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Sub 20 nm Upconversion Photosensitizers for Near-Infrared

Photodynamic Theranostics

Anne Nsubuga, Korentin Morice, Nour Fayad, Federico Pini, Véronique_Josserand,
Xavier Le Guével, Abdallah Alhabi, Maxime Henry, Dario Puchdn Sdnchez,
Nathan Plassais, Pierre Josse, Julien Boixel, Philippe Blanchard, Clément Cabanetos,*

and Niko Hildebrandt*

Efficient type Il photodynamic therapy (PDT) requires stable and
biocompatible photosensitizers (PS) that present low dark cytotoxicity, are
photo-excitable in deep tissue regions, and can efficiently penetrate and kill
cells via in situ singlet oxygen production. Here, heavy-metal-free organic PS
are combined with near-infrared (NIR)-excitable small (<20 nm) upconversion
nanoparticles (UCNPs) into UCNP-PS nanohybrids for accomplishing such
advanced PDT conditions. UCNP-to-PS energy transfer efficiencies between
11% and 42% and 'O, generation quantum yields between 74% and 86%
resulted in efficient NIR-sensitized PDT. Hela cells incubated with UCNP-PS
can be efficiently destroyed via 808 nm laser irradiance at 140 mW cm~2 for 3
min (<30% cell viability) or 3.2 W cm=2 for 6 min (<10% cell viability).
Theranostic functionality of UCNP-PS is demonstrated via live cell in situ
imaging of intracellular UCNP-PS-mediated 'O, production, which resulted in
cell death, most probably via apoptosis. Preliminary in vivo experiments are
also performed and the consequences for a detailed in vivo study toward
clinical translation are discussed. The combined PDT and deep-tissue imaging
properties of the nanomolecular PS present a large potential for future
implementation into advanced in vivo photodynamic theranostics.

1. Introduction

Photodynamic therapy (PDT) is a non-
invasive technique that combines high ther-
apeutic efficacy with minimal side effects
for various types of cancer.'?] The main
process of PDT involves light-triggered
generation of intracellular reactive oxygen
species (ROS) via photosensitizers (PS) to
induce cell death through apoptosis and
necrosis.>*l Ideal PS exhibits negligible
dark cytotoxicity and efficient photoactiva-
tion into a long-lived excited triplet state
(T1) via intersystem crossing (ISC) from
an excited singlet state. From the T1, PS
can subsequently undergo photochemical
reactions yielding ROS, such as ROOH,
OH®, and O,°" (type I process), or trans-
fer their energy to molecular oxygen result-
ing in the (photo)generation of singlet oxy-
gen (10,, type 1I process).>”! Both types of
PDT have pros and cons. Type I is effective

in hypoxic environments since it minimally
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depends on intracellular oxygen to produce ROS. The generation
of multiple ROS can also decrease the likelihood of cells develop-
ing resistance to the therapy. Type II offers advantages in terms of
specificity and selectivity, making it efficient in well-oxygenated
tumors and tissues. Because 'O, has a very short lifetime, its dif-
fusion distance is limited. Therefore, its effects are highly local-
ized to the targeted area, reducing the risk of damaging surround-
ing healthy tissues.

Many PS, including organic dyes (e.g., porphyrins, Rose Ben-
gal, zinc phthalocyanine, Chlorin e6, merocyanine 540, methy-
lene blue) and metal-organic complexes, have been investigated
as photoactive compounds in PDT for cancer treatment.[®-12]
However, significant drawbacks, such as high energy ultraviolet-
visible (UV-vis) excitation light with low tissue-penetration
depth, long-term toxicity due to slow metabolization processes,
and low ISC efficiencies, have limited the efficacy and clinical
translation of most of those PS.["*'* Considering that high ISC
efficiencies are paramount for ROS generation, heavy atoms,
such as halogens, transition metals, or lanthanides have been in-
troduced in the z-conjugated system of the PS.[3-6] This strategy
increases spin—orbit coupling, which promotes ISC and leads to
higher ROS production quantum yields. However, heavy atom-
based PS can induce significant dark cytotoxicity causing ge-
nomic instability upon accumulation in the nucleus.['>71] In
this context, the development of efficient heavy-atom-free molec-
ular PS has recently attracted considerable research attention and
still remains an important challenge.

Recently, Cabanetos et al. developed a new class of DNA
binding heavy-atom free PS, entitled dibenzothioxanthene imide
(DBI). DBI was demonstrated to interact with G-quadruplex sec-
ondary structures contained in exosomes of cancer cells.'’] As
a result, photoactivation (at 470 nm) of nanomolar concentra-
tion of DBI caused oxidative stress and DNA base degradation
in both cancer cells and 3D tumor organoids. In vivo stud-
ies showed that DBI caused apoptosis in zebrafish, particularly
in the area where it accumulated. In parallel, Cabanetos et al.
also converted a benzothioxanthene imide chromophore into
thiochromenocarbazole imide (TCI) with improved properties
for electroluminescent devices.[?*?!l Characterized by high mo-
lar absorption coefficients, efficient ISC, and a long-lived T1, the
N-annulated TCI showed great potential for being used as PS
for 10, generation.[?) Moreover, the nitrogen-containing five-
membered ring of TCI allowed for an orthogonal functionaliza-
tion to the imide, therefore improving the tunability of the physic-
ochemical, self-assembling, and grafting properties of this pho-
toactive compound. Considering the advanced properties of both
DBI and TCI, it would be highly interesting to i) experimentally
verify the PS potential of TCI and ii) shift the UV-vis excitation
of both derivatives into the near-infrared (NIR) for deeper tissue
penetration and reduced water absorption.

