nm) and the Q-bands between 1.8 (~700 nm), and
2.7 eV (~450 nm), related to So = Sz and So = S: transitions,s respectively. However, the wide Soret
band observed in ZS-AP-Y, whose broadening progressively increases with the TCPP concentration,
with respect to the sharp peak of the dye alone, unveils the occurrence of dye aggregates and the
dependence of their formation probability on the porphyrin content.2s By focusing on the main Q-
band at about 2.4 eV (~520 nm), the spectra of ZS-AP-Y show that the absorption scales coherently
with the dye content and the estimated TCPP concentrations in the samples (measured at a constant
ZnO amount = 102 M) were consistent with the TCPP amount, as already shown with TGA and CHNS
(Table S1, ESIT).

Effect of NP functionalization on the optical properties

The optical properties of functionalized nanosystems and single material components are analysed
by both photo - (PL) and radioluminescence (RL) techniques to study the occurrence of optical
interactions between the NPs and the dye, and their mechanisms radiative and non-radiative energy
transfer are mainly investigated by PL and time resolved photoluminescence (TRPL) measurements,
whereas the effect of density enhancement in proximity of the dye is investigated by RL.

The luminescence features of ZS-AP-0.1 and ZS-AP-1 and the component materials TCPP, ZS and
ZS-A, detected under light excitation, are shown in Fig. 4(a) and (b). The optical properties of TCPP
are in agreement with the literature,s2= and they are displayed in the top panel of Fig. 4(a): namely,
the PL of TCPP shows two peaks centred at about 1.9 eV, related to the Q(0,0) transition from the
dye monomer,= and at 1.7 eV, related to the Q(0,1) transition, known as J-bands, also associated
with J-aggregate formation;= the PLE spectrum matches the absorption features, described in the
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previous section (Fig. S7, ESIt). It is worth noticing that, at energies above the Soret band, the PLE
intensity of the dye is not null (Fig. 4(a), the inset at the top) probably because of the presence of
aggregates, especially dimers and trimers, which introduce additional absorption components. 2«
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Fig. 4 (a) and (b) Normalized steady-state PL (solid lines) and PLE (dashed lines) spectra
obtained under CW excitation of (a) TCPP (top), ZS and ZS-A (bottom), and (b) ZS-AP-0.1 (top) and
ZS-AP-1 (bottom), dispersed in DMF solution. In panel (a), enlargements of TCPP PLE between 2.2
and 2.8 eV (Q bands) and between 3.0 and 5.0 eV are also shown. Insets are digital pictures of the
as-synthesized materials. (c) Normalized PL spectra of ZS-A and ZS-AP-Y dispersed in DMF solution

and obtained simultaneously (top) and with 0.2 ms delay (bottom) with respect to an excitation
pulse of 3.7 eV.

The bottom panel of Fig. 4(a) shows the luminescence features of ZS and ZS-A. As unveiled in our
previous works, all the ZS luminescence features from 1.7 to 3 eV, both under light and X-ray
excitations, are attributable to defects in ZnO:x2 the SiO, substrate does not display any PL emission,
while it shows a weak RL at 4 eV. No differences are observed between the optical properties of ZS
and ZS-A, suggesting that the APTES anchoring does not alter ZnO luminescence, and it does not
introduce any additional emission. The ZS bare NP broad defect-related PL is centred at about 2.2
eV with a corresponding PLE spectrum ranging from 3.5 to 5 eV.z:2 The results obtained on the single
components show that the ZnO emission is resonant with the TCPP Q-bands, indicating that the NP
functionalization with the dye might permit both non-radiative and radiative energy transfers.=

