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Nanoscale Paper

Supramolecular nanoreactors for
intracellular singlet-oxygen sensitization’

Subramani Swaminathan,? Colin Fowley,® Ek Raj Thapaliya,® Bridgeen McCaughan,®
Sicheng Tang,? Aurore Fraix,® Burjor Captain,? Salvatore Sortino,” John F. Callan™ and
Frangisco M. Raymo ™

An amphiphilic polymer with multiple decyl and oligo(ethylene glycol) chains attached to a common
poly(methacrylate) backbone assembles into nanoscaled particles in aqueous environments.
Hydrophobic anthracene and borondipyrromethene (BODIPY) chromophores can be co-encapsulated
within the self-assembling nanoparticles and transported across hydrophilic media. The reversible
character of the noncovalent bonds, holding the supramolecular containers together, permits the
exchange of their components with fast kinetics in aqueous solution. Incubation of cervical cancer
(HeLA) cells with a mixture of two sets of nanoparticles, pre-loaded independently with anthracene or
BODIPY chromophores, results in guest scrambling first and then transport of co-entrapped species to
the intracellular space. Alternatively, incubation of cells with the two sets of nanocarriers in
consecutive steps permits the sequential transport of the anthracene and BODIPY chromophores across
the plasma membrane and only then allows their co-encapsulation within the same supramolecular
containers. Both mechanisms position the two sets of chromophores with complementary spectral
overlap in close proximity to enable the efficient transfer of energy intracellularly from the anthracene
donors to the BODIPY acceptors. In the presence of iodine substituents on the BODIPY platform,
intersystem crossing follows energy transfer. The resulting triplet state can transfer energy further to
molecular oxygen with the concomitant production of singlet oxygen to induce cell mortality.
Furthermore, the donor can be excited with two near-infrared photons simultaneously to permit the
photoinduced generation of singlet oxygen intracellularly under illumination conditions compatible
with applications in vivo. Thus, these supramolecular strategies to control the excitation dynamics of

multichromophoric assemblies in the intracellular environment can evolve into valuable protocols for
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photodynamic therapy.
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Introduction

Noncovalent bonds guide the assembly of multiple molecular synthons into single supramolecular
constructs." The close proximity of the associated building blocks often impose electronic properties
on the resulting assemblies that differ significantly from those of their individual components. In
particular, the supramolecular association of distinct chromophores can have a pronounced influence
on their excitation dynamics to allow the engineering of multicomponent assemblies with unique
photochemical and photophysical properties.” Additionally, the inherent reversibility of noncovalent
bonds imposes a dynamic character on supramolecular constructs.” Under appropriate experimental
conditions, they can assemble and disassemble with relatively fast kinetics in solution. As a result,
different supramolecular constructs can exchange their constituent components to enable the design of
dynamic chemical ensembles that would be difficult, if at all possible, to replicate with the sole aid of

covalent bonds.>”

Amphiphilic polymers are valuable macromolecular synthons for the construction of supramolecular

1016 Their covalent skeleton

hosts capable of capturing a diversity of molecular guests in their interior.
incorporates hydrophilic and hydrophobic segments that guide the assembly of multiple polymer chains
into single particles of nanoscaled dimensions in aqueous environments. Solvophobic interactions
bring the hydrophobic fragments of distinct polymer components in contact to minimize their direct
exposure to water. Concomitant solvation of the hydrophilic fragments ensures optimal aqueous
solubility and prevents further association of the nanoparticles into micro- and macro-scaled
aggregates. The overall result is the spontaneous assembly of nanostructured constructs with
hydrophilic surface and hydrophobic interior, where multiple hydrophobic guests can be encapsulated.
In fact, such supramolecular hosts can transfer, otherwise insoluble, molecules into aqueous phases and
carry them across hydrophilic media. Indeed, self-assembling nanoparticles of amphiphilic polymers
are promising supramolecular vehicles for the transport of drugs across the blood stream in living

organisms and their delivery to specific intracellular targets.'”
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In addition to guiding the assembly of multiple amphiphilic components into nanostructured particles,
solvophobic interactions are also responsible for the ability of the resulting supramolecular hosts to

encapsulate hydrophobic guests.'*"