Although red/NIR (up to circa 800 nm) excitable PS based on
organic molecules and aggregation-induced emitters (AIEs) have
been developed, 182224 they possess certain drawbacks, such as
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photobleaching and lack of dual-modality (PDT plus lumines-
cence imaging)?*! for organic molecules and molecular-packing-
dependent emission and broad emission bands for AIEs. Func-
tionalization of both DBI or TCI for NIR excitation is chemi-
cally very challenging, but indirect excitation via upconversion
nanoparticles (UCNPs) appears to be a method of choice.[26%]
UCNPs can be excited in the NIR and produce UV-vis photolu-
minescence (PL), which is conducive to energy transfer to molec-
ular PS near their surface.[3*32] Thus, in principle, this concept
should be transposable to the heavy-atom free DBI and TCI.
The unique photophysical properties of UCNPs and their low
toxicity make them also ideal candidates for various biological
applications.[***01 Moreover, their versatile composition can be
used to either excite Yb** sensitizers ~980 nm or Nd** sensi-
tizers ~800 nm, where water absorption is weaker and heating
effects can be avoided.[*0*¢]

With the aim to develop ideal PS, we merged sub-
20 nm UCNPs with DBI or TCI derivatives into sin-
gle hybrid nanostructures for PDT (Figure 1). To do so,
NaGdF,:Nd**/Tm3* /Yb** @NaGdF, core-shell UCNPs excitable
at 808 and 980 nm were coated with a phospholipid bilayer (PLB)
for improved stability, biocompatibility, and encapsulation of
both organic PS. Compared to previously demonstrated UCNP-
to-PS materials,*=1 the combined advantages of our study
were the use of heavy-atom free PS, excitation at 808 nm for less
heat damage, small size (sub-20 nm), and an experimental inves-
tigation of the energy transfer process for a better fundamental
understanding. The UV-vis PL of the UCNPs allowed for effi-
cient Forster resonance energy transfer (FRET) to DBl and TCI in
the PLB, which resulted in photosensitized 'O, production upon
NIR excitation. In addition to evaluating the differences between
the two different PS when they are incorporated into the PLB
(aliphatic-DBI and hexyl-TCI), we also assessed the differences
between incorporation into the PLB (hexyl-TCI) and direct attach-
ment to the UCNP surface (maleimide-TCI) because variations
of attachment ratios (PS-per-UCNP) and PS-to-UCNP distances
should also result in distinct 'O, production efficiencies. Our
characterization showed high 'O, production quantum yields
and negligible dark toxicity of all three nanohybrids. Application
to PDT was investigated through in vitro testing on human cervi-
cal cancer (HeLa) cell lines. As demonstrated by PL microscopy,
UCNP-PLB-DBI/TCI nanohybrids were internalized by HeLa
cells and NIR excitation resulted in an efficient PDT effect via
intracellular 'O, production, highlighted by cell viability and cy-
totoxicity tests as well as live-cell imaging. Our results show that
the synergistic combination of UCNPs and DBI/TCI resulted in
powerful PS nanoplatforms with improved intracellular 'O, pro-
duction for high therapeutic efficacy and minimal side effects.
In addition, the NIR luminescence of the UCNP-PS can be used
for simultaneous imaging with deep tissue penetration making
them promising agents for photodynamic theranostics (PDTx).

2. Results and Discussion

2.1. Syntheses and Characterization of the Organic
Photosensitizers

Three heavy-atom-free PS (aliphatic-DBI: A-DBI; hexyl-TCI: H-
TCI; maleimide-TCI: M-TCI, Figure 2) were prepared following
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Figure 1. Schematic principle of the UCNP-PLB-PS nano platform for NIR-based PDTx. The different PS can be either directly attached to the UCNP
surface and coated with PLB afterward (top) or incorporated in the PLB coated on the UCNP (bottom). NIR excitation of UCNPs with 980 or 808 nm

results in UCNP-to-PS FRET and concomitant 'O, production.

recently reported procedures (see Supporting Information in-
cluding Scheme S1 and Figures S1-S17 (Supporting Informa-
tion) for synthetic details).['2%?!] The specifically designed PS
allowed for different attachment approaches to the UCNPs and
provided different photophysical properties for tuning UCNP-to-
PS FRET. All three were found to have remarkably high solubil-
ity in common organic solvents, such as chloroform (CHCL),
dichloromethane (DCM), dimethylsulfoxide (DMSO), and ace-
tonitrile (ACN). The N-maleimide and N-hexyl moieties of TCI
provided an additional pair of nonbonding electrons from the ni-
trogen atom, which induced a slight electron-donating effect to
the z-system of the TCI chromophore.[?*52] UV-vis absorption
spectra (Figure 3) of H-TCI and M-TCI exhibited vis-centered
absorption bands at circa 405 and 485 nm associated to mo-
lar extinction coefficients of ~17000 and ~#16800 M~! cm™?, re-
spectively. Steady-state fluorescence spectroscopy showed H-TCI
and M-TCI emission maxima at 521 and 526 nm, respectively
(Figure S18, Supporting Information). A-DBI exhibited a sin-
glet state absorption band at 483 nm, characterized by an ex-
tinction coefficient of ~18000 M~! cm™! and an emission max-
imum at 544 nm, due to its fused and z-extended core. 0, pro-
duction quantum yields (®s, indirect estimation of triplet gen-
eration efficiency) were determined at specific wavelengths by
a relative method (Figure S19, Supporting Information) using
phenalenone (®s = 0.95 in CHCl,) and Rose Bengal (®s = 0.45
in CH;CN) as reference standards. The 'O, production quantum
yields of ®s(A-DBI) = 0.86, ®s(H-TCI) = 0.74, and ®s(M-TCI) =
0.79 were significantly higher than those of other heavy-atom-