In the following, the optical interaction between TCPP and ZS is verified and the luminescence
mechanisms unveiled. All ZS-AP-Y samples display similar optical properties (Fig. 4(b) and Fig. S8,
ESIT). In particular, the ZnO emission at 2.3 eV in ZS-AP-Y displays a PLE spectrum similar to the one
of ZS, dominated by the ZnO absorption; besides, the PLE spectra monitored at 1.9 eV present the
typical TCPP Soret band at 3 eV and ZnO PLE features at higher energies. On the other hand, the PL
spectra of ZS-AP-Y obtained by exciting at 3.7 eV (in the absorption region of ZnQO) reveal the
presence of both ZnO broad bands and the TCPP red emission. These results indicate the presence
of a double mechanism responsible for TCPP luminescence in functionalized NPs. In fact, since TCPP
can be excited at energies higher than 3 eV, absorption by both ZnO and TCPP itself can generate
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the corresponding yellow-green and red luminescence bands; on the other hand, the transfer of the
excitation energy from ZnO to TCPP cannot be excluded.

By exciting ZS-AP-Y samples in the TCPP Soret band (at 3.1 eV), only the dye PLs at about 1.7 eV
and 1.9 eV are observed; moreover, in addition to the characteristic TCPP PL features, a peak
centred at about 2.0 eV is detected, especially in the samples with the lowest dye loading (ZS-AP-
0.1 and ZS-AP-0.25). This band can be associated with the presence of Zn—TCPP complexes,s: whose
formation is due to the partial release of zinc ions from the highly reactive surface of ZnO NPs and
their subsequent coordination with the porphyrin ring.=

An accurate discussion of data presented in Fig. 4(c) will be proposed later in the text.

TRPL measurements, as shown in Fig. 5, were performed to further investigate the occurrence
of energy transfer processes between the NPs and TCPP. The time decays of the ZnO emissions of
ZS, ZS-A and ZS-AP-Y (Fig. 5(a)—(c)), fitted with three-exponential functions with similar times and
relative weight parameters (Table S4, ESIt), reveal the presence of slow components up to
thousands of nanoseconds, as already highlighted by our previous study.= These findings unveil that
the ZnO time dynamics does not vary among the samples, indicating the absence of Forster energy
transfer between the dye and the NPs in the coupled nanomaterials. Probably, the TCPP spatial
distribution with respect to ZnO in this material is not optimized to promote the non-radiative
energy transfer mechanism. PL decays of TCPP emissions (Fig. (5)—(f) and Table S5, ESIT) display in
all the samples the dye characteristic time decay component of about 11 ns, in agreement with the
literature,== while only in ZS-AP-Y an additional fast component, whose relative weight is the
highest regardless of the porphyrin content, of about 2.5 ns is detected.
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Fig. 5 TRPL of the (a)—(c) ZnO emission obtained at 2.3 eV under pulsed excitation at 3.6 eV and
(d) and (e) TCPP emission obtained at 1.9 eV under pulsed excitation at 2.4 eV for all the materials.
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The time decays are fitted as single (d) or multiexponential (a), (b), (c), (e), and (f) functions (solid
lines). For (d)—(f), the instrument response function (IRF) is also shown (mustard dotted line). The
complete set of parameters used to model the PL decay is reported in Tables S4 and S5 in the ESI. T

The origin of this fast component may be attributed to Zn—TCPP complexes, with an emission
band at 2.0 eV (Fig. 4(b)) and with a time decay of about 2 ns as reported in the
literature;== alternatively, it may be due to aggregate species. Usually, J-aggregates accelerate the
characteristic porphyrin time dynamics,= whereas H-aggregates display bi-exponential behaviour
with both very fast (about 2 ns) and longer (about 10 ns) decay times.= A conclusive attribution of
the observed fast components results tricky, but in general its occurrence unveils the presence of
dye complexes and/or aggregates.=«« For all the exponential PL decays, the complete data set of
the obtained decay components with corresponding weights is reported in Tables S4 and S5 in the
ESI.T These data reveal that, whatever is the origin of the fast luminescence, it dominates the
luminescence of the porphyrin functionalized systems, with a weight of 80% over the total
luminescence in ZS-AP-1, where the maximum creation of aggregates can occur.