Once again, noncovalent contacts between the hydrophobic
domains of the polymers and the entrapped molecules minimize the direct exposure of the latter species
to the aqueous environment and maintain them inside the supramolecular containers. The very same
interactions can be exploited to load hydrophobic guests with photoresponsive character in such
nanostructured hosts.”® The proximity of distinct chromophores within the interior of the nanoparticles
can promote either electron or energy transfer to affect dramatically their excitation dynamics. In
particular, the pairing of chromophores with overlapping emission and absorption bands within the
same supramolecular container translates into the efficient transfer of excitation energy to permit the
realization of luminescent materials with photophysical properties that cannot be reproduced with their

3741

separate components. Furthermore, the occurrence of energy transfer between co-encapsulated

guests is indicative of the integrity of their supramolecular hosts.**>

The disassembly of the
nanocarriers into their constituent polymer components would otherwise separate donors from
acceptors to prevent the transfer of energy from the former species to the latter. As a result,
measurements of the donor and/or acceptor fluorescence can be employed to probe conveniently the
stability of these nanocarriers and the possible leakage of their cargo into the surrounding aqueous
environment. Similar measurements can also provide an indication of the dynamic character of the

supramolecular hosts and their ability to exchange their guests.*>*43%¢4853

Specifically, the
combination of nanoparticles, containing only donors, with nanocarriers, carrying exclusively
acceptors, in the same solution can result in efficient energy transfer only if the two sets of

supramolecular constructs can scramble their components to pair donors and acceptors within the same

nanosized container.

We relied on the amphiphilic character of 1 (Fig. 1) to assemble hydrophilic supramolecular hosts for

hydrophobic photochromic guests.***

This particular polymer incorporates multiple decyl and
oligo(ethylene glycol) chains along a common poly(methacrylate) backbone. In phosphate buffer

saline (PBS), several copies of this macromolecule assemble into individual particles with an average
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hydrodynamic diameter of 18 nm.*

In the process of self-assembling, the nanoparticles can capture
photochromic compounds in their hydrophobic interior to protect them from the surrounding aqueous
environment and preserve their photochemical properties. In addition, such nanostructured hosts can
transport their photoresponsive cargo across the membrane of living cells to permit the reversible
switching of the photochromic guests, under optical control, within the intracellular space.***
Furthermore, distinct nanoparticles can exchange their components with fast kinetics, even after
cellular internalization.” In fact, different guests can be transported inside the very same cell in
consecutive steps to enable their interaction exclusively after internalization. For example, the
sequential incubation of cells with two sets of nanoparticles of 1, containing 2 and 3 (Fig. 1)
respectively, results in the co-encapsulation of the two chromophoric guests in the same
supramolecular container only in the intracellular space. The proximity enforced on them together with
the optimal spectral overlap between the emission of 2 and the absorption of 3 translate into the
efficient transfer of excitation energy from the former fluorophore to the latter. Under these conditions,
significant acceptor emission is detected inside the incubated cells upon excitation of the donor. Thus,
the dynamic character of the nanocarriers, responsible for transporting donors and acceptors
independently across the cell membrane, ultimately allows their mutual interaction to enable the
intracellular sensitization of fluorescence. On the basis of these results, we realized that such
supramolecular strategy could be adapted to activate the sensitization of singlet oxygen, rather than
fluorescence, in the intracellular space. Specifically, a chromophore capable of accepting the excitation
energy of 2 to undergo efficient intersystem crossing could be employed, in place of 3, to encourage
the formation of singlet oxygen and induce significant cell mortality. In this article, we report the

implementation of these innovative operating principles for the supramolecular activation of singlet-

oxygen sensitizers inside living cells.
Results and discussion

Energy transfer between molecular guests entrapped within supramolecular hosts
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Excitation of 2 produces significant fluorescence in the same spectral region where 3 absorbs.” The

3. This value translates into a Forster distance of

corresponding overlap integral is 9.1 x 107* M cm
47 A that is comparable to the physical separation imposed on both chromophores with their co-
encapsulation in nanoparticles of 1. In fact, excitation of 2 at 430 nm, where the absorbance of 3 is
negligible, results in the transfer of energy from the former guest to the latter with an efficiency of

95%. The co-entrapped energy acceptor has a fluorescence quantum yield of 0.51 and, once excited

through the donor, emits intense fluorescence between 500 and 600 nm.