A C1aHag

Ox N O

(L

B
N

free PS, such as BODIPY (®s = 0.55), thiol-based Nile Red (®s =
0.36), or thio-coumarin (®s = 0.64).[1833]

2.2. UCNP Production and Characterization

The material composition of the NaGdF,: 25% Yb**,1%
Nd3**,0.5% Tm3* UCNPs was adapted for specific excitation at
both 808 nm (Nd** ions) and 980 nm (Yb*" ions) and emis-
sion in the 450-500 nm region (Tm3* ions) that efficiently over-
lapped with the absorption of all organic PS (Figure 3). In ad-
dition to spectral overlap, FRET requires a close distance be-
tween the Tm3* donors and the heavy-atom-free PS acceptors
and a high PL quantum yield of the Tm** donors.[***] There-
fore, we prepared relatively small UCNPs with thin inert NaGdF,
shells that presented a good compromise between bright (re-
duced surface quenching) donor PL and short (thin shell) donor-
acceptor distances (see Supporting Information for experimen-
tal details).*>*] Small UCNP sizes were accomplished by us-
ing NaGdF, as a host materiall®*>%! and by carefully adapting
the ion ratios (185.5 mg GdCl;-6H,0, 189.9 mg YbCl;-6H,0,
3.8 mg NdCl;-6H,0, and 3.8 mg TmCl,-6H,O-see Supporting
Information for details).’>®°l Dynamic light scattering (DLS)
measurements of both core and core-shell UCNPs indicated
an increase in the hydrodynamic diameter, from 11.8 + 2.6
to 13.1 + 3.1 nm, implying a shell thickness of circa 1.5 nm
(Figure S20A,B, Supporting Information). Sizes as well as a nar-
row distribution (12.4 + 2 nm) and excellent monodispersity were

&
I o8 t;r of

Figure 2. Chemical structures of A-DBI (A), H-TCI (B), and M-TClI (C) Synthetic routes are provided in Scheme S1 (Supporting Information).
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Figure 3. The spectral overlap of UCNP PL (4., = 808 nm, black line, left
axis) and molar extinction coefficient spectra of the three PS (green, blue,
and red lines, right axis) is optimal for UCNP-to-PS FRET.

confirmed by transmission electron microscopy (TEM, Figure
S20C, Supporting Information). Powder X-ray diffraction exper-
iments (Figure S20D, Supporting Information) revealed that the
core-shell UCNPs were in the thermodynamically stable hexago-
nal phase without phase impurities. Regarding their optical prop-
erties, the UCNP PL spectrum (Figure 3) displayed the charac-
teristic and expected emission bands of Tm>**. The UV emission
bands at ~353 and ~368 nm were assigned to the *P, — 3F,,
and 'D, — 3H, transitions, respectively. The blue emission bands
at ~456 and ~481 nm were assigned to the 'D, — 3F, and
1G, — 3H, transitions, respectively. Tm** also exhibits emission
bands beyond 500 nm (e.g., 650, 2690, and ~800 nm) but since
they do not overlap with the PS’ absorption, most of them are de-
liberately not shown in the PL spectrum in Figure 3. An energy
level diagram showing the most important optical transitions is
provided in Figure S21 (Supporting Information).

2.3. FRET Parameters

The spectral overlap integrals (J(4)) of the three UCNP-PS FRET
pairs were calculated between 320 and 550 nm using Equa-
tion (1):

T @)= J1p(A) e, (d) 2"da 1)

where, T,(4) is the normalized intensity (/ I(A)JdA = 1) of Tm3*
emission in the 320 to 550 nm range (the other transitions were
not considered for the normalization), ¢,(4) is the molar ex-
tinction coefficient (in M~! ¢cm™) of the acceptor, and 4 is the
wavelength in nm. Overlap integral values of J(A-DBI) = 5.2-10™
M~'em™'nm* J(H-TCI) = 4.4-10" M~'em™'nm* and J(M-TCI) =
4.2:1012 M~lem~'nm* were used to estimate Forster distances
(corresponding to the distance between donor and acceptor that
results in 50% FRET efficiency) by Equation (2):

R, = 0.021 (*®,n~*])""* x nm 2)
k2 is the donor-acceptor transition dipole moment orientation

factor, which we assumed to be 2/3 due to dynamic averaging
during the long excited-state lifetime of the Tm3* donors. @, is

Adv. Funct. Mater. 2024, 2410077 2410077 (4 of 11)
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the PL quantum yield of the Tm** donors, which is difficult to
determine since it is different from the overall quantum yield
of the UCNP. Therefore, R, values were calculated with donor
quantum yields of 0.1%, 1%, and 10%, which provided a range
estimation of R,,. Further, a refractive index of n = 1.35 (aqueous
buffer) was used. The Forster distances for all three FRET pairs
were found to be in the 1.4 to 3.1 nm range. While the exact R,
values are of minor importance, the distance range emphasizes
that Tm ion donors, located in the core of the UCNP, and PS ac-
ceptors, located on the surface of the inert UCNP shell, should be
as close as possible to accomplish sufficient UCNP-to-PS FRET.
This distance consideration is one of the main reasons for the
relatively thin inert shell and the different PS surface attachment
approaches discussed below.