Taking into consideration the very different order of magnitude of ZnO and dye luminescence
lifetimes, the PL spectra of ZS-A and ZS-AP-Y obtained with 0 ms (no delay) and 0.2 ms time delays
with respect to an excitation pulse of 3.7 eV (Fig. 4(c)) can be appropriately analysed. For all ZS-AP-
Y samples, the ZnO emission shows dips, whose magnitude scales with the loading level, at energies
(~2 eV, ~2.2 eV, and ~2.4 eV) matching the dye Q-bands, thus disclosing the occurrence of the
TCPP re-absorption of the photons emitted by ZnO. A slight red shift of both porphyrin bands and
dips in ZnO luminescence is observed in ZS-AP-1, possibly caused by the presence of a minor fraction
of J-aggregates.= In this case, the experimental setup required the use of cuvettes of 1 cm, instead
of 0.1 cm as previously used for registering PL and PL excitation (PLE) spectra in Fig. 4(a) and (b).

Consequently, lengthening the light path (from 0.1 to 1 cm), hence emitted photons path, the
probability of re-absorption increases. The dye emission intensity is strong when the signal is
collected without delay (Fig. 4(c) in the top panel); by introducing a 0.2 ms delay, the dye
luminescence is very weak (Fig. 4(c) in the bottom panel). To check the presence of the porphyrin
bands in the PL spectra obtained with a 0.2 ms time delay after the lamp shutdown, first derivates
of ZS-AP-Y signals are also computed and compared to those of ZS-A and TCPP (Fig. S9, ESIt): a
relative minimum at 1.75 eV, which is clearly distinguishable in the TCPP spectrum, is also present
in ZS-AP-Y, proving the occurrence of a weak dye luminescence. These results indicate that in ZS-
AP-Y, during the excitation at 3.7 eV, both the NPs and TCPP are directly and continuously excited
by UV light (Fig. 4(c) in the top panel); when the excitation source is switched off and the
luminescence is collected after 0.2 ms, the porphyrin emission is produced only by the absorption
of photons emitted by ZnO, being the dye decay time shorter (in the ns range) than the time delay
used in the measurements. The evidence that the porphyrin luminescence intensity is weak in the
spectra obtained with a 0.2 ms time delay (Fig. 4(c) in the bottom panel) unveils that the efficiency
of radiative ET is rather poor.

To sum up, the main interaction mechanism under light excitation is a radiative phenomenon in
which ZnO emitted photons are re-absorbed by porphyrin. Hence, an optical interaction between
NPs and the dye in the nanoscintillators is only weakly achieved upon functionalization.



The normalized RL spectra obtained under X-ray irradiation of the single components and ZS-AP-
Y are reported in Fig. 6(a) and (b). In addition, a mechanical mix (ZS-A + P-0.5), realized by stirring
the APTES grafted bare nanoscintillator and TCPP with a loading level of 1.4 wt% is investigated,
allowing the RL properties of two samples to be compared (namely ZS-AP-0.5 and ZS-A + P-0.5),

