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Osszefoglalé

A kutatds célja olyan upconverting nanorészecske alapu konjugdtumok kialakitasa volt, melyek
lehetévé teszik kemoterapias szerek célzott bevitelét és kozeli infravords fénnyel torténd
felszabaditasat. A javasolt konjugatumok kézponti eleme egy upconverting nanorészecske, melynek
felliletét specifikus célbajuttatast lehetévé tevs célzo elemekkel (pl. folsav) és fotolabilis linkeren
keresztil kapcsolédd kemoterapias szerekkel (pl. doxorubicin, SN38) mdédositjuk. llyen nanorészecske
konjugatumok kialakitasa szdmos fejlesztést igényel, mind a nanorészecskék fellletének hatékony
madositdsa, mind a fotolabilis linkerek terén. A tdmogatdsi idészakban, melynek utolsé masfél éve a
pandémias id&szakra esett, figyelemremélté eredményeket értiink el a fotolabilis linkerek fejlesztése
terén, valamint hatékony mdédszert dolgoztunk ki a nanorészecskék megbizhaté funkcionalizalasara is.
Bar az altalunk tesztelt rendszerek végil nem bizonyultak miikod6képesnek, a probléma jé eséllyel
athidalhatd a nanorészecskék méretének novelésével. Ennek ellenére, a fotoloabilis linkerek terén
elért eredményeinknek koszénhet6en atgondolandd, hogy sziikséges-e az upconverting
nanorészecskék haszndlata.

Summary

The main objectives of the proposed work were the establishment of an upconverting nanoparticle
(UCNP) based construct suitable for targeted delivery and NIR light triggered release of drugs. The
proposed systems involve a UCNP core that is functionalized with targeting elements (e.g., folate) and
a drug (e.g., doxorubicin, SN38) linked to the nanoparticle surface via a photolabile linker. Such a
construct required the development of the means for surface functionalization and bioorthogonally
applicable photolabile linkers.

During the grant period (impeded seriously by the pandemic situation) remarkable results were
achieved in the development of photolabile linkers (also called photocages), but substantial progress
was made towards the final aims as well, yet further fine tuning of the UCNPs is necessary to access
functioning systems. However, due to the remarkable progress we made in the development of new
photocages the use of UCNPs should be reconsidered.

Development of photolabile linkers / photocages

A set of new linkers sensitive to irradiation with green light were synthesized. Such photolabile linkers
(PLs) can be used in combination with green emitting (Eu-doped) UCNPs. We have made three new
PLs, based on pi-extended coumarin scaffolds. These PLs were used to cage 3,5-dimethylbenzoic acid
as a model compound easily detectable by spectroscopic methods (photorelease was followed by LC-
MS). All derivatives had good photochemical quantum yields when using a green LED (one of them
even allowed decaging using an orange LED). Furthermore, they all had good aqueous solubility, which
makes these PLs superior to existing green sensitive PLs. The new linkers had very good two-photon
(2P) cross sections, which allows uncaging of compounds e.g., drugs under irradiation with NIR light
(~800 nm). This 2P approach allows consideration of systems without UCNPS in case their efficient
surface functionalization or UCNP-mediated uncaging fails. A manuscript summarizing our results with
these new linkers was published in Organic Letters.! We have developed further new, hydrophilic
photocages and evaluated their photorelease potential using their drug-conjugates (i.e., SN38). To our
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delight, these constructs showed orders of magnitude less efficiency than the free SN38 (caged drug)
with suitable dark stabilities. This is an important feature in terms of therapeutic indices. Upon external
light stimulus with green and orange light, efficient release of free SN38 was observed with retained
biological effect as indicated by cytotoxicity assays. These results are to be summarized in a manuscript
that is under preparation. Just very recently, we have also developed new photolabile
linkers/photocages that are sensitive to NIR light (up to 700 nm) — results to be published.

A remarkable improvement in the field of photolabile linkers / photocages was achieved by the
development of conditionally activatable photocages. Based on our extensive knowledge on tetrazine
guenched fluorogenic probes, we assumed that that both the fluorescence and light-induced bond
dissociation originate from the same excited state, thus, we hypothesized that similarly to
fluorescence, the photoresponsivity of photocages can also be modulated by the bioorthogonal and
guencher tetrazine moiety. According to our hypothesis we foresaw that light mediated uncaging
would be possible only when the tetrazine was previously transformed in a bioorthogonal click
reaction. To this end we have made a vinyltetrazine modified coumarin photocage. The proof-of-
concept study of this new photochemical concept (conditional photocage or click and uncage) was
demonstrated by the release of several small organics. The in vivo applicability of the concept was also
demonstrated by the conditional release of fluorogenic dye in live cells. Experimental evidence and
theoretical calculations suggested that the presence of the bioorthogonal tetrazine motif efficiently
guenches the excited state of the coumarin necessary for photolysis, resulting in disabled
photoresponsivity (both in terms of photocaging and fluorescence). Transformation of the tetrazine
moiety in a bioorthogonal click reaction fully restores its sensitivity for light. Since bioorthogonal
reactions enable highly specific targeting of cells or cellular structures, such conditionally activatable
photocages provide an extra level of spatial and temporal control e.g., while photoactivating caged
prodrugs. Furthermore, the presented conditionally activatable construct is excitable by visible light
and very importantly, inherently fluorogenic, which can be harvested in theranostic applications as
well. Thes results were summarized in the Journal of the American Chemical Society.? These results
were also highlighted in the national media (M1, Index).