2.4. UCNP-PS Preparation and Characterization

To stabilize the aliphatic functionalized PS (A-DBI or H-TCI)
close to the UCNP surface and to maximize biocompatibil-
ity and stability for in vitro imaging and PDTx applications,
UCNPs were coated with phospholipids using thin-film hy-
dration (molar ratio 0.63/0.3/0.07 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC)/cholesterol/1,2-dioleoyl-sn-glycero-
3-phosphate (DOPA), see Supporting Information for experi-
mental details).!) Whereas different surface coating strategies
can be used for encapsulating UCNPs and incorporating small
molecules, we selected phospholipids because they provide
similar properties than cell membranes combined with high
stability, biocompatibility, and encapsulation efficiency.326263]
In a typical experiment, a dispersion of UCNPs (3 mg mL™! in
chloroform) was first added to a solution of phospholipids and
cholesterol in chloroform before drying the reaction mixture
to form a thin film (60 min at 50 °C). The film was then hy-
drated with 4-(2-hydroxyethyl)—1-piperazineethanesulfonic acid
(HEPES) buffer and sonicated to generate stable and dispersible
UCNP-PLB. Thermal gravimetric analysis showed a weight loss
of circa 9% (Figure S22, Supporting Information), representing
3.8:10" oleate ligands per UCNP and corresponding to a surface
coverage of ~76%, which corroborates the presence of DMPC
in the inner leaflet driven by electrostatic interactions. DMPC
was used to prevent repulsion between the negatively charged
head groups of DOPA. Cholesterol was used to decrease water
permeability, as it is known to create a tighter packing in lipid
films comprising unsaturated fatty acid chains. A zeta potential
of —11.2 mV was measured and DLS experiments confirmed
the colloidal stability when incubated in water and phosphate-
buffered saline (PBS) for up to 7 days (Table S1, Supporting
Information).

Whereas A-DBI and H-TCI were encapsulated (thin-film hy-
dration method in the dark) within the hydrophobic layers via
hydrophobic interactions (between the lipid aliphatic bilayer and
the PS), the maleimide functionalized M-TCI was grafted on the
UCNPs surface before PLB coating. To do so, oleate ligands were
first replaced with mercaptopropanoic acid (MPA), through a
ligand exchange reaction in acidic conditions, that, in turn, re-
acted with M-TCI through thiol-maleimide coupling. The sur-
face modification process was monitored by Fourier transform
infrared spectroscopy (Figure S23, Supporting Information).
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Figure 4. A: Time-dependent release of encapsulated PS in HEPES buffer (pH 5.4) at 37 °C. B: FRET efficiencies of UCNP-PLB-PS with increasing
concentrations of PS. The error bars for each data point represent the standard deviation derived from three separate measurements (n = 3).

Different concentrations of M-TCI were studied to determine the
optimum number per UCNP for high FRET efficiency and sub-
sequent 'O, production. PLB coating was performed after M-TCI
functionalization of MPA-UCNPs.

The stability of the UCNP-PS nanohybrids was first assessed
by DLS, which showed that all UCNP-PS had very similar sizes
and excellent colloidal stability for up to 7 days (Table S1, Sup-
porting Information). PS release kinetics of A-DBI, H-TCI, and
M-TCI were also evaluated. UCNP-PS were placed in a dialysis
membrane (3,000 Da molecular weight cutoff) and the leakage
of PS molecules was monitored at specific time intervals (i.e.,
up to 72 h) by UV-vis absorption spectroscopy. The hydrophobic
interactions between PS and the PLB resulted in only minimal
leakage (of less than 4%) within circa 20 h, after which no more
leakage occurred (Figure 4A). The small differences between the
plateau values of the three PS are not significant enough to ex-
plain it via the different structures or attachment procedures.
The PS release was fitted to a single exponential function gen-
erating time constants of ~#9.8 h, ~8.3 h, and ~9.8 h for A-DBI,
H-TCI, and M-TCI, respectively (Equation S1, Supporting Infor-
mation), which represented the time to reach 50% of the plateau
value. Overall, loading these rylene based PS into the hydropho-
bic PLB resulted in highly stable nanocarriers, which is critical
for ensuring that the therapeutic load reaches the cancer cell
targets.

2.5. UCNP-to-PS FRET

To determine the FRET efficiencies (Epggr) from the UCNP to the
different PS, the Tm** PL intensity in the overlapping spectral
range, that is, from 320 to 550 nm (cf. Figure 3) was studied and
Equation (3) applied:

I
Epper = 1-— <%> 3)
D

Ip, and I are the integrated UCNP PL intensities from 320
to 550 nm in the presence and in absence of the PS acceptors,
respectively. Importantly, these overall FRET efficiencies consid-
ered the total UCNP PL intensity, which includes many Tm?3*

Adv. Funct. Mater. 2024, 2410077 2410077 (5 of 11)

donors that were close to the center of the UCNP and could not
participate in FRET to PS (too large Tm3*-PS distance). There-
fore, higher overall FRET efficiency can originate from both
closer distance of the PS to the UCNP surface (higher FRET ef-
ficiencies for each existing FRET pair) and larger amounts of
PS per UCNP (higher amount of FRET pairs). Increasing the
concentration of each PS resulted in gradual quenching of the
UCNP PL until a certain limit (Figure S24, Supporting Infor-
mation). From these measurements, maximal FRET efficiencies
of 0.42 + 0.05, 0.11 + 0.03, and 0.17 + 0.03 were achieved at
concentrations of 4.2 + 0.6, 3.0 + 0.4, and 2.1 + 0.4 uM for A-
DBI, H-TCI, and M-TCI, respectively (Figure 4B). Considering a
UCNP concentration of 0.68 uM, PS-per-UCNP ratios were esti-
mated as 6.2 + 0.9, 4.4 + 0.6, and 3.1 + 0.6 for A-DBI, H-TCI,
and M-TCI, respectively (see Supporting Information for details
about the calculations). Despite the lower PS-per-UCNP ratios
for M-TCI compared to H-TCI, the closer PS-to-UCNP-surface
distance, resulting from the chemical attachment to the UCNP
(vide supra), yielded in a higher Epprr(M-TCI). Knowing that both
A-DBI and H-TCI should be localized inside the PLB and at ap-
proximately the same average distance from the UCNP surface,
the higher Epppr(A-DBI) can be correlated to a higher incorpora-
tion efficiency (higher PS-per-UCNP ratio). For the same reason,
Egrer(A-DBI) was also significantly higher than Epppr (M-TCI) de-
spite the closer distance of M-TCI to the UCNP surface.