Literature data® indicate that the replacement of the ethyl groups of 3 with iodine substituents
facilitates intersystem crossing with negligible influence on the absorption spectrum of the BODIPY
chromophore. These observations suggest that the excitation energy of 2 can also be transferred to 4
(Fig. 1), if the two chromophores are co-entrapped in the same supramolecular container. Instead of
decaying radiatively to the ground state, the excited acceptor can then intersystem cross to the
corresponding triplet state and, in principle, transfer energy to molecular oxygen (‘O,) and encourage
the formation of singlet oxygen ('O,). On the basis of these considerations, we synthesized 4,
following a literature protocol,’” and confirmed its structural identity by X-ray diffraction analysis (Fig.

1 and Table S1) of single crystals obtained from acetonitrile solution.

The absorption spectra (@ and b in Fig. 2) of 3 and 4 in tetrahydrofuran (THF) are remarkably similar.
The replacement of the two ethyl groups with iodine substituents causes only a minor bathochromic
shift and has essentially no influence on the molar absorption coefficient. Instead, the corresponding
emission spectra (¢ and d in Fig. 2) show a pronounced decrease in fluorescence intensity with iodine
substitution. Specifically, the quantum yield drops from 0.72 to 0.03, in agreement with the expected

ability of the two iodine atoms to promote intersystem crossing.

In analogy to 3, 4 is also essentially insoluble in aqueous solutions, but readily dissolves in the
presence of 1. Furthermore, the encapsulation of 4 within the hydrophobic core of the resulting
nanoparticles of 1 has no influence on the spectroscopic signature of the BODIPY chromophore. The

absorption and emission bands, detected under these conditions, are identical to those recorded in THF
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(Fig. S1). In particular, the main absorption of the entrapped guest (¢ in Fig. 3) extends over the same
spectral range as the emission of 2 (b in Fig. 3), recorded under the same conditions. The
corresponding overlap integral and Forster distance are 12.1 x 107* M cm® and 49 A respectively.™
Both values are almost identical to those determined for 3.>> Thus, both BODIPY chromophores are

expected to accept the excitation energy of the anthracene donor with similar efficiencies.

Mixing of 1, 2 and 4 in chloroform, followed by evaporation of the solvent and treatment with PBS,
results in the co-encapsulation of the two chromophores in nanoparticles of the polymer. The
corresponding absorption spectrum (d in Fig. 3) is essentially the sum of those (@ and ¢ in Fig. 3) of the
separate components entrapped in distinct nanocarriers. Examination of the individual spectra reveals
that the absorbance of 2 at 430 nm is significant, while that of 4 at the same wavelength is negligible.
In fact, excitation of the former compound at this wavelength produces intense fluorescence (b in Fig.
3), while illumination of the latter results in minimal emission (f in Fig. 3). When the two
chromophores are encapsulated in the same nanocarrier, however, the emission intensity of the
anthracene donor decreases and that of the BODIPY acceptor increases (g in Fig. 3), demonstrating that
the excitation energy of 2 is transferred to 4. Specifically, the pronounced drop in donor emission (cf- b

and g in Fig. 3) indicates the efficiency of energy transfer to be 93%.