which present the same porphyrin concentration, but the different spatial distribution. In fact, the
mean inter-distance between ZnO NPs and TCPP in ZS-AP-Y probably ranges from few to tens of
nanometers thanks to the bonding through APTES anchors, whereas it is increased from nano- to
micro-meters in ZS-A + P-0.5, where the porphyrin is randomly distributed in the surroundings of
ZS.
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Fig. 6 (a) and (b) Normalized RL spectra obtained under X-ray excitation of ZS, ZS-A, and TCPP
and the mechanical mix of ZS-A + P-0.5 (a) and ZS-AP-Y (b). (c) RL intensities of ZS-AP-Y and TCPP
normalized to their dye content. The inset is an enlargement of the TCPP spectrum.
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The RL spectra of ZS and ZS-A + P-0.25, in which the porphyrin luminescence is barely observed,
are dominated by the broad ZnO defect-related emission, while that of the dye alone displays only
the porphyrin band at 1.7 eV, in accordance with the aggregation of dye molecule powders on which
measurements are performed (Fig. 6(a)). In ZS-AP-Y, the ZnO emission intensity scales coherently
with the TCPP loading and its spectral shape is affected by the presence of dips at 2.2 and 2.4 eV
(Fig. 6(b)), confirming the occurrence of the re-absorption mechanism even under irradiation with
ionizing radiation. In all ZS-AP-Y samples, the characteristic porphyrin spectral components (at about
1.7 eV and at 1.9 eV), whose relative ratio increases as the dye loading level increases due to the
higher probability of J-aggregate formation,= and the Zn—TCPP complexes band at about 2.0 eV, are
distinguishable (Fig. 6(b)). Hence, the porphyrin luminescence is efficiently sensitized in all the
functionalized nanomaterials regardless of the porphyrin content, with much greater evidence than
in the ZS-AP-0.5 mechanical mix, in which the dye loading is of 1.4%. These findings disclose that
functionalization allows in controlling the dye arrangement and spatial distribution and it is thus
pivotal for the interaction between the single components in the coupled nanomaterials.

In Fig. 6(c), the dye and ZS-AP-Y RL intensities, normalized to the porphyrin content of the
sample, are reported to highlight the effect of the high density nanoscintillators presence in the
proximity of the dye upon their interaction under ionizing radiations. The RL of TCPP alone is of
three orders of magnitude less intense in the dye than that in ZS-AP-Y, even if their porphyrin
content (from 0.1% to 1%) is two/three orders of magnitude smaller than that in the dye alone
(100%). These results point out that the interaction between ionizing radiations and organic
molecules is poor because of their low density and low Z atomic number,z while the activation of
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their luminescence is promoted by their proximity to heavy nanoscintillators,z which favours energy
deposition in the dye surroundings. In the studied nanosystems, the X-ray photon energy can be
deposited both in ZnO and SiO. NPs. In fact, the probability of interaction between the matter and
ionizing radiation depends on atomic numbers (Zx» = 30, Zsi= 14, Zo = 8), densities (pzo= 5.61 g
cm3, Zso. = 2.65 g cm3), and particle dimensions (rz= 2.5 nm, rsi= 40 nm). As a preliminary
evaluation of the role of SiO;and ZnO in the sensitization of the dye emission under ionizing
radiation excitation, the RL spectra of only SiO> NPs coupled with 0.1 and 1 wt% of the dye were also
recorded (Fig. S10, ESIT). The numerical analysis of the RL emissions discloses that the porphyrin
luminescence is higher in the samples with ZnO NPs with respect to those made by SiO. alone (Fig.
S11 and Table S3, ESIT). These data suggest that the heavy and scintillating ZnO NPs have a key role
in promoting the dye emission. Nevertheless, the overall RL intensity decreases with the TCPP
loading throughout the coupled nanomaterials, suggesting that upon functionalization new non-
radiative dissipation channels are generated. Hence, the RL data indicate that the porphyrin
emission enhancement in ZS-AP-Y is generated by both the re-absorption of ZnO emitted photons
and the increased energy deposition of ionizing radiation in the porphyrin surroundings;
remarkably, the efficiency of the two mechanisms depends on the dye arrangement and NP spatial
distribution.

The results of the investigation reveal the achievement of hybrid nanoscintillators of
Zn0/Si0O; coupled with porphyrin with attractive properties for biomedical and oncological therapy
applications. The attainment of the surface functionalization through APTES linkage was exploited
to trigger the sensitization of the PL by ET and, especially, by energy deposition mechanisms under
X-ray excitation. Nevertheless, the depicted scenario evidences the demand for further in-depth
investigations to optimize the dye anchoring strategy on the ZnO/SiO: surface, to reduce the dye
aggregates even at low photosensitizer loading and drive the ET, luminescence, and energy
deposition mechanisms. This would lead to an increase of the dye cytotoxicity. An improved
activation of the therapeutic action of the dye will represent a step forward towards the foreseen
possible X-PDT application of these hybrid nanosystems.