Overall, Epgpr values between 11% and 42% were quite en-
couraging when considering that many Tm?** FRET donor ions
inside the UCNP were actually quite far away from the PS accep-
tors. These relatively large overall FRET efficiencies confirmed
that the small UCNP diameters below 20 nm and the relatively
compact surface attachment strategies were well selected for our
NIR-activated and UCNP-sensitized PDT strategy. Importantly,
we were able to directly observe the production of !0, via its
phosphorescence ~1270 nm upon excitation of the UCNP-PS
nanohybrids at 980 nm (Figure S26, Supporting Information).
Whereas electron spin resonance or fluorescent probes can also
be used for gaining experimental evidence of 'O, production, de-
tection of 'O, phosphorescence is arguably the most direct way
and we therefore did not employ additional methods. It is rare
that this phosphorescence peak is measurable for 'O, production
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Figure 5. Cell viability of HeLa cells incubated for 20 h with different concentrations (0-400 pug-mL~") of UCNP-PS. UCNP concentration-dependent MTT
assays were performed without light irradiation (A), with strong (3.2 W cm~2 for 6 min) NIR excitation at 808 or 980 nm (B), and with moderate (140
m W cm~2 for 3 min) NIR excitation at 808 or 980 nm (C). Error bars represent the relative standard deviation from triplicate measurements (n = 3).
Note that “0” concentration corresponds to experiments without UCNPs. Thus, only one experiment (triplicate measurements) was performed for each
excitation condition (no light, 808, and 980 nm). For clarity, all samples are shown for the “0” concentration experiments, which resulted in bars with

the same cell viability and errors.

via UCNP-to-PS energy transfer upon NIR excitation and thus,
our '0, production can be considered as relatively efficient. Note
that UCNP-PS collected by centrifugation were re-dispersed in
D, O to increase the '0, lifetime and thereby enabling the detec-
tion of the weak !0, phosphorescence.[%]

2.6. In-Vitro Toxicity Assessment

Encouraged by the excellent FRET properties and NIR-activated
10, production ability, the potential application of these nanocar-
riers for PDT and (bio)imaging was investigated. We were also
very interested in assessing the relationship between FRET ef-
ficiencies and 'O, production efficiency. As mentioned above,
the FRET efficiency was quantified via UCNP luminescence
quenching. However, a stronger quenching of all Tm** ions
within the UCNP (and thus higher overall FRET efficiency)
does not necessarily represent the PS-sensitization and 'O, pro-
duction efficiencies. Thus, it was important to scrutinize all
three UCNP-PS concerning their potential NIR-induced cyto-
toxicity, which was done via in vitro cell viability tests using
a standard 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium
bromide tetrazolium (MTT) assay and HeLa human cervical can-
cer cells. Hela cells were incubated with the nanohybrids at con-
centrations ranging from 10 to 400 pug-mL™ for 20 h at 37° C
followed by the replacement of cell media with fresh HBSS (see
Supporting Information for experimental details).

In the absence of NIR irradiation, UCNP-PS incubated
HelLa cells exhibited high viability between circa 86 and 93%
(Figure 5A), emphasizing minimal dark-cytotoxicity of all three
nano-PS. Control experiments with UCNP-PLB confirmed that
the slightly increasing dark toxicity with increasing UCNP-
PS concentrations was caused by the NPs and not by the PS
(Figure 5A). Continuous and homogeneous irradiation of the
cells (prior to MTT assays) at 980 and 808 nm with high power
densities and for an extended time (3.2 W cm~2 for 6 min) and
moderate power densities for a shorter time (0.14 W cm™ for
3 min) resulted in much stronger and concentration-dependent
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cytotoxicity with cell viabilities below 10% for the highest UCNP-
PS concentration and strong excitation (Figure 5B). Moder-
ate excitation still led to significant UCNP-PS concentration-
dependent cytotoxicity (Figure 5C) but the influence of excita-
tion irradiance and time was clearly visible (when comparing
Figure 5B,C). Despite the differences in overall FRET efficiencies
(vide supra) all three types of UCNP-PS induced approximately
the same cytotoxicity. Taking into account that the 'O, production
quantum yields of the three PS were very similar (vide supra),
the similar cytotoxicities suggest that the overall sensitization of
the three different PS via FRET from UCNPs was not signifi-
cantly different. The slightly stronger PDT effect at 980 nm excita-
tion was attributed to the direct excitation of Yb** sensitizer ions
(absorption cross-section of ~1072° cm?) and subsequent energy
transfer to the Tm** activator ions.[®] Despite the circa 10-fold
higher absorption cross-section of Nd** (~107!? cm?) compared
to Yb**, upconversion upon 808 nm excitation is less efficient as
it results from Nd**—>Yb** >Tm3* energy transfer.[® Neverthe-
less, both 808 and 980 nm excitation of UCNP-PS resulted in sig-
nificantly reduced cell viability. Notably, NIR irradiation of HeLa
cells without UCNP-PS did not lead to cytotoxic effects (compare
bars at 0 UCNP concentration in Figure 5A-C).