These experiments prove that 4 is capable of accepting the excitation energy of 2, when both species
and 1 are treated together with PBS. Under these conditions, the self-assembling nanoparticles capture
mixtures of donors and acceptors in their interior. A similar result is obtained also if donor and
acceptor are entrapped individually in separate nanoparticles and then the two sets of nanocarriers are
mixed in the same solution. In fact, the corresponding emission spectrum (k& in Fig. 3) shows again a
dramatic decrease in the emission of the donor, relative to that of nanocarriers containing only 2 (b in
Fig. 3). Furthermore, normalization (e in Fig. 3) of the latter spectrum to the former clearly reveals
also an increase in acceptor fluorescence. Thus, the dynamic supramolecular hosts exchange their
components with fast kinetics to co-localize donors and acceptors in the same nanostructured

containers.
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Singlet-oxygen sensitization within supramolecular containers

The two iodine substituents of 4 are responsible for the low fluorescence quantum yield because of
their ability to promote intersystem crossing.”> Consistently, the transient absorption spectrum (a in
Fig. 4), recorded 0.1 ps after pulsed-laser excitation at 355 nm, of nanoparticles of 1, containing 4,
shows the characteristic triplet—triplet absorption of the BODIPY chromophore at ca. 420 nm and the
bleaching of its ground-state absorption at ca. 530 nm. The absorbance at the former wavelength
decays and that at the latter recovers with first-order kinetics and a lifetime of ca. 30 ps (Fig. S2).
These spectral and kinetic outputs are fully consistent with literature data,” determined in degassed
acetonitrile, and demonstrate that the lowest triplet state of 4 is populated upon excitation, even when
this compound is entrapped within the supramolecular container. In the presence of 2, the very same
triplet—triplet absorption is also observed in the corresponding transient spectrum (b in Fig. 4). Even
although 2 absorbs most of the exciting photons, under these particular conditions, similar absorbance
changes for the transient bands at 420 and 530 nm are detected. These results and the pronounced
decrease in the fluorescence of 2, observed when this species is co-encapsulated with 4 in the
nanoparticles (cf- b and g in Fig. 3), indicate that the excitation energy of 2 is transferred to 4 with the

subsequent population of its lowest triplet state.

In aerated solution, the lowest triplet state of 4 can transfer energy to 30, with the concomitant
formation of '0,. Consistently, the emission spectrum (d in Fig. 4), recorded upon excitation at 405
nm, of nanoparticles of 1, containing 4, shows the characteristic phosphorescence of '0, at 1270 nm.”’
Comparison of the integrated emission intensity to that detected for an optically-matched acetonitrile
solution of 4, under identical illumination conditions, indicates the quantum yield of 'O, to be 0.55.%
The assignment of this emission band to the radiative relaxation of 102 is further confirmed by the
typical microsecond decay with first-order kinetics of the emission intensity at 1270 nm (f in Fig. 4).
In the presence of 2, the phosphorescence (e in Fig. 4) increases significantly, under otherwise identical
conditions, indicating that the fraction of photons absorbed by the anthracene chromophores

59

contributes to the formation of '0,.>> However, no emission (c in Fig. 4) can be detected if only 2 is
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encapsulated within the supramolecular containers. These observations demonstrate that the presence
of 4 is essential to mediate the transfer of the excitation energy of 2 to *O, and promote the formation

OfIOQ.

The ability of the supramolecular nanocarriers, co-encapsulating 2 and 4, to sensitize 'O, is further
confirmed by fluorescence measurements performed in the presence of singlet-oxygen sensor green
(SOSG). This particular nonemissive compound reacts with 'O, to generate a fluorescent product.”® In
fact, the characteristic fluorescence of the product is observed after irradiation of a PBS solution of
SOSG and the nanoparticles loaded with both 2 and 4 (Fig. S4). By contrast, negligible emission can
only be detected if only one of the two guests is entrapped within the supramolecular host, under

otherwise identical conditions.
Intracellular singlet-oxygen sensitization

Literature precedents**>>*" demonstrate that nanoparticles of 1 can cross the membrane of living cells
and transport their cargo to the intracellular space. Consistently, the incubation of HeLA cells with
nanocarriers containing 2 results in significant intracellular fluorescence (¢f. @ and b in Fig. 5).°' The
images (d and e in Fig. 5), recorded after incubation, clearly show that the fluorescent nanoparticles are
distributed throughout the cytosol with negligible nuclear localization. In the presence of 4 within the
same supramolecular containers, however, the excitation energy of the anthracene chromophores is
transferred efficiently to the co-encapsulated BODIPY acceptors with the concomitant suppression of
the donor emission. As a consequence, only negligible intracellular fluorescence (¢ and f'in Fig. 5) can
be detected, after incubation of the cells with supramolecular hosts containing both guests under

otherwise identical conditions.

