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Abstract: Photolytic reactions allow the optical control of the liberation of biological effectors by

photolabile protecting groups. The development of versatile technologies enabling the use of deep-
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red or NIR light excitation still represents a challenging issue, in particular for light-induced drug
release (eg; light induced prodrug activation). Here, we present light-sensitive biocompatible lipid
nanocapsules able to liberate an antitumoral drug through photolysis. We demonstrate that original
photon upconverting nanoparticles (LNC-UCs) chemically conjugated to a coumarin-based
photocleavable linker can quantitatively and efficiently release a drug by upconversion
luminescence-assisted photolysis using a deep-red excitation wavelength. In addition, we were also
able to demonstrate that such nanoparticles are stable in the dark, without any drug leakage in the
absence of light. These findings open new avenues to specifically liberate diverse drugs using deep-

red or NIR excitations for future therapeutic applications in nanomedicine.)

1. Introduction

Nanoscale delivery systems which allow a non-invasive control of the release of bioactive
molecules in living organisms are highly sought after.” They are not only of interest in fundamental
sciences, but they would also open up exciting perspectives for the treatment of diseases. Various
strategies have been developed to trigger drug release by external stimuli, including light, which is a
particularly attractive release trigger.”® Recent years have witnessed technological improvements
allowing photolytic reactions to become an interesting orthogonal trigger for the development of

4-11

photochemical tools used today in many fields of biology.” ™ A chemical phototrigger refers to the

(1218 |n particular, photoremovable

use of a photolytic reaction to induce a dynamic process.
protecting groups (PPGs) have been used to mask the biological function of bioactive molecules.**®
For biomedical applications, this method is extremely attractive since it allows for a light-controlled

1922 The use of

drug release to locally increase the concentration of an administered drug.
photocleavable linkers (PL), defined as bifunctional PPG derivatives that can be linked to
nanoparticles (NPs) and release a drug, can also solve both the usually poor solubility and the

targeting ability of drugs directly coupled to PPGs.

However, to be useful for most in vivo applications, light-induced release from nanocarriers
must be highly efficient and triggered by an optical wavelength that can innocuously penetrate
deeply into tissues.”® Light penetration depth in skin and tissues is wavelength-dependent®® and
most of the controlled drug-delivery systems are using photolytic reactions which respond to ultra-
violet (UV) to blue light excitations. This is detrimental to biological or medical applications as those

wavelengths are absorbed, scattered and are more toxic in living tissues than red or infra-red (IR)
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light. One attempt to solve this problem is based on tailoring the PPGs with extended T17-conjugation
and introducing heteroatoms and functional groups in the ring system to red-shift its absorption.**
While very efficient blue to green light-sensitive photoremovable groups have been reported using
the coumarin scaffold,”* there is a dearth of PPGs with efficient responds to red or near infrared

(NIR) light excitation. *°

In the last decade, the use of upconversion (UC), an anti-Stokes process converting red or NIR light
into higher-energy photons, has emerged as a suitable option to trigger in vivo drug delivery upon
photolysis from nanocarriers.®® For this purpose, inorganic lanthanide-based upconverting

nanoparticles (L-UCNPs) have been widely studied.?**

However, they still suffer mostly from a high-power excitation requirement (10'-10* W.cm™)
and inherently modest UC quantum vyields owing to low absorption and emission cross-sections.
Therefore, alternative and more biocompatible UC approaches have been developed, particularly
using another type of UC systems based on triplet-triplet annihilation upconversion (TTA-UC) of

organic chromophores.***!

In TTA-UC, photon energies absorbed by (at least) two sensitizer chromophores are
transferred to emitter chromophores — also called “annihilators” — through collisions resulting in
triplet-triplet energy transfer. Then, upon diffusion, two emitters in their triplet excited state may
collide and undergo the TTA process, producing one singlet excited state emitting fluorescence at a

445 As a result, TTA-UC requires much lower excitation intensities

shorter wavelength (Figure 1A, B).
than those needed by L-UCNPs (< 0.1 W.cm™) which could in turn open the door for life science
applications. However, there are some major hurdles involved in applying TTA-UC for biological
studies. Indeed, the mechanism of light UC by TTA is sensitive to molecular oxygen, which quenches
the triplet states of the sensitizer and emitter, and further generates singlet oxygen ('O,) that can
degrade the TTA-UC chromophores and cause toxicity to cells. Moreover, the TTA-UC chromophores
are only soluble in organic solvents, limiting their use in cellular studies. To overcome these
limitations, one strategy consists in the inclusion of the chromophores within nanoparticles.*
However, even then important challenges remain, as the stability of the NPs, the photolysis
efficiency and the rates of drug leakage are important criteria to be optimized™™ *"*! in order to
develop such drug-delivery systems into useful tools for fundamental and applied sciences.
Therefore, it is of crucial importance to develop platforms with improved robustness. Here, we
designed TTA-UC nanoparticles based on the use of lipid nanocapsules (LNC) containing tetraphenyl-

tetrabenzoporphyrin palladium (Pd-TPTBP) as triplet sensitizer and 2,5,8,11-tetra-tert-butylperylene
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(TBPe) as emitter. Our results show that LNC-UC nanoparticles present excellent photophysical
properties with high UC efficiency in biological conditions and, notably, they surpass previously
reported liposome-based Upconverting Nanoparticles (UC-NPs).** In addition, we decorated this new
class of TTA-UC nanoparticles for upconversion-assisted photolysis, using an efficient luminescence
resonance energy transfer (LRET) process from the S; emitter state (produced by TTA-UC) to the
photocleavable group’s acceptor anchored on the nanoparticle surface to achieve efficient drug
delivery upon deep-red irradiation (Figure 1B). These light-activatable NPs were used to
demonstrate that LNC based TTA-UC assisted drug-delivery systems can, after effective photorelease
of the antitumoral drug melphalan, kill tumor cells in vitro and in vivo with a biocompatible deep-

red-emitting LED.

2. Results and Discussion

2.1. Design of an efficient and biocompatible nanoplatform for red to blue light UC using TTA

To develop efficient deep-red to blue TTA-UC NPs, we used Pd-TPTBP as an organic
sensitizer. As an emitter, we chosed fert-butylated perylene instead of the well-studied
perylene as the former was shown to be less prone to aromatic stacking and thus more soluble
in the hydrophobic environment of the membranes.*® Previous studies have shown that this
chromophore pair encapsulated in liposomes (Lps) enables UC with the use of antioxidants
such as sodium sulfite or ascorbic acid to prevent oxygen quenching.** We first wondered
whether Lps are the most appropriate vehicles for TTA-UC due to the restricted diffusion
possibilities of the hydrophobic chromophores inside the membrane bilayer. We therefore
compared optimized liposomal formulations*” with a new type of UC nanoparticles based on
lipid nanocapsules (LNC) which have a lipid core and an amphiphilic shell.*® Pd-TPTBP and
TBPe, both highly hydrophobic, can be loaded quantitively in the core of the LNC.
Therefore, we formulated LNCs and Lps (see Methods) both loaded with the same

This article is protected by copyright. All rights reserved.
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concentration of UC chromophore pair (20 M of Pd-TPTBP and 200 uM of TBPe, see

Figure 1C for chromophores structures and Figure S1A for NP composition).

