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Photoresponsive drug delivery systems have great potential for improved cancer therapy. However, most
of the currently available drug-delivery nanosystems are relatively large and require light excitation with
low tissue penetration. Here, we designed a near infrared responsive drug delivery system by loading [Ru
(terpyridine)(dipyridophenazine)(H,0)I>* (Ru(tpy)DPPZ) in azobenzene-modified mesoporous silica
coated NaGdF4:Ndg 91/Ybg 2/Tmg o1 Upconversion nanoparticles (azo-mSiO,-UCNPs). Upon 808 nm exci-
tation, the generated ultraviolet and blue upconversion luminescence induced a reversible cis—trans iso-
merization of azobenzene for on-demand release of Ru(tpy)DPPZ. Imaging of both the UCNPs and Ru
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(tpy)DPPZ revealed targeted drug delivery to the nucleus of MCF-7 breast cancer cells, inducing DNA
damage and concomitant cell destruction. Considering that cell nuclei are the core of cellular transcrip-
tion and the main site of action for multiple chemotherapeutic drugs, our NIR-excitable and small (10 nm
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Introduction

Transition metal complexes have been extensively investigated
for different medicinal and diagnostic applications against
various types of cancer.' Metal-based anticancer complexes
inhibit cell proliferation by irreversibly creating intrastrand
DNA cross-links, provoking cellular DNA damage and ulti-
mately tumor cell death.> Cisplatin is currently employed as
the first step in treating cancer, including metastatic breast
and ovarian tumors.>* However, the full exploitation of cispla-
tin anticancer agents is still limited due to development of
drug-resistance, adverse side effects, and low solubility.”
Efforts have been made to develop alternative metal-based
chemotherapeutics with improved treatment and diagnosis
outcome.®® Ruthenium polypyridyl complexes have emerged
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diameter) nanohybrids can potentially become highly versatile tools for targeted cancer theranostics.

as promising anticancer therapeutics and DNA imaging
probes due to their tunable electrochemical/photophysical pro-
perties and high coordination number.® Thus, a wide variety
of photoactive ruthenium polypyridyl molecules have been
considered as interesting alternatives to current treatments."’
They have been shown to bind avidly to DNA with potential
applications for cell imaging, in particular, for nuclear stain-
ing of high-density DNA and for phototherapeutics.'™"?
Complexes featuring the dipyridophenazine (DPPZ) moiety
have the ability to intercalate between the base pairs of
double-stranded DNA. Interestingly, ruthenium complexes fea-
turing a DPPZ moiety exhibit a unique property known as
‘DNA light switch’. In aqueous solutions, these complexes
display negligible photoluminescence (PL); however, upon
intercalation with DNA, they show significantly enhanced PL
intensities originating from to a *MLCT (triplet metal-to-ligand
charge transfer) excited state.’*'®

In vivo applications of ruthenium polypyridyl complexes
have raised concerns regarding their stability, cell transport,
and targeted delivery."”'® To address this, recent strategies
have involved the use of polymers,’®° liposomes,*"** gold
nanoparticles,>?* and silica nanoparticles>>*® as carriers, to
ensure effective delivery of specific biological targets. For
example, Stoddart and coworkers developed a nanocarrier plat-
form by grafting a benzonitrile ligand, covalently linked with
ruthenium polypyridyl complexes, onto the surface of meso-
porous SiO, nanoparticles. Upon irradiation with visible light,
the photolabile benzonitrile ligand was cleaved, resulting in
the release of [Ru(tpy)(DPPZ)(H,O)]*" (for simplicity abbre-
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viated as Ru(tpy)DPPZ throughout the article) from the nano-
particle surface. Despite an anticancer effect in cell culture,
the substantial size of these nanocarriers (~150 nm) limited
their efficient cellular uptake.”” Photoactivation of ruthenium
polypyridyl complexes with high energy photons (<500 nm) is
another disadvantage because such light can be phototoxic
and has limited penetration depth into tissues.

To reduce phototoxicity associated with blue and UV light
and to increase the depth of tissue penetration, lanthanide
doped upconversion nanoparticles (UCNPs) have emerged as
nano transducers that generate visible or UV emission upon
NIR excitation.”® Other key advantages of UCNPs include
narrow emission bands, no photobleaching, and low
cytotoxicity.?®° Thus, UCNPs have become promising candi-
dates for applications in bioimaging,>® photodynamic
therapy,®* and biosensing.>**” The most frequently applied
UCNPs have Yb*" sensitizer ions for excitation around 980 nm
and Er’" activator ions for emission in the green and red
visible range.*®° However, it is also possible to use Nd** sensi-
tizers for excitation around 800 nm and Tm>" activators for
emission in the UV, blue, red, and NIR spectral range.’® Due to
lower water absorption, the use of 800 nm causes significantly
less heating than 980 nm excitation.”’ On the emission side,
the UV and blue upconversion luminescence (UCL) can be
used for local energy transfer to ruthenium complexes.