The intracellular fluorescence measurements (b and ¢ in Fig. 5) are fully consistent with the
spectroscopic data (b and g in Fig. 3). In both instances, the co-encapsulation of 2 and 4 within
nanoparticles of 1 ensures the transfer of energy from the anthracene donors to the BODIPY acceptors

upon excitation. These observations suggest that the excitation dynamics of the co-entrapped guests
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10
can be exploited to sensitize 'O, also in the intracellular space and induce cell mortality as a result.
Control experiments on HeLA cells incubated with nanoparticles of 1, containing increasing amounts
of 2, 4 or a mixture of both, indicate that the loaded nanocarriers have no cytotoxic effects, if the cells
are maintained in the dark.®> Specifically, the viability (® of a—c in Fig. 6), measured after storing the
cells for 24 hours in the dark, is close to 100% in all instances. Essentially the same result (O of @ in
Fig. 6) is obtained if the cells, containing nanoparticles loaded exclusively with 2, are illuminated at
435 nm for 30 s with a continuous-wave laser prior to storage.”> At this particular wavelength, the
anthracene chromophores absorb significantly (a in Fig. 3), but they are unable to sensitize 'O, on their
own and, therefore, their excitation has no cytotoxic effects. Similarly, only a modest viability
decrease (O of b in Fig. 6) is detected after irradiation of cells incubated with nanoparticles containing
exclusively 4. The direct excitation of the BODIPY chromophores could promote the formation of '0,,
but their molar absorption coefficient at 435 nm is negligible (¢ in Fig. 3) and, hence, these particular
illumination conditions have a minor influence on cell viability. When both guests are co-encapsulated
in the same supramolecular hosts, however, the excitation energy of 2 can be transferred to 4 and
promote the formation of a significant amount of 'O,. Indeed, the viability (O of ¢ in Fig. 6) decreases

drastically after the illumination of cells containing nanoparticles loaded with both guests.

The ability of the supramolecular nanocarriers to sensitize 'O, intracellularly is a consequence of their
dynamic character. Indeed, the two sets of nanoparticles, pre-loaded independently with donors and
acceptors, are mixed in the extracellular space to exchange of their components with fast kinetics and
produce supramolecular containers with both chromophores in their interior. Then, the nanocarriers
travel across the plasma membrane to transport their cargo inside the cells, where they mediate the
photoinduced generation of 'O,. Alternatively, the cells can be incubated sequentially with the two sets
of nanoparticles to enable guest exchange in the intracellular space. Under these conditions, significant
production of 'O, can occur inside the incubated cells only after the second internalization step. In
fact, the viability of cells treated with nanoparticles of 1, containing increasing amounts of 2, first and
then nanocarriers of 1, containing equivalent amounts of 4, clearly shows significant mortality with

illumination (¢/. @ and O of a in Fig. 7). Furthermore, the very same result (¢/. @ and O of b in Fig.



Page 11 of 30 Nanoscale

7) is obtained if the order of the two incubation steps is reversed. In both instances, the recorded
viabilities are essentially identical to those measured for cells incubated with both sets of nanoparticles
simultaneously (c¢f. O of ¢ in Fig. 6 and O of a and b in Fig. 7). Thus, these results demonstrate that
the sequential transport of complementary chromophores in the intracellular space in conjunction with
the ability of the nanocarriers to exchange their components can be exploited to activate sensitization

and induce cell mortality.