Successful loading of the sensitizer (Pd-TPTBP) and emitter (TBPe) into the NPs was
confirmed by UV-Vis absorption spectroscopy of loaded LNCs and Lps (Figure S1E),
showing the characteristic bands of both Pd-TPTBP (at 630 nm) and TBPe (at 410 and 440
nm).

Moreover, compared to their respective spectra in solution, the absorption peaks of both the
sensitizer and the emitter encapsulated in the nanocapsules did not shift significantly,
indicating that neither sensitizer nor emitter aggregation occurred. We then characterized the
obtained NPs using dynamic light scattering (DLS; see Methods and Figure S1B). The two
types of NPs loaded with UC molecules had roughly comparable diameters with 72 nm for
the Lp and 56 nm for the LNC. Both NPs exhibit an almost neutral zeta surface potential (-3
mV and -9 mV for Lp-UC and LNC-UC respectively). Upon irradiation at 630 nm, the
emission spectrum of both NPs solutions containing 10 mM of the antioxidant ascorbic acid
(Figure 1D) proved to be characteristic of the TBPe emission in the 430 to 560 nm range,
thus demonstrating the UC process. In addition, we observed that the UC signal is more
stable in LNC than Lp, since after 1 minute of continuous irradiation at an intensity as high as
~15 W.cm 2, the UC signal remains unchanged for the LNC while it decays by a factor of 4
for the liposomal formulation. Figure 1E displays a precise comparison of the UC efficiencies
as a function of excitation light intensity, for both types of NPs with the same concentrations
of UC chromophore pairs, using either perylene or TBPe as the emitter. It reveals 1) that the
classical transition from the quadratic regime at lower excitation power to the linear regime at
higher excitation power® occurs at intensities depending critically on the NP type, and ii) the
UC quantum yield of LNC-UC — defined in the linear regime - is 3 times higher than that
previously reported for Lps,* used as a reference here. Hence, at much lower intensities such
as those used for in vivo drug release (see below) - i.e., within the quadratic regime - the
LNC-UC efficiency surpasses even more that of Lps. We propose that the increase of UC
efficiency in LNCs may be explained by a more efficient diffusion process in the LNC core
(Figure 1B right) as compared to the Lps bilayer, thus increasing the rate of collisions

between emitter triplet states.*®

Additionally, the higher hydrophobic volume and/or the presence of Lipoid® S75 (which
can act as an 'O, scavenger™) in the LNCs surface might explain the stability of the signal
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over time. Taken together, our LNC-UCs show improved photophysical properties compared
to the previously described UC-liposomes. Based on the UC quantum yield reported by
Bonnet and co-workers,* the UC quantum yield (@uc) of our LNCs can be estimated at
0.054, leading to a useful brightness (defined as the product of the of the sensitizer’s molar
extinction coefficient [&] at the excitation wavelength and the upconverted light generation

quantum yield [¢em]) for an UC-NP of 5 700 M™".cm™.

2.2. LNC: a robust NP for light UC by TTA

We further investigated the TTA-UC properties of our nanoplatform. First, the effect of the
concentration of the TTA-UC chromophores inside the LNCs was evaluated (Figure S2C).
The results indicate that the LNC-UC formulated with Pd-TPTBP and TBPe at 60 xM and
600 M respectively, show the most interesting luminescence emission around 450 nm.
However, for LNC with Pd-TPTBP and TBPe concentrations higher than 20 #M and 200 M
respectively, a collisional quenching was observed. As expected, the system was sensitive to
singlet oxygen (Figure S2A) but a high and comparable emitted fluorescence intensity was
observed after addition of sodium sulfite (50 mM) or biologically relevant concentrations of
ascorbic acid (10 mM) (Figures S2A and S2D). The presence of antioxidant is essential for
efficient TTA-UC because oxygen strongly quenches the sensitizer triplet lifetime. Indeed,
for NPs containing only Pd-TPTBP, the decay kinetics of the 800 nm phosphorescence
reveals the sensitizer triplet state lifetime to be 200 to 300 us in the presence of antioxidant
(Na,SOs or ascorbic acid) for both Lps and LNCs (Figure S2E). For LNCs containing both
Pd-TPTBP and TBPe in the presence of antioxidant, the 800 nm phosphorescence decays on
the 16 us time scale, which we assign to the triplet-triplet energy transfer (TTT) rate from Pd-
TPTBP to TBPe (Figure S2E right). However, in the absence of antioxidant, the triplet state
lifetime of Pd-TPBP in LNCs is quenched on the 2.8 us time scale, a rate faster than the TTT
rate, thus impairing the 2" order rise of the TBPe fluorescence signal (proportional to
[*TBPe*]%), hence the UC efficiency.”

Of relevance for in vivo applications, we show in Figure S2A that the presence of 10%
serum in the culture medium only very weakly alters the UC signal, indicating that LNCs are
stable in physiological conditions. It was also found that when stored at +4 °C for over a
month or in mouse serum 24 hours at 37 °C, the size of the LNCs did not change, which
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underlines the very good stability of the NPs (Figures S1C and S1D). We next wondered
whether using LNCs of smaller size could be advantageous. We therefore compared 50 nm
diameter LNCs vs 20 nm ones formulated with roughly the same concentrations of sensitizer
and emitter. The results showed that decreasing the size severely affects the UC efficiency
indicating that the LNC internal volume can influence the UC efficiency (Figure S2B).
Altogether, we were able to design a powerful system for red to blue light UC, producing
intense and stable 430 to 470 nm light emission in biocompatible conditions. To go further,

we then used the LNC-UCs to develop a new drug-delivery platform using coumarin-based

PPGs.

2.3. Design and synthesis of LNC-UCs bearing a blue light-sensitive photocleavable linker (PL)

To perform a TTA-UC assisted photolysis, a blue light-sensitive PL was synthesized. A
coumarinyl scaffold, called DEACAS (for structure, see Figures 1C and 2A), was selected because of
its excellent uncaging efficiency upon blue light-excitation and its optimal absorption properties. This
PPG was previously described to have an uncaging efficiency (defined as the product of the uncaging
quantum yield [@,] and the molar extinction coefficient [£]) of 8200 M cm™ at 446 nm for the
release of a carboxylic acid function.”’ To be useful for the functionalization of TTA-UC NPs, the PPG
was modified to introduce a lipid anchor which enables its incorporation into lipid-based delivery
systems. Thus, a PL based on the DEACAS PPG was synthesized (see Figure 2A and suppl. information
for synthetic procedures). Since the LRET efficiency is dependent on the distance between the UC-
induced TBPe S, states (trapped inside the particle) and the PL, a short triazole moiety between the

PPG and the lipid anchor was selected to optimize the desired UC-assisted photolysis.

Starting from commercially available 7-N,N-(diethylamino)-4-methyl-2H-chromen-2-
one 4, the 7- N,N-(diethylamino)-2-oxo-2H-chromene-4-carbaldehyde 6 was synthesized
with 78% yield in two steps.51To obtain the DEACAS derivative with a propargyl function at
the benzylic position, we decided to directly convert the stable aldehyde 6to a coumarinyl
derivative bearing a propargyl function at the benzylic position. The alkyne analogue 7 was
obtained in 86% vyield by the reaction of propargyl zincate with the aldehyde 6. The
compound 4 was converted to the brominated derivative 8 with 93% vyield using N-
bromosuccinimide. Notably, the reaction between 8 and freshly prepared N,N-dimethyl-4-
[(E)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethenyl]aniline led to the formation of a
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more rigid coumarinyl PPG through domino reactions initiated by a 5-exo-dig
cyclocarbopalladation.29 Therefore, we decided to graft first a dioleylglycerol (DOG-Ns3) lipid
anchor® to the brominated derivative 8 via a CuAAC reaction which lead to the formation
of 9 with 92% vyield. Finally, the DEACAS-DOG 10 was obtained in 83% vyield after a direct
Suzuki reaction between 9 and the freshly prepared N,N-dimethyl-4-[(E)-2-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)ethenyl]aniline.”?