For example, Natile, Bonnet et al. developed Yb/Tm-doped
UCNPs with ruthenium-encapsulated lipid coatings which
could generate reactive oxygen species in aqueous media upon
980 nm excitation.”> To avoid heating effects, the authors
extended their research to Nd/Yb/Tm-doped UCNPs with
surface-attached photocleavable bis(thioether) coordinated to
a ruthenium(u) bipyridyl complex. However, despite 6 h of
irradiation with a 796 nm laser (50 W cm™2), only one of the
two thioether groups was photocleaved, resulting in relatively
inefficient ruthenium release.*® In addition, the UCNPs of
both studies were still quite large with more than 40 nm in dia-
meter. Cerruti and coworkers recently developed Yb/Tm-doped
UCNPs that required only 2 h of irradiation at 980 nm with
relatively low power densities (~1 W cm™>) to very efficiently
release 44% of 7-dehydrocholesterol from a relatively thin
(~10 nm) mesoporous photoactivatable silica coating.** This
study also demonstrated delivery of the UCNPs into HeLa cells
but the intracellular drug release could unfortunately not be
monitored. With more than 50 nm in diameter, these nano-
carriers were also relatively large.

Theoretically, the perfect nanocarrier should be very small
to yield efficient cellular internalization and present high
surface-to-volume ratios for carrying a large surface load per
volume. However, smaller UCNPs are significantly dimmer
than larger ones, which can be disadvantageous to photoacti-
vate the UCNP coating for drug release and may require high
excitation power densities. That said, the distance between the
photoactive molecules and the UCNP would be shorter for a
more efficient energy transfer that would be beneficial for
photoactivation. The thickness of the coating is also impor-
tant. A thick shell could potentially carry a large amount of
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drugs but an efficient release would be more difficult and
energy transfer from UCNP to the entire coating would also be
limited. Considering those pre-thoughts about the “anatomy”
of an ideal UCNP-based nanocarrier and keeping in mind that
~800 nm NIR excitation (Nd** sensitizers) for lower heating
and deeper tissue penetration as well as UV/blue emission
(Tm®" activators) for efficient photoactivated release of ruthe-
nium polypyridyl complexes would also need to be on the list
of desired properties, we wanted to find out if such UCNP drug
carriers can actually be produced and applied for killing
cancer cells. An additional feature of ruthenium-releasing Nd/
Yb/Tm-based UCNPs is the ability of being able to indepen-
dently study the emission of the UCNPs and the ruthenium
complexes. Thus, not only the nanocarrier internalization into
cells but also the intracellular drug release and drug delivery
to the nucleus can be monitored, thereby providing the nano-
hybrids with a very useful theranostic functionality.

With the aim of developing such nuclear targeting
nanotheranostic agents, we loaded Ru(tpy)DPPZ in the interior
pores of azobenzene-modified mesoporous silica coated
NaGdF,:Nd*'/Yb**/Tm*" UCNPs (azo-mSiO,-UCNPs) excitable
at 808 nm. Whereas photocleavage of covalent bonds generally
demands high energy and extended irradiation times, azo-
benzene (azo) molecules offer a unique advantage. Azo mole-
cules can reversibly switch between their ¢rans and cis forms
when exposed to visible or UV light, making them ideal as
photo-responsive molecular machines for controlled drug
release.”>™® The trans—cis photo-isomerization is induced by
UV light, while cis-trans isomerization proceeds either ther-
mally in the dark or can be accelerated by exposure to illumi-
nation with longer wavelengths, typically in the blue/green
range. Upon absorption of NIR light (808 or 980 nm), the UCL
in the UV-visible region can be used for non-radiative (i.e.,
FRET) or radiative (i.e., reabsorption) energy transfer to the
photoresponsive azo molecules in the porous network of the
silica layer (Fig. 1). The reversible photoisomerization via UV
and visible light simultaneously emitted by the UCNPs can
create a continuous back and forth movement (molecular
motor) that results in controlled Ru(tpy)DPPZ release. Notably,
once the drug is released from the azo-mSiO,-UCNPs, it can
generate fluorescence on its own by binding to DNA, which
would provide experimental evidence for targeting DNA in the
cell nuclei.

Results and discussion

Ru(tpy)DPPZ was synthesized following established protocols
(see ESI including ESI Fig. S1-S41 for details).>”*%>!
Characterization results were consistent with previous reports
about this complex. The UV-visible absorption spectrum of Ru
(tpy)DPPZ showed the MLCT band of the Ru(u) center at
487 nm (¢ = 1671 cm™" M™') while the band centered at
273 nm n-1* (e = 10 737 cm™ ' M™') was assigned to the intrali-
gand transitions in the Ru complex (ESI Fig. S5t). NaGdF,:
Nd**/Yb*/Tm** UCNPs were synthesized using a co-precipi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Preparation of Ru(tpy)DPPZ loaded azo-mSiO,-UCNP nanohybrids and NIR-photoactivated drug release. TEOS = tetraethyl orthosilicate; tpy

= 2,2":6',2"-terpyridine; DPPZ = dipyrido[3,2-a:2',3'-c] phenazine.

tation method (see ESIt). The as-synthesized UCNPs exhibited
a spherical morphology with an average size of circa 8.2 +
1.6 nm as evidenced by TEM (ESI Fig. S6t). The UCNPs dis-
played the characteristic diffractions of the hexagonal p-phase
and exhibited phase purity (ESI Fig. S7f). Upon excitation at
808 nm (0.65 W cm ), the Nd** ions transfered energy to Yb**
and Tm*', resulting in characteristic UCL bands centered
around 346 nm (°P, — °F,), 362 nm (‘D, — ’Hg), 452 nm
(‘D, = °F4), 476 nm (G, = *Hg), 647 nm ('G, — °F,4), and 692
and 740 nm (°F, 3 — *Hg) (Fig. 24).