While exploring new ways for therapeutic applications i.e., in photodynamic therapy using
chromogenic compounds as reactive oxygen species (ROS) sensitizers, we ran into an interesting
phenomenon. Originally we were prompted by finding alternatives for drug release, and tested
rhodaphenothiazines as sensitizers for light triggered 0, production. We assumed that the
upconverted emission of UCNPs upon NIR light illumination would excite the sensitizer either via
radiative or non-radiative processes and induce sensitized 0, production. We have designed and
synthesized bioorthogonally applicable, tetrazine functionalized rhodaphenothiazines and elaborated
their light-assisted sensitizer characteristics. Experimental results suggest that the probes efficiently
sensitize !0, generation upon illumination with green or orange light. Interestingly, the produced
singlet oxygen is consumed by the sensitizer, which undergoes a self-oxidation process leading to
intensely fluorescent sulfoxide products. Further studies revealed a marked difference between the
photooxidizability of the free tetrazine and the bioconjugated pyridazine forms, which implies a two-
orders of magnitude fluorescence increase due to this new fluorogenic mechanism. Although these
probes are not suitable for PDT applications, this unique fluorogenic behavior allows selective
photoactivation of specifically conjugated probes. We have demonstrated this in the labeling schemes
of actin filaments with low background fluorescence even under no-wash conditions. A remarkable
feature of the developed “ClickOx” probes is that the same commercial green excitation laser (552 nm)
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is suitable for carrying out photooxidation of the probes and subsequent excitation of the product. An
added value of the present probe is that it is also suitable for STED super-resolution microscopy using
a 660 nm depletion laser. These results were published in Chemical Communications.?

UCNP surface modification

Following several attempts towards the synthesis of ‘clickable’ nanoparticles (e.g., via direct surface
modification of ligand-free NPs or using phospholipid bilayers) the capping of the oleic-acid-covered
NPs was realized through a bilayer method. In order to obtain stable and water-soluble particles
enabling further conjugation, the oleic acid-capped particles were further modified with a copolymer
previously conjugated to a commercially available bicyclononyne (BCN, Figure 1). The bilayer-modified
particles (~¥30 nm) were soluble in water and cyclooctyne incorporation was confirmed by Raman
spectroscopy using the characteristic peak of the triple bond. Modification of the as-prepared UCNPs
with model cargo-loaded photolabile linkers with subsequent NIR-light-assisted uncaging of a model
cargo was tested using our established conditionally activatable tetrazine-containing photocage
bearing a fluorogenic (i.e., fluorescent only when uncaged) cargo. This model construct has the salient
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Figure 1. Successful strategy for the cyclooctynylation of UCNPs and subsequent modification with photolabile
linker bound fluorogenic cargo.

feature that it is double-fluorogenic i.e., it becomes fluorescent (in the cyan/green range) upon
conjugation first (the coumarin-type of proto-photocage becomes fluorescent and photoresponsive
upon reacation with the cyclooctyne) and the released cargo becomes fluorescent in the orange range
upon external light stimulus (488 nm). The click reaction was fast and reproducible indicating
significant loading (around 500-1000 molecule per NP) of the photocage-cargo construct. The covalent
conjugation was also confirmed by the NIR-induced emission of the coumarin photocage. The uncaging
reaction was also tested in pure water and in buffered media upon NIR (980 nm) irradiation by
monitoring the fluorescence of the fluorogenic cargo in the orange range. However, no effect was
observed even after prolonged NIR irradiation. When, however, a 488 nm blue light was applied
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directly on the UCNP constructs, successful release of the fluorogenic cargo was observed indicating
efficient photolysis of the linker-cargo bond.

Conclusions

We believe that the low amount of emitted photons from the 30 nm nanoparticles and the minimal
absorbance of the chromophore (photocage) monolayer is insufficient to induce the uncaging reaction.
We hypothesize that larger UCNPs could give the expected results, however, our currently developed
photocages able to release their cargo upon red/NIR light (up to 700 nm) irradiation (1P absorption)
or our above mentioned photocages suitable for 2P absorption could give superior results without the
need for UCNP cores.
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