To determine the LRET efficiency, the DEACAS-DOG compound was used in the
formulation of our LNC-UC leading to NPs with PLs anchored to its surface. We took
advantage of the intrinsic fluorescent properties of the DEACAS-DOG 10 to evaluate the LRET
efficiency from the UC system to the DEACAS chromophore in the LNC (Figures S3A and S3B
for excitation and emission spectra of TBPe and DEACAS-DOG). For this purpose, LNCs
containing Pd-TPTBP and DEACAS-DOG with TBPe (LNC-UC-DEACAS-DOG) or without TBPe
(LNC-Pd-TPTBP-DEACAS-DOG), or with TBPe alone (LNC-UC) were formulated (see Methods
and Figures S3C and S3D). Upon Pd-TPTBP excitation at 630 nm, the emission profile of LNC-
UC-DEACAS-DOG is red-shifted as compared to LNC-UC (Figure 2B), while LNC-Pd-TPTBP-
DEACAS-DOG exhibits no fluorescence at all. The LRET efficiency was quantified from
absorbance and excitation spectra of the three types of LNCs, as explained in detail in the
Methods (Figures S3C and S3D). It was evaluated to be around 30% (Figure S3C), a very

significant yield that results from the specific design of this new nanoplatform.

2.4. Controlled drug release upon deep-red irradiation

Because of the excellent photophysical properties of our LNC-UC bearing a DEACAS PPG
at its surface, we sought to construct a TTA-UC drug-delivery platform. Our strategy
consisted in developing a system where, after uncaging, the prodrug (lipid anchor-coumarin-
drug) converts into hydrophilic drug that is thus released from the NPs to kill tumor cells.
Therefore, the antitumoral drug melphalan, which is FDA-approved for the treatment of
multiple myeloma, was grafted to the DEACAS-DOG using the corresponding p-nitrophenol
carbonate intermediate to obtain the DEACAS-DOG-Melph with 82% yield over two steps
(see Figure 2A). The photolytic release of melphalan from precursor DEACAS-DOG-Melph
was analyzed first by UV-Visible spectroscopy (Figure S4A) after irradiation at 430 nm in
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MeOH/PBS buffer (pH 7.2; 1/1 v:v). The UV analysis showed a decrease in absorbance at
450 nm and an increase at 390 nm with an isobestic point at 416 nm, corresponding to the
disappearance of the DEACAS chromophore and the formation of a DEAC subproduct.”” The
DEACAS-DOG-Melph compound was used to prepare a LNC-UC bearing the melphalan
drug at the surface using a carbamate linkage to the DEACAS PL.

To quantify the yield of melphalan release after uncaging, the as-prepared LNC-UC-
Prodrug was irradiated first at 430 nm (using a commercial LED light source) and the
melphalan release was quantified respectively by UV spectroscopy and HPLC analysis after
membrane filtration to separate the NPs from small molecules (Figures S4B and S5).
Remarkably, an almost quantitative melphalan release was observed after 10 min of
irradiation (Figure 2C). When we irradiated the as-prepared LNC-UCs with a 641 nm light-
emitting diode (LED) (200 mW.cmfz), 95% of the melphalan was released after 60 min.
Importantly, similar results were obtained after long term storage at 4 °C and after 24 hours at
37 °C in 50% mouse serum (Table 1 and Figure S4D). In addition, the HPLC analysis
revealed that only melphalan was released without any trace of Pd-TPTBP or TBPe, showing
the excellent stability of our LNC-UCs (Figure S5). The quantum yields for melphalan
release, as determined by competition with the DEACAS-p-MBA caged analogue developed
by Zhu et al. (p-MBA = p-methoxybenzoic acid, 20% uncaging quantum yield*’) as a
reference molecule, were 22% and 23% respectively for the DEACAS-DOG-Melph in
MeOH/H,0:1/1 (v/v) or for the LNC-UC formulated with 0.62% of DEACAS-DOG-Melph
in a PBS buffer at pH 7.3 (Figure S4C). This latter value agrees with the very good quantum
yields observed with the DEACAS PPG.”

Considering the outstanding photolytic yield performance reached by our system, we next

asked whether our system can kill different tumor cell types in a light controlled manner.

2. 5. In vitro tumor cell killing
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First, the cellular delivery of LNCs containing or not TBPe (LNC-TBPe and LNC-BLK
respectively) was investigated using confocal microscopy and we found an efficient and rapid
uptake of the nanoparticles by the MDA-MB-231 cells (Figure S6C). Similar results were

obtained using LNCs containing a fluorescein-labelled lipid (LNC-FITC) (Figure S6A).

To better quantify the uptake, flow cytometry was done using the LNC-FITC and the results
showed that 80% of the cells endocytosed NPs after 6 h of incubation (Figure S6B). Then, the
cellular toxicity of the NPs was evaluated on MDA-MB-231 cells after 48 h of incubation
using a series of concentrations of empty LNCs (LNC-BLK) and LNC-UCs. The cell
viability was similar for both types of treatments and importantly the results showed an

absence of cytotoxicity of the LNCs at concentrations < 0.2 mg/mL (Figure 3A).

Next, to demonstrate the feasibility of a light-controlled cell killing, we selected 3 different
human tumoral cell lines, namely MDA-MB-231, THP1 and PC3. The cells were irradiated
or not at low light intensity (628 nm, 5 mW.cm™; see set up in Figure S7A and S7C). The
results show that for the three cell lines, the condition with 0.25 mg/mL of LNC-UC-Prodrug
(final concentration of Pd-TPTBP 0.05 pM, TBPe 0.5 M, DEACAS-DOG-Melph 1 M) a

dramatic drop in the cell viability was observed after 628 nm light irradiation (Figure 3B-D).

Depending on the cell line, the viability was reduced by 88 to 61% while in the absence of
irradiation the viability was similar to untreated cells. It is worth noting that the cytotoxicity
of free melphalan (at the same concentration) was always lower than that of the irradiated
prodrug LNCs owing probably to the enhanced cellular uptake of the prodrug in the LNCs.
Indeed, low cellular entry of melphalan is a factor which limits its efficiency.”* For cells
treated only with Pd-TPTBP 0.05 M, DEACAS-DOG-Melph 1 #uM LNCs or with only
DEACAS-DOG-Melph 1 M LNCs, no significant cytotoxic effects were observed with or

without light irradiation demonstrating respectively negligible photodynamic therapeutic
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(PDT) effect of Pd-TPTBP in these conditions, and that the cytotoxic effect is driven by a
TTA-UC assisted photolysis. Also of importance, our results show that the lipid-based
nanocapsules used at 0.25 mg/mL and containing Pd-TPTBP/TBPe are devoid of

phototoxicity for all three tested cell lines.
2. 6. Uncaging of the prodrug through muscle tissues

To evaluate the possibility to perform light-induced drug release through muscle
tissue, we designed a deep-red irradiation set up through raw chicken breast (641 nm, 720 J.
cm™ [200 mW.cm™, 1 h]; see Figure 4A). As shown, the solution containing the LNC-UC-
Prodrug is covered with meat of different thickness. After irradiation followed by gel
filtration, we determined the melphalan photorelease by UV-visible spectroscopy. The results
show an almost quantitative photolysis through 1 mm of muscle tissue and a release that
remains above 50% with 6 mm of muscle tissue (Figure 4B).