Experimental

Materials

For ZnO/SiO; NP (ZS) synthesis, tetraethyl orthosilicate (TEOS, 299.0%), sodium hydroxide (>98.0%),
ammonium hydroxide solution (NH4sOH, 28 wt%), hexadecyltrimethylammonium bromide (CTAB,
98%) and zinc acetate dihydrate (>98%) were purchased from Merck Life Science (Merck KGaA,
Darmstadt, Germany). For the functionalization with porphyrin, (3-aminopropyl)triethoxysilane
(H2N(CH.)sSi(OCzHs)s, APTES, 98%), N,N-dimethylformamide (DMF, 99%) and toluene (99%) were
purchased from Alfa Aesar; 5,10,15,20-(tetra-4-carboxyphenyl) porphyrin (TCPP, 98%) was used as
received from PorphyChem SAS.

Synthetic procedures



The synthesis of TCPP functionalized ZnO/SiO. NPs was performed in four subsequent steps as
shown in Fig. 1.

Synthesis of ZnO/SiO. NPs.A two-step reaction was carried out to prepare ZnO/SiO, NPs (ZS), as
previously reported in ref. 64. SiO, NPs were first synthesized through a sol-gel method, using CTAB
templating agent for controlling the growth of highly porous NPs according to ref. 67 (step I). Then,
ZnO NPs were grown on the surface of SiO. NPs by hydrolysis and condensation of zinc acetate
dihydrate«=s= in ethanol under basic conditions (NaOH) (step Il, ZnO nominal loading of 12.0 wt%,
reaction yield ~80%).

Functionalization of ZS NPs with porphyrin.TCPP was covalently supported onto ZS by the reaction
of the —COOH groups of TCPP with the amino groups of APTES used as the surface functionalizing
agent. In detail, 2.0 g of ZS was dispersed in 48 mL of toluene at 120 °C; then, 16 uL of APTES was
added and the reaction was left under stirring for 24 h under reflux (step Ill). Then the powders
were filtrated, washed twice with fresh toluene, and dried overnight at 100 °C. Hereafter, this
sample was labelled as ZS-A. In the last step, different TCPP amounts were loaded onto ZS-A (step
IV). 0.5 g of ZS-A was dispersed in 25 mL of DMF at room temperature and different amounts of
TCPP were added (APTES:TCPP molar ratios equal to 1:1, 1:0.5, 1:0.25, and 1:0.1
corresponding to a dye loading equal to 2.7, 1.4, 0.7, and 0.3 wt%, respectively). After 18 h, the
products were isolated by centrifugation, washed twice with fresh DMF and dried overnight at 80
°C. TCPP functionalized SiO: NPs will be labelled as ZS-AP-Y, where Y is the APTES : TCPP molar ratio
used during synthesis.

Mechanical mix.A homogenous mechanical mix of 98.6 mg of bare ZS-A with 1.4 mg of TCPP (TCPP
amount equal to 1.4 wt%) was prepared as the comparison material to further investigate the role
of TCPP-ZnO proximity on the luminescence properties. This sample was labelled as ZS-A + P-0.5.

Structural and morphological characterization

The morphological analysis was carried out on all samples by TEM. TEM images were collected using
a JEOL JEM-2100Plus TEM (JEOL, Akishima, Tokio, Japan) operating with an acceleration voltage of
200 kV, equipped with an 8-megapixel Gatan (Gatan, Pleasanton, CA, USA) Rio™ complementary
metal-oxide-semiconductor (CMOS) camera. The samples were deposited onto carbon coated Cu
TEM mesh grids by drop-casting dilute NP dispersions in ethanol. The sizes of SiO. and ZnO NPs were
determined by manually measuring 100 particles randomly chosen. To obtain insights into ZnO NP
distribution at the different reaction stages, elemental mapping was performed using an energy
dispersive X-ray spectrometer (EDS)-equipped TEM.