2.7. Live-Cell Imaging and Cellular Uptake

To investigate cellular uptake and intracellular localization of the
nanohybrids, live HeLa cells were incubated for 4 h with the dif-
ferent UCNP-PS and then counterstained with Hoechst 33342, a
nuclei staining agent. To provide a good compromise between
low dosing and high PDT efficacy, a UCNP-PS concentration
of 100 ug mL~! was selected (cf. Figure 5B,C). Cellular uptake
and intracellular localization of the PS-loaded NPs were visual-
ized via widefield fluorescence microscopy. The overlay images
of differential interference contrast (DIC) transmission, nucleus-
specific Hoechst 33342 fluorescence, and UCNP luminescence
(Figure 6) showed that all three types of UCNP-PS were inter-
nalized and mainly located within the cytoplasm of the HeLa
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Figure 6. Overlay images (DIC transmission; Hoechst 33342 fluores-
cence in blue with 320420 nm excitation and 480+8 nm emission de-
tection; UCNP luminescence in magenta with 808 nm laser excitation
and 450430 nm emission detection) of Hela cells incubated for 4 h with
100 pg mL~1 UCNP-A-DBI (A), UCNP-H-TCI (B), and UCNP-M-TCI (C).
Scale bars: 20 um.
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cells. Consequently, the cell toxicity demonstrated above was
most probably induced by UCNP-PS inside the cells, that is, 1O,-
induced apoptosis leading to cell rupture and subsequent cell
death.[67:68]

For assessing the dose-dependent toxicities and intracellu-
lar distribution at the single-cell level, microinjection of well-
controlled sample volumes into single cells is an interesting de-
livery method.[®7°1 However, clogging of the sample via NP ag-
gregation in the extremely thin delivery needles can present a
significant limitation for microinjection.”!! Thus, we wanted to
demonstrate that the UCNP-PS nanohybrids can be used for mi-
croinjection and subsequently imaged inside the cells. Direct mi-
croinjection into the cytoplasm of live COS-7 cells without in-
ducing cell rupture and needle clogging was successfully car-
ried out for up to ~9.2 pL of UCNP-PS. Imaging revealed that
UCNP-PS were relatively well distributed despite a certain local-
ization (Figures S27 and S28, Supporting Information), which
could indicate slight aggregation within the cytoplasm or that a
certain time is necessary to distribute the UCNP-PS over the en-
tire cytosol (which is quite densely packed with subcellular com-
ponents).

2.8. Intracellular 'O, Production via UCNP-PS

Considering that the overall FRET efficiency (measured via
UCNP luminescence intensity) and the cytotoxicity (measured
via cell viability assays) were not directly related, we aimed to
analyze the actual 'O, production capability of UCNP-PS inside
cells. For this, Hela cells were incubated for 4 h with the dif-
ferent UCNP-PS (100 pg-mL~!). Following the removal of non-
internalized NPs by washing with HBSS, cells were excited with
an 808 nm laser at 3.2 W cm~2 for 6 min (Figure 7 left) or at
0.14 W cm™ for 3 min (Figure 7 right) in order to induce the
production of intracellular 'O,. For all three different UCNP-PS,
the images clearly showed morphological changes of the cells, in-
dicative of cell death. UCNPs inside the cells were still lumines-
cent (upon both 980 and 808 nm excitation) and mainly localized
in the cytosol. NIR-excitation of Hela cells alone did not result
in any detectable morphological change or damage (Figure S29,
Supporting Information). Fluorescence imaging of calcein-AM
and propidium iodide (PI) co-stained cells (for revealing live and
dead cells) also confirmed the PDT efficacy of the NIR-excited
UCNP-PS (Figure S30, Supporting Information). These results
demonstrated the theranostic PDTx applicability of this new class
of hybrid nanostructures via simultaneous cell destruction and
imaging.

To further verify that the cell damage was caused by the NIR
excitation-induced production of '0,, as already shown via 0,
phosphorescence in solution (Figure S26, Supporting Informa-
tion), the fluorescent 10, probe singlet oxygen sensor green (SOSG)
was used to stain Hela cells (5 nm of SOSG for 10 min). Un-
like other commercially available fluorescent and chemilumines-
cent ROS probes, SOSG is highly specific to 10, and does not
show any appreciable response to hydroxyl radical (OH") or su-
peroxide (O,7). In the presence of 10,, SOSG produces an en-
doperoxide (SOSG-EP) resulting in strong fluorescence emis-
sion (excitation/emission maxima ~485/525 nm) (Figure 8B).
Before 808 nm laser irradiation, the characteristic fluorescence
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Figure 7. DIC-luminescence overlay (DIC transmission; HOECHST 33342
fluorescence in blue with 320+20 nm excitation and 480+8 nm emission
detection; UCNP luminescence in magenta with 980 or 808 nm laser exci-
tation and 450+30 nm emission detection) images of live HeLa cells after
4 h of incubation with the three different UCNP-PS and subsequent 3 min
10, production under intense NIR excitation (left, 808 nm, 3.2 W cm~2,
6 min) and moderate NIR excitation (right, 808 nm, 140 m\¥ cm~2, 3 min).
All scale bars are 20 pm. DIC images and results for 980 nm excitation are
shown in Figure S31 (Supporting Information).