These very encouraging results led us to pursue cell killing assays. A 2 mm thick muscle
slice was placed in front of the 641 nm LED system (641 nm, 720 J. cm™[200 mW.cm™, 1
h]) and the MDA-MB-231 cell viability after LNC treatment was evaluated (Figure 4C).
Interestingly, for the cells treated with Pd-TPTBP 0.05 uM, TBPe 0.5 uM, DEACAS-DOG-
Melph 1 uM LNCs, the cell viability was dramatically decreased after 641 nm light
irradiation with a higher effect than melphalan alone (17% of viability compared to 30%). To
note, Pd-TPTBP 0.05 M, TBPe 0.5 uM, LNCs showed a small phototoxicity (around 80%
cell viability) that might be explained by a weak PDT effect when using higher light
intensities (here 200 mW.cm™ as compared to 5 mW.cm™ used in experiments of Figures 3B-
D). Together, we showed that the uncaging efficiency remains extremely high even through
muscle slices and that our LNC-based system presents no leakage, since non-irradiated
vehicles exhibited no toxicity.

These promising results allowed us to envisage in vivo applications and more specifically to

evaluate the efficiency of the system in a mouse tumor model.

2.7. Evaluation of the TTA-UC light-controlled uncaging of melphalan on a tumor model
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To show that our delivery system allows for an efficient release of melphalan after deep-red
irradiation through the skin, we made the choice to inject directly the nanoparticles into the
implanted tumors (while intravenous administration would add the extra step of accumulation of
the NPs in the tumor). Briefly, the in vivo therapeutic efficacy of the LNCs was evaluated on MDA-
MB-231 subcutaneous tumor-bearing nude mice (Figures 5A and S7). The mice were randomly
divided in 5 groups, treated with either free melphalan (3 ug/inj.), LNC-UC (LNC 2.5 mg/inj. loaded
with Pd-TPTBP 460 ng + TBPe 2.4 yg) or LNC-UC-Prodrug (LNC 2.5 mg/inj. loaded with DEACAS-DOG-
Melph 3 pg + Pd-TPTBP 460 ng + TBPe 2.4 ug) with or without irradiation. Irradiation at 641 nm (540
J. cm?[200 mW.cm™, 3 x 15 min]) was performed directly after the intratumoral injection of the
LNCs (Figure S7B for set up). The treatment was repeated every 3 days. The treatment outcome of

or LNC-UC-Prodrug was assessed by monitoring the relative tumor volume in mice every 3 days.

The group treated with LNC-UC-Prodrug and 641 nm light irradiation showed good
inhibition of tumor growth over 14 days (Figures SB and 5D), while for the group treated
with LNC-UC-Prodrug without light irradiation, the tumor volume quickly increased,
indicating an important effect of the light-induced melphalan photorealease on tumor growth.
In very good agreement with these observations is the fact that irradiated tumors injected with
LNC-UC produced a visible blue light (confirming a very efficient upconversion) while with
LNC-UC-Prodrug injected tumors, no blue light was visible indicating that luminescence

resonance energy transfer occurred efficiently (Figures SD-E).

The group treated with only melphalan also showed an important inhibition of tumor
growth over 14 days (Figure 5C) in agreement with the reported effect of melphalan on
MDA-MB-231 cells.”**

Finally, for the groups treated with LNC-UC with or without light irradiation, the tumor
volume quickly increased (Figures SC and SE), indicating no relevant PDT effect on tumor
growth in vivo. A useful indicator for studying the toxicity and side effects of the LNCs is the
fluctuation in body weight. As shown in Figure S8, the mice treated with our LNCs did not

show weight loss, indicating that the delivery system was well supported.
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Figure 1. Formulation and luminescence properties of the upconverting nanoparticles.
A- Jablonski diagram for the up-conversion-assisted photolysis strategy: the photosensitizer
(PS) absorbing red or NIR light ('PS*) goes into intersystem crossing (ICS) to generate triplet
state ("PS*). Through collision, this energy is transferred to an emitter (A). This triplet-triplet
transfer (TTT) leads to accumulation of emitters in their triplet state CA*). When two *A*
collide, triplet-triplet annihilation (TTA) occurs and one emitter molecule reaches a singlet
excited state (‘A*) which may decay to ground state by luminescence emission of a higher
energy photon, i.e. the so-called upconversion process. Here, rather than luminescence
emission, the excitation energy of 'A* is transferred through luminescence resonance energy
transfer (LRET) to the photocleavable linker (PL) leading to the photocleavage. B- Design of
light-activable NP using TTA-UC assisted drug-delivery system: upconversion couple PS (1)
and A (2) are integrated in the core of the LNC and the caged drug (3) is anchored at its
surface allowing efficient deep-red light upconversion-assisted photolysis. C- Chemical
structures of the photosensitizer PATPBP (1), the emitter TBPe (2) and the photoactivatable
prodrug DEACAS-DOG-Melph (3, composed of the photocleavable linker (PL), melphalan
and a lipid anchor). D- Upconversion efficiency and stability depending on particle type:
upconversion emission spectra of LNC with a diameter of 50 nm (red) and Lp (green) both
loaded with the UC system (Pd-TPTBP 20 u4M and TBPe 200 xM) in HEPES buffer
supplemented with Na,SO3; 50 mM, recorded directly (t=0, solid lines) and after 1 min (t=1
min, dotted lines) irradiation of the sample, A = 630 nm (15 W.cm™). E- Upconversion is
more efficient in LNC-UC compared to others UC-NPs: Emission signal (in arbitary units
“a.u.”) integrated from Ae, = 420 to 560 nm as a function of excitation intensity with Aex =
627 nm for different UC-NPs : LNC and Lp, all loaded with the same amount of PS (Pd-
TPTBP 10 M) and of A (Perylene or TBPe 100 xM), in HEPES buffer supplemented with
Na,SO3; 50 mM. The solid lines in this log-log graph are guides to the eye representing the
linear (slope = 1; green and blue) or quadratic (slope= 2; red) regime of excitation. Lp and