The two-photon absorption cross sections of 9,10-bis(arylethynyl)anthracene derivatives are in excess
of 100 GM at 900 nm.***> This relatively large value, in conjunction with the excitation dynamics of 2
and 4 co-encapsulated within the same supramolecular hosts, offers the opportunity to sensitize '0,
effectively under the influence of near-infrared radiations.®® Once again, control experiments show that
nanoparticles of 1, containing 2, 4 or both, have no effects on the viability (@ of a—d in Fig. 8) of cells
maintained in the dark for 24 hours. Illumination of the cells at 900 nm with a pulsed laser prior to
storage in the dark has no influence on the cells (O of @ in Fig. 8), even when they contain nanocarriers
loaded with 2 (O of b in Fig. 8). Even although the anthracene chromophores are excited at this
particular wavelength, they cannot promote the formation of 'O, and have no influence on cell
viability. Similarly, a modest decrease in viability (O of ¢ in Fig. 8) is detected when 4 is exclusively
present in the nanocarriers, indicating that the direct excitation of the BODIPY chromophores is
negligible under these illumination conditions. By contrast, the viability drops to only 30% (O of d in
Fig. 8) when both guests are within the same supramolecular containers. Indeed, the two-photon
excitation of the anthracene donors can be followed by energy transfer to the BODIPY acceptors,
intersystem crossing of the latter chromophores and sensitization of a significant amount of 'O, in the
intracellular space. Thus, the unique combination of photophysical properties engineered into these
supramolecular constructs ensures significant cell mortality under illumination conditions that are ideal

for applications in vivo.

Conclusions

11
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Self-assembling nanoparticles of amphiphilic polymers can capture anthracene donors and BODIPY
acceptors within their hydrophobic interior and transport them across hydrophilic environments. The
optimal spectral overlap between the emission of the donor and the absorption of the acceptor as well
as their close proximity inside the nanostructured containers ensure the efficient transfer of excitation
energy from one chromophore to the other. The introduction of two iodine substituents on the
BODIPY platform does not alter its ability to accept the excitation energy of the anthracene partner.
However, the two heavy atoms promote intersystem crossing and allow the population of the triplet
state of the acceptor, after the excitation of the donor. In aerated solutions, energy can be further
transferred to molecular oxygen to produce singlet oxygen. The suppression of the donor fluorescence,
the appearance of the acceptor triplet—triplet absorption and the detection of singlet-oxygen
phosphorescence are fully consistent with these excitation dynamics. Furthermore, the dynamic
character of these supramolecular nanocarriers ensures the exchange of their components with fast
kinetics in aqueous solution. Indeed, nanoparticles, loaded independently with donors and acceptors,
barter their cargo upon mixing to co-encapsulate the complementary chromophores within the same
supramolecular containers and enable energy transfer. The guest exchange between independent hosts
can occur in the extracellular space, if cells are incubated with a mixture of the two sets of
nanoparticles, or in the intracellular space, if they are incubated with the two types of nanocarriers in
consecutive steps. In both instances, donors and acceptors are ultimately co-localized in close
proximity within the cells and their ability to mediate singlet oxygen upon excitation induces
significant cell mortality. Furthermore, the anthracene donor can be excited with two near-infrared
photons simultaneously to enable the sensitization of singlet oxygen intracellularly under illumination
conditions compatible with applications in vivo. Thus, our strategy for the sensitization of singlet
oxygen inside cells might ultimately evolve into a viable protocol for photodynamic therapy under

supramolecular control.
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Viability assays (Fig. S6) on human umbilical vein endothelial cells (HUVECs) and human skin
fibroblasts (Hs 27) demonstrate that nanoparticles of 1, containing either 2 or 4, do not have any

cytotoxic effects in the dark also on normal cells.