of SOSG in Hela cells treated with UCNP-PS appeared very
weak (Figure 8A bottom images). This negligible fluorescence
was probably caused by oxidative stress as a result of the imbal-
ance between ROS formed in cells and the inability of the bi-
ological systems to detoxify ROS species.>7?] Although antiox-
idant defense systems, such as catalase, superoxide dismutase,
and glutathione peroxidase, regulate the homeostasis of ROS,
detectable amounts of 'O, can be naturally present in cells. In
strong contrast, a very intense green fluorescence was monitored
in the cells after 808 nm irradiation (Figure 8A top images), sug-
gesting a high level of intracellular 'O, production. The total flu-
orescence intensity inside the cells was quantified and showed
relative increases of 7.5, 11, and 15 fold (after 808 nm irradia-
tion with 3.2 W cm™2 for 6 min) or 3.5, 3.9, and 4.3 fold (after
808 nm irradiation with 140 mW cm~2 for 3 min) for UCNP-A-
DBI, UCNP-H-TCI, and UCNP-M-TCI, respectively (Figure 8C).
These results highlight that the oxidative stress (intracellular 'O,
production) mediated via NIR excitation of UCNPs followed by
FRET to PS led to efficient cell death, which further confirmed
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the decrease in cell viability analyzed by MTT assays (cf. Figure 5).
Interestingly, 'O,-induced fluorescence was most intense for
the UCNP-M-TCI, followed by UCNP-H-TCI, and UCNP-A-DBI,
which showed that careful analysis of all steps from NIR exci-
tation, over FRET UCNP quenching, FRET-induced cytotoxicity,
and intracellular FRET-induced 'O, production can reveal quite
different results that are not necessarily directly related. It could
well be that the closer distance of the M-TCI to the UCNP surface
is the reason for the more intense 'O, production. However, our
results rather indicate that a systematic investigation of UCNP-
PS distances and PS incorporation strategies beyond our three
PS will be necessary to fully understand how these parameters
can be used to further optimize 'O, production and cytotoxicity.
Obviously, stronger irradiation also resulted in higher 'O, pro-
duction. But when considering that the final aim would be an in
vivo clinical application, irradiation fluences are always limited
to a maximum permissible skin exposure for safety reasons and
for avoiding skin damage.

2.9. In-Vivo Study

Despite efforts to reduce and replace the use of animals in non-
clinical research (e.g., FDA Modernization Act 3.0 — new legisla-
tion that was introduced in the U.S. House of Representatives on
February 6, 2024),173] in vivo experiments are still broadly con-
sidered as very important and impactful for nonclinical material
development research. It is certainly true that clinical translation
requires in vivo experiments at a certain stage but meaningful in
vivo investigations are very time-consuming, require detailed as-
sessment of pharmacokinetics, and should be well planned and
conducted in separate studies. In particular, the demonstration of
in vivo PDT therapeutic efficacy by using extremely high irradi-
ances above the common safety and ethics standards is question-
able. For 808 nm irradiation of the skin for more than 10s, Eu-
ropean (EN60825) and American (ANSI Z136.1) standards sug-
gest a maximum irradiance of circa 330 mW cm~2. However,
many 808 nm UCNP-based studies applied significantly higher
irradiances and/or very long irradiation times of more than
30 min.[**747¢] For 980 nm, the safety regulation allows approx-
imately double the irradiance, which is also somewhat strange
when considering the higher tissue absorption of 980 nm com-
pared to 808 nm light.l””-7°]

Although quite preliminary at this stage of material develop-
ment and despite the possibly limited information to be gained,
we wanted to evaluate if our UCNP-PS may already provide PDT
efficacy in mice bearing subcutaneous tumor xenografts. We did
not quantify the penetration depth in vivo as the superior tissue
penetration of 808 nm was already demonstrated for various dif-
ferent tissues.”’”7° To limit the animal experiments to the ab-
solutely necessary, we only investigated UCNP-M-TCI, as those
UCNP-PS provided the strongest intracellular 'O, production-
specific fluorescence intensity increase (cf. Figure 8). We used
the moderate irradiance of 140 mW cm~2 with a relatively short
(3 min) irradiation time (corresponding to a fluence of circa
25 ] cm™2) to be within the safety regulations, not to cause dam-
age to the skin, and to provide a margin for future applications
on deeper tumors. 18 Naval Medical Research Institute (NMRI)
nude mice were subcutaneously implanted with 10 X 10° HeLa
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Figure 8. A: Intracellular generation of singlet oxygen ('0,) was detected in Hela cells treated with UCNP-PS using green SOSG fluorescence after
irradiation (top, NIR (+)) and before (bottom, NIR (-)) irradiation with an 808 nm laser for 3 min (140 mW cm~2). B: '0,-mediated chemical structure
change of SOSG to SOSG-EP, resulting in green fluorescence. C: Green fluorescence intensities calculated from the images in A. Scale bars: 20 um.
Results for 808 nm irradiation at 3.2 W cm™2 for 6 min are shown in Figure S32 (Supporting Information).