LNC are respectively the abbreviation for Liposome and Lipid NanoCapsules.
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Figure 2. Robust and stable upconverting nanoplatform for UC and drug delivery: A-
Synthesis of the fluorescent DEACAS-DOG analogue for the evaluation of the UC assisted
LRET efficiency and the DEACAS-DOG-Melph pro-drug: i) DMF-DMA, DMF, reflux, 16 h,
quant., i1) NalO4, THF/H,O, 0 °C to RT, 1 h, 78%, ii1) Zinc propargyl bromide, THF, 0 °C to
RT, 1 h 30, 86%, iv) NBS, ammonium acetate, anhydrous acetonitrile, RT, 30 min, 93%, v)
(2572)-1-azido-14-[(9Z)-octadec-9-en-1-yloxy]-3,6,9,12,16-pentaoxatetratriacont-25-ene
(DOG-N3), ascorbic acid, distilled CH,Cl,, tris(3-hydroxypropyltriazolmethyl)amine,
tetrakis(acetonitrile)copper (I) hexafluorophosphate, RT, 19 h, 92%, vi) N,N-dimethyl-4-[(E)-
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2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethenyl]aniline, K,CO;, Pd(PPh3)s,
H,O/DME, in the microwave at 105 °C, 45 min, 83%, vii-a) p-nitrophenyl carbonate, DIPEA,
DMF, RT, 8 h, vii-b) melphalan, DMAP, DIPEA, DMF, RT, 4 h 30, 82% over two steps. B-
Emission spectra of LNCs upon 630 nm irradiation, loaded with either the UC system (LNC-
UC, Pd-TPTBP/TBPe, black), the UC system and LRET acceptor (LNC-UC / DEACAS-
DOG, red), or PA-TPTBP and LRET acceptor (LNC Pd-TPTBP / DEACAS-DOG, green). Acx
= 630 nm, 15 W.cm™. C- Blue light-mediated melphalan photorelease: kinetics of drug
release from LNC-UC-Prodrug upon 430 nm irradiation (200 mW.cm™) in HEPES buffer
supplemented with ascorbic acid 10 mM, monitored by HPLC.
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Table 1: Light-mediated melphalan release: quantification of released melphalan from
LNC-UC-Prodrug upon 430 nm and 641 nm irradiation (both sources 200 mW.cm™) in
HEPES buffer supplemented with Na,SO3; 50 mM, monitored by UV-Visible absorption.
Yield of photorelease was evaluated either on freshly formulated particles or after storage

over 6 weeks at 4 °C or 24 h at 37 °C in 50% mouse serum.

Storage time Irradiation Drug photorelease
freshly formulated non irradiated ND
@430nm 10min 100%
@630 60min 95%
6 weeks at 4°° non irradiated ND
@430nm 10min 89%
24h 3t 37 in 50% non irradiated ND
mouse serum
@430nm 10min 86%

Figure 3: In vitro prodrug activation upon Deep-red irradiation. A- LNC-UC toxicity
was determined by measuring cell viability of MDA-MB-231 cells after 48 h treatment with
either empty LNCs (LNC-BLK, black) or LNC-UCs (blue) used at different amounts in the
absence of irradiation. The cell viability was monitored using an MTS assay (n =3). B, C and
D- The viability of 3 tumor cell lines was determined after treatment +/- deep-red irradiation

at low intensity (Aex = 628 nm, 18 J.cm™ [5 mW.cm™, 1 h]). See Figure S6 for set up. MDA-
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MB-231, THP1 and PC3 were treated with either melphalan (= free melphalan 1 £#M), LNC-
BLK (= empty LNC 0.25 mg/mL), LNC-UC-Prodrug (= LNC 0.25 mg/mL + Pd-TPTBP 0.05
uM + TBPe 0.5 M + DEACAS-DOG-Melph 1 M), LNC-Pd-Prodrug (= LNC 0.25 mg/mL
+ Pd-TPTBP 0.05 uM + TBPe 0.5 uM + DEACAS-DOG-Melph 1 uM) or LNC-Prodrug (=
LNC 0.25 mg/mL + DEACAS-DOG-Melph 1 4M), drug to light delay (DLI) 4 hours. Cell

viability was monitored at day 8 by cell counting after trypan blue staining (n = 3, *** p <

0.01, ¥p<0,05).
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Figure 4. Quantification of melphalan photorelease through muscle slices. A- Set up used
for deep-red irradiation through muscle slices (hex = 641 nm, 200 mW.cm™). B- Melphalan
release in solution upon deep-red irradiation through muscle: LNC-UC-Prodrug solution was
irradiated (Aex = 641 nm, 720 J. cm™ [200 mW.cm™, 1 h]) through different chicken breast
thickness. The yield of photoreleased melphalan was then monitored by UV-Visible
absorption. C- Antitumoral activity of photoreleased melphalan on MDA-MB-231 cultured
cells after irradiation through muscle slice: MDA-MB-231 cell viability after treatment with
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either Melphalan (= free melphalan 1 4M), LNC-BLK (= empty LNC 0.25 mg/mL), LNC-
UC (= LNC 0.25 mg/mL + Pd-TPTBP 0.05 M + TBPe 0.5 pM) or LNC-UC-Prodrug (=
LNC 0.25 mg/mL + Pd-TPTBP 0.05 M + TBPe 0.5 M + DEACAS-DOG-Melph 1 £M)
+/- irradiation (Aex= 641 nm, 720 J.cm™ [200 mW.cm?, 1 h]) through 2 mm thick chicken

breast. Cell viability was monitored by cell counting after trypan blue staining (n=3). (* p <

0.05, **% p < 0.01).
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Figure 5. In vivo efficacy of the drug delivery system.
A- Illustration of the LNC based TTA-UC assisted drug-delivery for effective photorelease of

the antitumoral drug melphalan. B- Tumor growth inhibition by TTA-UC mediated drug

release: relative tumor volume after LNC-UC Prodrug injection (n = 7 tumors per group,
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LNC 2.5 mg/injection loaded with DEACAS-DOG Melph 3 ug + Pd-TPTBP 460 ng + TBPe
2.4 ug), with and without irradiation (540 J. cm™ [200 mW.cm?, 3x15 min]); arrows
represent the day of treatment. C- Tumor growth is not inhibited by LNC-UC treatment:
relative tumor volume after LNC-UC (n = 6, LNC 2.5 mg/injection loaded with Pd-TPTBP
460 ng + TBPe 2.4 ug) or free Melphalan (n =4, 3 ug/injection), with and without irradiation
(540 J. em™ [200 mW.cm™, 3x15 min]); arrows represent the day of treatment. D and E-
Pictures and photos of tumors during LED deep-red irradiation after LNC injection: a blue

light emission was visible after LNC-UC injection (E) while it could not be observed after

LNC-UC-Prodrug treatment (D). * p <0.05, ** p <0.02, *** p <0.01.

This article is protected by copyright. All rights reserved.

20

ASURDIT SUOWWO)) dANEa1)) 3[qearjdde oy q pauIdA0S a1e SI[ONIR YO 38N JO SI[NI 10§ A1eIqI] QUI[UQ AJ[IAL UO (SUOHIPUOI-PUBR-SULIA) WO AA[IM KIeaqr[aurjuo//:sdny) suonIpuo)) pue swia ], Yy 3RS *[2z07/01/#¢] U0 ArIqry auruQ A3[Ip ‘9duel] aueIyd0)) £q 42410220 WUPL/Z00 1" 01/10p/wod K3[im: Kreiqijaurjuo//:sdny woiy paprojumo(] ‘el ‘65977612



WILEY-VCH

Prodrug activation

|

Released drug

o

Irradiatiol

[ J
LNC-UC-Prodrug

Phototriggered drug release

B C

2004 LNC-L.JC-P.rodrug
non irradiated i

2004 =e= Melphalan
=&~ LNC-UC non irradiated

= LNC-UC-Prodrug ler LNC-UCirradiated‘

irradiated l

150+ 150+

100+ 100+

0 5 10 15 0 5 10 15
Time / days Time / days
D E
photolysis f
Deep Red Blue light

LNC-UC-Prodrug Irradiated Irradiated
tumor tumor

Accepted Article

3. Conclusion

This article is protected by copyright. All rights reserved.