The porosity of SiO. NPs was studied by nitrogen physisorption using a Micromeritics ASAP 2020
HD analyser, after degassing the samples at 100 °C under vacuum. SSA values, desorption
cumulative pore volume (DCPV) and pore size distribution were obtained using the Brunauer—
Emmett—Teller (BET) model.

The formation of ZnO NPs in ZS through step Il was confirmed by DRS, by measuring the
reflectance percentage (R%) in the range of 400-300 nm. The instrument used was a Lambda 900
PerkinEImer UV spectrometer.



The structural features were investigated by XRPD, using a Rigaku MiniFlex 600 diffractometer
with 0.154 nm Cu Ka radiation (Rigaku Corporation, Akishima-Shi, Tokyo, Japan). The measurements
were performed in the 29 range of 20-70° (28 step 0.02°, 1° min~! scan rate).

Raman spectroscopy was performed to validate the nature of the oxides and their interaction in
the ZS sample. Raman spectroscopy was performed using a LabRam (Jobin Yvon, France)
spectrometer equipped with a BX40 microscope head (Olympus, Japan) and focusing a helium—neon
laser working at 633 nm with a long working distance 50x objective with a numerical aperture of
0.60.

The functionalization with both APTES and TCPP was qualitatively studied by FTIR-ATR by using
a Thermo Fisher Scientific Nicolet iS20, wavenumber range between 4000 and 550 cm™, resolution
spectra 4 cm?, 32 scans. The amount of the organic substituents was quantified by TGA using a
Mettler Toledo TGA/DSC1 STAR e System (30—1000 °C, a heating rate of 10 °C min-%, and a constant
air flux of 50 mL min) and further confirmed by elemental analysis (CHNS), performed using an
Elemental VarioMICRO analyser (temperature of the combustion column = 1150 °C, reduction
column = 850 °C). From the thermal profiles measured during TGA, the weight loss between 150
and 1000 °C (AW.so-1000 «¢) Was used to calculate (i) the amounts of APTES and TCPP in ZS-A and ZS-
AP-Y samples (TCPP amount, wt%), respectively, and (ii) the ratio between APTES and TCPP
molecules distributed over the SiO; surface (number of molecules per nm? SiO:), according to egn
(S1)—(S3) in the ESI.T

Spectroscopic characterization

Absorption spectra from 200 to 800 nm were recorded using a double beam PerkinElmer Lambda
950 spectrometer with a spectral resolution of 1.0 nm using Suprasil quartz cuvettes with a 0.1 cm
optical path length. A calibration curve was obtained by measuring the absorption spectra of TCPP
solution in DMF at known concentrations (in the range: 10°-7 x 10° M, data not shown) by
monitoring the TCPP absorbance at 520 nm corresponding to the first peak of the Q bands (Absszo).
In this concentration range, Abssx has a linear increase with the TCPP concentration. The TCPP
amount in ZS-AP-Y was calculated by using the Lamber Beer equation (eqn (S4), ESIT).

Excitation—emission luminescence measurements were carried out in the steady-state mode
exciting using a continuous wave (CW) Xenon lamp coupled to a double monochromator (Jobin-
Yvon Gemini 180 with 1200 grooves per mm gratings), and recording through a nitrogen cooled,
back illuminated, UV enhanced, Charge-Coupled Device (CCD) detector coupled to a
monochromator (Jobin-Yvon Micro HR with a 150 grooves per mm grating). PL spectra were
recorded exciting at ~335 nm (~3.7 eV) for all the samples and at ~400 nm (~3.1 eV) only for TCPP
and ZS-AP-Y samples. PLE spectra were detected monitoring the TCPP emission at ~655 nm (~1.9
eV) for TCPP and ZS-AP-Y samples; the ZnO emission at ~540 nm (~2.3 eV) for ZS, ZS-A and ZS-AP-
Y samples. All the spectra were corrected for the spectral response of the system.