cells (200 pL in PBS) on the right flank. When the tumor volumes
reached at least 100 mm?, 12 mice received an intratumoral in-
jection of 50 pL of 20 mg mL~' UCNP-M-TCI and six mice re-
ceived an intratumoral injection of 50 puL NaCl (0.9%). The 18
mice were then separated into three groups (n = 6), two of which
were control groups. The tumors of one UCNP-M-TCI group and
the NaCl group were illuminated (808 nm, 140 mW c¢cm~2, 3 min)
1 and 24 h after intratumoral injection, and the other UCNP-
M-TCI group was not illuminated. Whereas the UCNP-M-TCI
PL could be imaged in vivo, unfortunately, no significant effects
on tumor growth were observed (see Supporting Information in-
cluding Figures S31-S34, Supporting Information for detailed
results), which confirmed our initial assessment that a separate
and detailed in vivo study would be necessary for a more rele-
vant evaluation. Considering that efficient intracellular 'O, pro-
duction and cytotoxicity were experimentally demonstrated un-
der the same illumination conditions via various approaches in-
vitro (vide supra), the different tumor microenvironment, a too-
low irradiance, a too-short illumination time, or inhomogeneous
accumulation of UCNP-M-TCI in the tumor due to the intratu-
moral injection (versus a possibly more homogeneous diffusion
by intravenous injection) and concomitant reduced cellular up-
take could be possible reasons for the lacking PDT effect.
Because a more detailed in vivo investigation was out of the
scope of our current study, we focused on the lessons learned
from the preliminary in vivo results with the aim to implement
them in a detailed in vivo PDT assessment in the future. Al-
though our sub-20 nm UCNP-PS already provided relatively ef-
ficient 'O, production upon 808 nm irradiation, there are still
possibilities to make them even more efficient without making
them larger. One route could be the replacement of the NaGdF,
host material by LiGdF, or LiYbF,, which was shown to provide
small and bright UCNPs.[2%# In addition to using more effi-
cient UCNPs, a detailed in vivo study should investigate differ-
ent irradiances and fluences, different UCNP-PS concentrations,
intravenous injection, and more relevant tumor models. Using
organoids as an intermediate step between 2D cell culture and
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in vivo experiments would be another possibility to optimize the
material conditions toward clinical translation.

3. Conclusion

PS with high PDT efficacy and low dark toxicity require the
design of heavy-metal free molecules with strong light absorp-
tion and efficient ROS production. To also accomplish deep tis-
sue penetration of the excitation light, NIR-excitable PS would
be ideal. However, organic PS molecules can only be excited in
the UV-vis spectral region. This drawback can be overcome by
UCNPs, whose UV-vis emission (upon NIR excitation) can be
used for FRET to organic PS close to their surfaces. This con-
cept can in principle even be used for PDTx because the PL of
the UCNP-PS nanohybrids can be imaged during the therapeu-
tic effect. Whereas such a PDTx strategy can be easily established
on a drawing board, the experimental implementation faces sev-
eral interconnected challenges: i) heavy-metal free PS molecules
must provide high 'O, production quantum yields; ii) these PS
must be brought in very close and permanent proximity to the
UCNP for efficient FRET; iii) at the same time, the PS must be
in physical contact to the surrounding environment for efficient
10, production; iv) the UCNPs must be well protected from the
surrounding environment to avoid PL quenching; v) at the same
time, the UCNP protection shell must be very thin to guarantee
a close UCNP-to-PS distance for efficient FRET; vi) the UCNPs
must be small, such that many emitting lanthanide donors can
function as FRET donors and to afford efficient cellular penetra-
tion; vii) at the same time, the UCNPs must be sufficiently large
to provide bright PL for imaging; viii) UCNP excitation at 808 nm
is preferred over excitation at 980 nm to avoid heating due to light
absorption by water; ix) at the same time, 808 nm excitable UC-
NPs are usually less bright than 980 nm excitable ones; x) the
entire UCNP-PS nanohybrid must be biocompatible and stable;
xi) at the same time, the biocompatible coating must not be too
thick and well incorporate the PS. This non-comprehensive list
of challenges shows that the design of applicable and efficient
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UCNP-PS PDTx agents is everything but simple and necessitates
a sophisticated design of PS, UCNP, and their nanohybrid com-
bination.

Keeping the list of challenges in mind, our ideal material
list consisted of two recently developed heavy-metal free PS
molecules (DBI and TCI) with high 'O, production quantum
yields (between 74% and 86%) and three different functional
groups (aliphatic, hexyl, and maleimide) combined with PLB-
coated Nd** and Yb** co-doped small (<20 nm) UCNPs with
thin inert shells. The organic PS could be directly attached to
the inorganic UCNPs via the maleimide group or incorporated
in the PLB via the aliphatic or hexyl groups. These two strate-
gies allowed us to evaluate both UCNP-to-PS distance and PS-
per-UCNP valence and we found overall FRET efficiencies be-
tween 11% and 42% and PS-per-UCNP ratios between 3.1 and
6.2. Ideal PDT functionality consisting of NIR (980 or 808 nm)
excitation of UCNPs, UCNP-to-PS FRET, and PS-mediated !0,
production was experimentally demonstrated on HeLa cells with
cell viabilities down to ~10% and negligible dark cytotoxicity. The
intracellular PDT effect, which most probably led to apoptosis
and cell death, could be directly monitored via NIR-excited live
cell imaging of the UCNP PL, demonstrating the combined ther-
apeutic and diagnostic PDTx applicability. Preliminary in vivo ex-
periments with direct UCNP-PS injection into subcutaneously
implanted tumors did not result in tumor size reduction, most
probably due to inefficient cellular penetration under the signif-
icantly different direct-tumor-injection conditions. However, the
in vivo results provided a good guideline for optimizing both the
UCNPs and in vivo delivery conditions for a detailed future in
vivo study toward clinical translation of our heavy-metal-free sub-
20 nm UCNP-PS.

Our results show that careful engineering of molecular and
nanomaterials into biocompatible and stable nanohybrid systems
can be exploited to design and apply advanced PDTx agents that
provide deep tissue penetration via NIR excitation, efficient cellu-
lar uptake, high PDT efficacy, and in situ diagnostics via PL imag-
ing. Such nanophotosensitizers have the potential to significantly
advance PDTx and considering our successful live-cell proof-of-
concept and preliminary in vivo results, we are confident that fu-
ture investigations will also demonstrate the in vivo PDTx appli-
cability and efficacy of our UCNP-PS nanohybrids.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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