21

ASURDIT SUOWWO)) dANEa1)) 3[qearjdde oy q pauIdA0S a1e SI[ONIR YO 38N JO SI[NI 10§ A1eIqI] QUI[UQ AJ[IAL UO (SUOHIPUOI-PUBR-SULIA) WO AA[IM KIeaqr[aurjuo//:sdny) suonIpuo)) pue swia ], Yy 3RS *[2z07/01/#¢] U0 ArIqry auruQ A3[Ip ‘9duel] aueIyd0)) £q 42410220 WUPL/Z00 1" 01/10p/wod K3[im: Kreiqijaurjuo//:sdny woiy paprojumo(] ‘el ‘65977612



WILEY-VCH

In the present work, we have developed a simple method for the preparation of light upconverting
LNCs able to efficiently convert red to blue light using Pd-TPTBP and TBPe for TTA-UC. In particular,
we developed a new red light-sensitive platform based on lipidic nanocapsules (LNC) and our results
show that a precise and covalent surface modification by blue light-sensitive coumarinyl PPG enables
an efficient energy transfer from the LNC to the PPG (up to 30%). In addition, the DEACAS-DOG lipid
can be easily coupled to an antitumoral drug such as melphalan using a stable carbamate link,
allowing surface modification with a prodrug. Very importantly, the new platform allowed us to
release more than 98% of the conjugated melphalan after a biocompatible irradiation using an LED.
In addition, the LNCs showed an excellent stability in the dark and they were active in vitro even in
the presence of serum. To the best of our knowledge, this is the first report of a stable light-sensitive
nanoparticular system able to quantitively release a drug in the 630 nm spectral region. It is
noteworthy that the uncaging efficiency at 630 nm of our photoactivatable NPs can be estimated
around 560 M™.cm™, a value based on the absorption coefficient of Pd-TPTBP at 630 nm (&sonm =
105 000 M™.cm™),*® the estimated UC quantum vyield (@,c = 0.054), the 30% LRET efficiency energy
transfer of the LNC-UCs to the DEACAS chromophore, and the uncaging quantum yield of DEACAS-
DOG-Melph (@, = 0.23). We were also able to demonstrate that our LNCs can photorelease
melphalan through meat slices with up to 8 mm thickness upon excitation with a 641 nm LED. In
vitro studies on different cancer cell lines and in vivo studies on mice demonstrate that our LNC-
based TTA UC-assisted drug-delivery system can effectively activate anticancer prodrug release in
vitro and in vivo with a biocompatible deep-red LED light leading to a light-induced inhibition of
tumor growths. It is to note that while our tumor model and injection route are not necessarily
relevant in view of most clinical use, they allowed us to validate the fact that an efficient release of
melphalan occurs after irradiation through the mouse skin. This paves the way for the evaluation of

the delivery system in other models, in particular using intravenous or intraperitoneal injections.

In summary, we developed original light-activatable NPs able to release efficiently and
quantitatively an anticancer drug using an excitation wavelength in the therapeutic window.
We were also able to demonstrate that such LNCs are stable in the dark and able to
quantitively liberate a drug tethered to the surface of nanocapsules using a deep-red LED
light source. The nanocapsules should allow versatile uses with modifiable properties like
size, excitation/emission wavelengths and UC-assisted photolysis efficiencies, by doping
with different TTA-UC sensitizer/emitter couples and by surface modification with red-
shifted PPGs. The developed nanoplatform is not restricted to melphalan release but allows a

great deal of flexibility to be used for a wide range of applications requiring programmed
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release of drugs or biological effectors by photoactivation. Therefore, our organic LNC-based
TTA-UC assisted uncaging system offers a new platform for improving the performance of
photoactivation systems for applications in biological studies, photoactivated chemotherapy,

and targeted drug delivery.

4. Experimental Section/Methods

4.1. Synthetic Procedures

The synthetic procedures for the synthesis of the DEACAS-DOG 10 and the DEACAS-DOG-

Melph 3 compounds are reported in the supporting information.

4.2. Lipid nanocapsules formulation

Pd-TPTBP, TBPe and DEACAS-DOG-Melph solubilized in a mix of chloroform/methanol (9/1
v/v) were first dried in the formulation vial. Thereafter, LNCs were formulated as described by
Heurtault et al,*® using a phase inversion method of an oil-water system. Briefly, the appropriate
amount of each component, Labrafac®, Solutol®, Lipo'l'd® S75 and buffer, were added in a vial and
heated under magnetic stirring up to 85 °C. After 3 cycles of heating up to 85 °C and cooling to 60 °C,
ice cold buffer (10 mM HEPES, 150 mM NacCl, 10 mM ascorbic acid, pH 7.1) was added. The resulting
LNC suspension was stirred for 5 min before further use. Control of UC molecules loading was

assessed by UV-Visible absorption after gel filtration of the LNC formulation.

4.3. Liposome formulation

Multilamellar vesicles (MLV) were prepared by using a lipid film hydration technique as
described previously by Jacoberger et al.®’ Briefly, a chloroform/methanol solution (9/1 v/v)
containing a mixture of lipids and light-sensitive molecules, were mixed in a round-bottom Pyrex
tube, and was completely dried under high vacuum for 45 min. The resulting lipid film was then
hydrated in 10 mM HEPES, 150 mM NaCl, pH 7.1 containing 10 mM ascorbic acid at a final
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phospholipid concentration of 10 mM, leading to the formation of MLV. This suspension was then
sonicated (1 s cycle every 3 s) during 1 h at room temperature under a continuous flow of argon,
using a Vibra Cell 75041 ultrasonicator (750 W, 20 kHz, Fisher Bioblock Scientific) equipped with a
3 mm-diameter tip probe (40% amplitude). The resulting small unilamellar vesicle (SUV) preparation

was centrifuged at 13000 g for 15 min to remove the titanium dust coming from sonication probes.

4.4. Particle size measurements

The average diameter of formulated nanoparticles was measured by dynamic light scattering
using a Zetasizer Nano-ZS (MalvernPanalytical, UK) with the following specifications: viscosity: 1.014
cP; refractive index: 1.34; scattering angle: 90°; temperature: 25 °C. Particles were dispersed at
1/100 in 10 mM HEPES buffer, 150 mM NaCl, pH 7.1. Results are the average of three consecutive
measurements. Data were analyzed using the multimodal number distribution software included
with the instrument. Particle size is expressed in intensity. Samples are considered as monodisperse

if the polydispersity index (PDI) is < 0.3.

4.5. Particle Zeta-potential measurements

Zeta-potential was determined at 25 °C using a Zetasizer Nano-ZS. Samples were dispersed
at 1/50 in water and the zeta potential was calculated from the electrophoretic mobility based on

the Smoluchowski approximation.

4.6. UC luminescence characterization.

For high intensity excitation of the UC-NPs at 630 nm, we use a Tangerine laser system
(Amplitude) delivering 300 fs pulses centered at 1030 nm, at a repetition rate tunable from single
pulse to 200 kHz. A home-made optical parametric amplifier pumped at 515 nm with the second
harmonic of the Tangerine laser and seeded with a white light supercontinuum covering the visible
to NIR range, is used to generate excitation pulses close to 630 nm as needed here, with up to 5 mW
average power. We focus this 630 nm beam on a spot of diameter ~ 60 um inside a 0.5-mm-thick
cuvette containing the NP solutions, which enables reaching over 100 W.cm™ average excitation

intensity (see Figure 1E).

This article is protected by copyright. All rights reserved.