These particular illumination conditions ensure the delivery of the highest possible light dose
with negligible cytotoxicity in the absence of the nanoparticles. They were selected after testing

the influence of the irradiation time on cell viability (Fig. S7).
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Fig. 1. Structures of amphiphilic polymer 1, energy donor 2, energy acceptors 3 and 4 together with

ORTEDP representation (40% thermal ellipsoid probability) of the geometry of 4 in single crystals.
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Fig. 2. Absorption (a and b) and emission (¢ and d, Agx = 470 nm) spectra of THF solutions (1.0 uM,

25°C)of3 and 4.
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Fig. 3. Absorption (a, ¢ and d) and emission (b and e—h, Agx = 430 nm) spectra of PBS solutions (pH =
7.0, 25 °C) of nanoparticles of 1 (500 ug mL™"), containing 2 (a, b and e, 5 pg mL ™), 4 (c and £, 5 pg
mL™) or both compounds (d and g, 5 ug mL™" each). Emission spectrum (k) recorded, under the same
conditions, after mixing a PBS solution (pH = 7.0, 25 °C) of nanoparticles of 1 (500 pg mL™),
containing 2 (10 pg mL™"), with an equal volume of a PBS solution (pH = 7.0, 25 °C) of nanoparticles

of 1 (500 pg mL™), containing 4 (10 ug mL™"). Spectrum e is normalized to A.
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Fig. 4. Transient absorption spectra, recorded 0.1 us after pulsed-laser excitation (355 nm, 6 ns, 12 mJ
per pulse), of degassed PBS solutions (pH = 7.0, 25 °C) of nanoparticles of 1 (500 pg mL™),

containing 4 (0.2 ug mL™") without (a) and with () 2 (1.2 ug mL™"). Emission spectra (Lgx = 405 nm)
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of aerated deuterated PBS solutions (pH = 7.0, 25 °C) of nanoparticles of 1 (500 ug mL™), containing
2(c,1.2 png mL™), 4 (d, 0.2 ng mL™) or both compounds (e). Evolution of the emission intensity (f) at
1270 nm of an aerated deuterated PBS solution (pH = 7.0, 25 °C) of nanoparticles of 1 (500 pg mL™),

containing 4 (0.2 ug mL™"), upon pulsed-laser excitation (355 nm, 6 ns, 12 mJ per pulse).
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Fig. 5. Emission intensities (Agx = 435 nm, Ag, = 470 nm) recorded with a plate reader before (a) and
after, as well as fluorescence images (Apx = 459 nm, Ag, = 470-520 nm) recorded after, incubation of
HeLa cells with either (b, d and e) a PBS solution (50 uL) of nanoparticles of 1 (125 ng mL™),
containing 2 (2.5 pg mL™) and PBS (50 uL), or (c and f) a PBS solution (50 pL) of nanoparticles of 1
(125 pg mL™), containing 2 (2.5 pg mL™), and a PBS solution (50 pL) of nanoparticles of 1 (125 pg

mL™), containing 4 (2.5 pg mL™), for 3 hours and washing.
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Fig. 6. Viability of HeLA cells recorded after incubation with PBS solutions of nanoparticles of 1 (125

ug mL ™), containing increasing amounts of either 2 (a) or 4 (b), or with mixtures (1:1, v/v) of the two
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solutions (c¢) for 3 hours, washing and either storage in the dark for 24 hours or irradiation with a

continuous-wave laser (435 nm, 5 mW) for 30 s and subsequent storage in the dark for 24 hours.
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Fig. 7. Viability of HeLA cells recorded after incubation with PBS solutions of nanoparticles of 1 (125
ug mL™), containing increasing amounts of either 2 (a) or 4 (b), for 3 hours, washing and incubation
with PBS solutions of nanoparticles of 1 (125 pg mL™), containing equivalent amounts of either 4 or 2
respectively, washing and either storage in the dark for 24 hours or irradiation with a continuous-wave

laser (435 nm, 5 mW) for 30 s and subsequent storage in the dark for 24 hours.
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Fig. 8. Viability of HeLA cells recorded before (a) and after incubation with a PBS solution of
nanoparticles of 1 (125 pg mL_l), containing either 2 (b, 2.5 ng mL™) or 4 (c,2.5 ng mL_l), or with a
mixture (1:1, v/v) of the two solutions (d) for 3 hours, washing and either storage in the dark or

irradiation with a pulsed laser (100 fs, 900 nm, 80 mW) for 30 s and subsequent storage in the dark for

24 hours.
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hydrophobic interior, enable the intracellular generation of singlet oxygen upon near-infrared excitation