TRPL measurements were carried out in the time correlated single photon counting (TCSPC)
mode using a FLS 980 spectrofluorometer by Edinburgh Photonics using Suprasil quartz cuvettes
with a 0.1 cm optical path length. TRPL spectra monitored at 2.3 eV (540 nm) with a band-width of
10 nm were recorded using a pulsed diode light emitting device (EPLED) emitting at 3.6 eV (340 nm)



as the excitation source with a pulse width of ~950 ps; the TRPL decays of TCPP and ZS-AP-Y
monitored at 1.9 eV (650 nm) with a bandwidth of 5 nm were obtained exploiting a pulsed diode
laser (EPL) emitting at 2.4 eV (510 nm) with a pulse width of ~280 ps.

Finally, time resolved emission spectroscopy (TRES) was also applied: the emission spectra were
recorded both immediately after the pulse and with 0.2 ms delay exciting at 340 nm with a Xenon
flash lamp with a pulse duration of 0.1 ms using an Agilent Cary Eclipse fluorimeter using Suprasil
guartz cuvettes of 1 cm optical path length. For all the samples, measurements were performed at
room temperature and atmospheric pressure in DMF solutions.

Steady state RL measurements were carried out using a homemade apparatus featuring, as a
detection system, a CCD Jobin-Yvon Symphony Il coupled with a spectrograph Jobin-Yvon Triax 180
operating in the range of 200—1100 nm. All the spectra were collected on sample powders at room
temperature and at a pressure of 10~ mbar to avoid any RL emission from molecules present in the
air and corrected for the spectral response of the detection system. RL excitation was obtained by
X-ray irradiation through a Be window, using a Philips 2274 X-ray tube with a tungsten target
operating at 20 kV and 20 mA. At the used voltage, the continuous X-ray spectrum, with a mean
energy of 6-7 keV, is produced mainly by a bremsstrahlung mechanism superimposed to the L and
M transitions of tungsten.s

Conclusions

In this work, we propose a reliable approach towards the designing of efficient hybrid NPs. We based
the realization of this methodology on a specific case of study involving scintillating ZnO NPs
supported on silica with TCPP porphyrins at different loadings, with the future aim to engineer a
material suitable for X-PDT application.

This study presents an exploration of the structural, morphological, and luminescence properties
of the components of the hybrid nanosystem taken individually and assembled in the final
architecture, with particular interest in the role played by the material mesoporosity and the mean
inter-distance between the nanoscintillators and the dyes, also in the presence of ionizing
radiations. Importantly, the photoluminescence measurements on the dye functionalized ZnO NPs
unveil the formation of porphyrin aggregates depending on the dye concentration, and the absence
of Forster energy transfer. Under light excitation, the porphyrin emission is mainly due to the re-
absorption of ZnO emitted photons; in contrast, dye sensitization is boosted upon X-ray irradiation
thanks to augmented energy deposition in proximity of the dense inorganic NPs. These findings
suggest that the mutual dye spatial distribution and their arrangement on the NP surface
determined by the loading strategy are crucial parameters for the activation of the organic dye
luminescence and thus of its cancer killing activity. This study highlights the synergic contribution of
the functionalization strategy and ionizing radiation on the interactions between nanoscintillators
and organic fluorescent molecules, indicating the critical aspects of the structure of the material
which affect the resultant luminescence performances of multicomponent systems in diverse
applications, such as in X-PDT.

The findings of this work prove the cruciality of the development of a robust methodology to
explore the properties of the hybrid NP and they pave the way for further investigating the X-ray



induced mechanisms (both radiative transfer and locally augmented energy deposition,
respectively) by experimental and computational approaches to optimize the design of hybrid
nanomaterials with tailored performances for specific applications and technologies.
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