24

ASUQDIT suowo)) dAnear) a[qedrdde oy £q pauIsA0S aIe SA[ONIR V() s JO sA[NI 10J AIRIQIT AUIUQ KJ[IA UO (SUONIPUOD-PUB-SULIA)/WO0d’ KA[Im’ KIeIqijourjuo//:sdny) suonipuo) pue SWId], a1 928 *[7207/01/+¢] uo Areiqry auruQ A3[Ip ‘9duel] aueryoo)) £q +/10220T Wype/z001 01/10p/wod Ka[im° Areiqrjaurjuo//:sdny woiy papeojumod ‘el ‘66972612



WILEY-VCH

The luminescence is collected and detected with a spectrograph equipped with a streak camera
(Hamamatsu), which we use either in “focus” mode to monitor stead-state spectra (like in Figure 1D)
or in “operate” mode to time-resolve the luminescence decay kinetics (like in Figure S2C) with a

time-resolution depending on the observation time window (see details in Figure S2C).

4.7. UV-Vis absorption and fluorescence measurements

Conventional UV-Vis spectroscopic measurements were carried out on a Safas Xenius XC
apparatus, in a 3 mm spectroscopic cuvette. Fluorescence spectra recordings were conducted using
the same set up when the 630 nm excitation was not needed. For fluorescence analysis, the
samples were dispersed 1/100 in 10 mM HEPES buffer, 150 mM NaCl, pH 7.1 containing either 50
mM Na,SO; or 10 mM ascorbic acid.

The TBPe to DEACAS-DOG LRET efficiency was evaluated from the excitation spectra of two
types of LNCs loaded with the UC chromophore pair (Pd-TPTBP 20 ©M, TBPe 200 ¢M) and with (a:
LNC-UC-DEACAS-DOG) or without (c: LNC-UC) the LRET acceptor (DEACAS-DOG 280 ¢M), and a third
type (b: LNC-Pd-TPTBP-DEACAS-DOG) missing the TTA emitter (Pd-TPTBP 20 1M, DEACAS-DOG 280
HM) as a negative control. With a detection wavelength fixed at 650 nm, one detects only the
DEACAS-DOG fluorescence (TBPe fluorescence occurs at shorter wavelengths). In Figure S4C, we
define A4 and Ap as the absorbance at 414 nm (corrected from the scattering baseline) of the
Acceptor DEACAS-DOG and of the Donor TBPe, respectively, in the LNC. We noted that Pd-TPTBP
does absorb also around 440 nm (not shown) but not at 414 nm, which is the reason why we chose
414 nm as the reference wavelength for the LRET efficiency evaluation. In Figure S4D, F{! and F?
represent the Acceptor (DEACAS-DOG) fluorescence signals detected upon 414 nm excitation of the

Acceptor, or of the Donor, respectively.

Since (1 — 10744) is proportional to the number of photons absorbed by the Acceptor, the
ratio F{!/(1 — 10744) is proportional to (and may be used as a calibration for) the number of
photons emitted by the Acceptor per photon directly absorbed at 414 nm by the Acceptor in this
measurement. Similarly, the ratio F? /(1 —10740) is proportional (with the same calibrated,
proportionality factor), to the number of photons emitted by the Acceptor per photon absorbed by

the Donor TBPe at 414 nm. Consequently, the LRET efficiency E;ggr is given by:
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o _ E2/—107)
TR/ -10744)

Evaluating Ap, AA,FAA, FAD at 414 nm as illustrated by the arrows in Figures S4C and S4D, we get

E;rer = 30% (where we evaluate the uncertainty to + 5%).

4.8. Determination of the photochemical quantum yield

The quantum yield for the photoconversion was determined in MeOH/H,0 9:1 (v:v) for the
DEACAS-DOG-Melph and in HEPES 10 mM, NaCl 150 mM, pH 7.2 for LNCs formulated with the
DEACAS-DOG-Melph at 25 °C by comparison with the DEACAS-p-methoxybenzoic acid described by
Lin Q. et al. (@= 0.2) at the same concentration (20 #M) as reference. 1 mL samples exposed to
light, from a 1000 W Hg lamp from Hanovia (Radiant intensity in the 350-450 nm range: 10800
mW/sr) equipped with a water filter and focused on the entrance slit of a monochromator from
Jobin-Yvon, France (430 = 0.2 nm). The 430 nm monochromatic light was focused on the quartz
cuvette. The reaction was monitored by UV spectroscopy on 1 mL for 20 ¢M solutions of DEACAS
caged pMBA* or DEACAS-DOG-Melph in MeOH/H,0 9:1 (v:v) or formulated in LNCs. To determine
the extent of the photolytic conversions, difference spectra (tirr-t0) were used. Full photolysis was
confirmed by HPLC analysis for DEACAS caged pMBA.”” The absorbance decreases at 450 nm were
plotted to follow the uncaging kinetics (ksampie for DEACAS-DOG-Melph or NC formulated DEACAS-
DOG-Melph and k., for DEACAS caged pMBA), and values were normalized to full photolysis. The

percentage of photolysis is plotted vs the irradiation time. A linear regression is then performed.

According to the following equation, the ratio of the rate constants is indeed directly proportional to

the uncaging sensitivities of the new compound (&ample at 430nm X @sample) @and the reference compound

(gref at 430nm X (Dref):

ksample _ Esample * q)samzale

kref gref * q)ref
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Determination of the e¢values at the excitation wavelength, measured in the solvent of the

photolysis, then allowed the determination of the @y

4.9. Quantification of melphalan release on LNCs

The full drug-delivery system that includes the DEACAS-DOG-Melph was formulated
according to the previously explained method. Prior to irradiation, the samples were dispersed with
the same buffer that was used in the formulation. Then the direct drug release from our LNC upon
irradiation using 430 nm (using a LUMOS 43 LED source from Atlas Photonics Inc. based on UV-LED
technology, with a typical output of 200 mW.cm™ and the wavelength of irradiation was set to 430
nm) or 641 nm light source (see below) was investigated by a membrane filtration of the sample
using ultrafiltration unit (vivaspin 20) equipped with a 100 kDa cut-off semipermeable membrane
(Sartorius Stedim Biotech, Aubagne, France). Vivaspin unit was then centrifuged at 5000 g for 20
min. Then, the eluate was analyzed either by HPLC or UV-Visible absorbance to evaluate the
concentration of photoreleased melphalan. The same procedure was used for irradiation
experiments through meat, adding a chicken breast slice above the irradiated sample. The row meat
was cut and placed between two glass coverslips and the thickness was controlled using a vernier

caliper (Helios Preisser, 821498).

4.10. LED irradiation sources for the in vitro and in vivo experiments

A homemade irradiation apparatus was conceived for studies on 12 well plates. The 12 well
irradiation apparatus consist of 4 raw connected in parallel of 9 LED (red LED, 636 nm, 1100 mCd,
Mouser 696-SSL-LX509E3SIT) connected in series. LEDs were soldered by group of 3 to allow
irradiation of the 12 wells (Figure S7A) and a 3D printed case was prepared to support 12 well plates.
A variable laboratory power supply (BaseTech BT-305) was used to power the LED array with
controlled voltage and intensity. The light power was measured for each well using a Thorlabs
PM100D power meter. The spectrum of the LED used in this apparatus is shown in Figure S7C using
our irradiation conditions (Am.x = 628 nm, acquired using a Thunder Optics SMA-E spectrometer).
The in vivo experiments were conducted using two 3W 700 mA Avonec red LED 630 nm mounted
with a heat sink on a flexible arm and drove by a dimmable 12V constant current power source to
fine tune the emitted light power. A 3D printed irradiation template allowing an irradiated zone of 1
x 1 cm” with a distance LED-skin of 30 mm. the LED emission spectrum using our irradiation
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conditions is shown in Figure S7C (A,.x = 641 nm, acquired using a Thunder Optics SMA-E

spectrometer).

4.11. Cell culture, in vitro irradiation, and toxicity

MDA-MB-231 (human breast cancer cell line) and PC3 (human prostate adenocarcinoma)
were obtained by ATCC. THP1 (human leukemic monocyte cell line) was obtained from Sigma-
Aldrich. All cell lines were cultured in RPMI-1640 growth medium (Roswell Park Memorial Institute
RPMI-1640 medium, Sigma Aldrich, UK), which originally includes L-Alanine, L-Glutamine and sodium
bicarbonate. The medium was supplemented with 10% FBS (Fetal Bovine Serum), penicillin and
streptomycin (100 IU/mL /100 mg/mL). The cells were cultured at 37 °C in a cell incubator at 95%

relative humidity with 5% CO, supply.

For the cell viability experiments using trypan blue counting, cells were seeded in 12-well
plates at 1.6 x 10” cells per well in 1 mL of complete medium. 24 hours after, cells were exposed to
LNC treatment. Each well is treated with 0.25 mg/mL of LNCs, leading to a final concentration of 0.05
UM of Pd-TPTBP, 0.5 #M of TBPe and 1 M of DEACAS-DOG-Melph. After 4 hours drug to light delay
(DLI), the cells were irradiated or not for 1 hour using a LED source at a power intensity of either 5
mW.cm™ or 200 mW.cm™. The same procedure was used for irradiation experiments through meat,
adding a 2 mm chicken breast slice above the irradiated sample. The row meat was cut and placed
between two glass coverslips and the thickness was controlled using a vernier caliper (Helios
Preisser, 821498). After 5 days, cell number and viability were evaluated using trypan blue staining

and cell counting using Countess 2 FL automated cell counter (ThermoFischer).

For the cell viability experiments using MTS assay, cells were seeded in 96-well plates at a
density of 15 x 10% cells per well in 100 «L of RPMI-1640 medium. After 24 hours, cells were treated
while cells without treatment were used as control (viability=100%). After 48 hours, MTS cell
viability assay was done by adding 20 «L of MTS (CellTiter 96" AQueous One Solution Cell
Proliferation Assay) to each well followed by incubation at 37 °C for 30 min. Finally, the absorbance
values of the full plate were measured at 490 nm using a microplate reader (Safas SP2000, Xenius

5801).
4

For the cellular uptake experiments, cells were seeded in glass coverslip in 12-well plates at 3 x 10

cells per well in 1 mL of complete medium. 24 hours after, cells were exposed to LNCs (blank, or
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loaded with either TBPe 280 ¢M or FITC 280 uM) treatment. FITC-PE (cat # 850332P, Polar Avantis
Lipid) was added to LNC formulation where needed. Each well was treated with 0.25 mg of LNCs,
leading to a final concentration of 0.7 M of TBPe or 0.7 M FITC. After 4 or 6 hours of incubation,
the cells were washed twice in PBS, fixed using 4% para-formaldehyde solution during 10 min,
washed again twice in PBS co-stained with cytoplasmic membrane dye CellBriteNIR680° (Biotium) for
10 min, washed again in PBS twice and the coverslips were mounted on glass slide. The samples

were then observed on a Leica TCS SPE Il confocal microscope.

For flow cytometry analysis, cells were seeded in glass coverslip in 12-well plates at 3 x 10*
cells per well in 1 mL of complete medium. 24 hours after, cells were exposed to LNC-FITC. Each well
was treated with 0.25 mg of LNCs, leading to a final concentration of 0.7 #M FITC. After 0, 4 or 6
hours of incubation, the cells were washed twice in PBS, trypsinized, washed twice again in PBS and
the pellets were resuspended in PBS for analysis. Data were acquired on a BD FACSCanto (BD

Biosciences) and analysis was performed with Flowjo® software (version 10.2, Ashland, OR).

All in vitro experiments were conducted in technical and biological triplicates.

4.12. In vivo experiments

MDA-MB-231 cells (viability < 90% controlled with Count and viability, Muse®, Millipore)
were injected subcutaneously with 50% v/v of Matrigel” HC (Corning, 354248) on both sides of
Balb/c nude mice: 5 x 10° of cells / 100 uL for each injection. When the average volume of tumors
reached 100 mm?, the animals were divided in 5 groups, treated every 5 days (after isofluran
anesthesia) with intratumoral injection (25 uL/tumor, Micro-fine+ syringe, BD) of either melphalan
(3 ug/injection), LNC-UC (LNC 2.5 mg/injection loaded with Pd-TPTBP 460 ng + TBPe 2.4 ug) or LNC-
UC-Prodrug (LNC 2.5 mg/injection loaded with DEACAS-DOG Melph 3 ug + Pd-TPTBP 460 ng + TBPe
2.4 ug). After injection of the formulations, animals were irradiated or not using a 200 mW.cm™ LED
source using the following regime: 3 x 15 min irradiation with 1 min without irradiation in between
to avoid excessive heating of the exposed area. The temperature was monitored and did not exceed

38 °C on the irradiated skin. The tumor growth was monitored every 3 days using a vernier caliper
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(Helios Preisser, 821498). Study was conducted by the PCBIS platform (lllkirch, France) under local
ethical comity agreement APAFIS n° #19214-2019021807554946.

4.13. Statistical analysis

All data are presented as mean + SEM. All biochemical and in vitro experiments were
conducted in triplicate and data are presented as mean = SEM. One-way (ANOVA) has been
conducted to analyze the significance of the differences between the different conditions. A

conclusion of a significant difference in results occurs when p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Stable and biocompatible lipidic nanocapsules able to perform a deep-red to blue light upconversion
and decorated with blue light sensitive cleavable linkers were developed to efficiently and
quantitively liberate an anticancer drug tethered at the nanoparticle surface using an excitation
wavelength in the therapeutic window. Efficient in vitro and in vivo tumor cell killing could be

observed after light induced drug release.

Anais Brion, Juliane Chaud, Jérémie Léonard, Frédéric Bolze, Stefan Chassaing, Benoit Frisch, Béatrice

* *
Heurtault, Antoine Kichler , Alexandre Specht

Red Light-Responsive Upconverting Nanoparticles for Quantitative and Controlled Release
of a Coumarin-Based Prodrug

Deep Red
D

S>> (=)

. linker Drug release Tumor cell killing

Nanoparticle

This article is protected by copyright. All rights reserved.

36

ASURDIT SUOWWO)) dANEa1)) 3[qearjdde oy q pauIdA0S a1e SI[ONIR YO 38N JO SI[NI 10§ A1eIqI] QUI[UQ AJ[IAL UO (SUOHIPUOI-PUBR-SULIA) WO AA[IM KIeaqr[aurjuo//:sdny) suonIpuo)) pue swia ], Yy 3RS *[2z07/01/#¢] U0 ArIqry auruQ A3[Ip ‘9duel] aueIyd0)) £q 42410220 WUPL/Z00 1" 01/10p/wod K3[im: Kreiqijaurjuo//:sdny woiy paprojumo(] ‘el ‘65977612