Oleic acid (OA)-capped UCNPs were functionalized with a
mesoporous silica shell using tetraethyl orthosilicate (TEOS)
hydrolysis via a template-based mechanism using cetyltri-
methyl ammonium bromide (CTAB) as surfactant. To charac-
terize the growth of the shell on the (OA)-capped UCNPs, we
performed dynamic light scattering (DLS) analysis (ESI
Fig. S8t). The hydrodynamic diameter (Dy,) of the (OA)-capped
UCNPs (circa 10 nm) showed the expected increase compared
to the hard-sphere diameter of 8.2 nm found via TEM (vide
supra). Whereas the D;, of the mSiO,-UCNPs increased only
slightly to approximately 11 nm, the functionalized meso-
porous shells revealed a significant size increase to circa
27 nm for both azo-mSiO,-UCNPs and Ru(tpy)DPPZ-loaded
azo-mSiO,-UCNPs. The surface area and pore size distribution
of mSiO,-UCNPs were analyzed by the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods,
respectively.”>>® The hysteretic loop of the N, adsorption/de-
sorption isotherm (Fig. 2B) indicated that the mSiO,-UCNP
can be classified as type IV according to the IUPAC classifi-
cation for mesoporous materials. The pore size distribution
was calculated using the BJH method and resulted in pore

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) Absorption spectrum of azophenylsilica (black) and UCL
spectrum of OA-capped UCNPs (green, 3 mg mL™%) upon 808 nm laser
excitation (0.65 W cm™2). (B) Nitrogen adsorption/desorption isotherm
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widths mainly between 3 and 4 nm (Fig. 2C), which indicated
a mesoporous structure. Calculations based on BET analysis
revealed a surface area of 390 m> g™, suggesting that the
mesoporous silica shell had a large surface-to-volume ratio,
facilitating efficient loading of payloads. As a result, high con-
centrations of cargo can potentially be delivered into cells
while maintaining a lower overall concentration of UCNPs. The
resulting mSiO,-UCNPs were functionalized with N-(3-triethox-
ysilyl)-propyl-4-phenylazobenzamide, which underwent confor-
mational changes from trans to cis upon UV/blue light
irradiation and concomitant payload release from the
mesopores.>*

To confirm successful derivatization, azo-mSiO,-UCNPs
were characterized using Fourier transform infrared spec-
troscopy (FTIR) and zeta potential analysis. As illustrated in
the FTIR spectra (ESI Fig. S91), the mSiO,-UCNPs exhibited
strong transmission bands attributed to the stretching
vibrations of Si-O-Si at 1084 and 806 cm ' and Si-OH at
950 cm™ . In the spectra of the azo-mSiO,-UCNPs, new bands
corresponding to the symmetric and asymmetric C-H stretch-
ing vibrations at 2852 em™" and 2922 cm™', respectively, as
well as C=C aromatic elongation, confirmed the successful
grafting of 3-aminopropyltriethoxysilane onto the mSiO,-
UCNPs. The surface charge of the mSiO,-UCNPs and azo-
mSiO,-UCNPs decreased to circa —22 and —15 mV, respectively,
indicating the removal of the cationic CTAB surfactant and the
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subsequent generation of negatively charged silanol groups on
the surface (Fig. 2D). Ru(tpy)DPPZ complexes were encapsu-
lated within the pore channels of the azo-mSiO,-UCNPs nano-
carriers by overnight incubation, facilitating diffusion. Excess
Ru(tpy)DPPZ that did not enter the pores was removed
through filtration, centrifugation, and washing with methanol.
Following Ru(tpy)DPPZ loading, the surface charge of the azo-
mSiO,-UCNPs increased to ~8 mV (Fig. 2D), suggesting strong
electrostatic interactions between the ruthenium complex and
the surface silanol groups within the mesopores. To quantify
the concentration of Ru(tpy)DPPZ within the azo-mSiO,-
UCNPs nanohybrids, the absorbance of Ru(tpy)DPPZ at
480 nm was measured, and a calibration curve was established
(ESI Fig. S10%). Using this curve, the Ru(tpy)DPPZ loading
efficiency was calculated to be approximately 17 wt%.

Energy transfer from the UCNPs to the conjugated azo-
benzene molecules was confirmed by PL spectroscopy
(Fig. 3A). Upon excitation at 808 nm, UCL spectra of mSiO,-
UCNP and azo-mSiO,-UCNP showed that the peaks centered at
368 and 353 nm were the principal contributors of energy
transfer from the UCNPs to the azobenzene molecules. These
emission bands overlapped strongest with the n-n* transition
(absorption band) of the trans-azo-moieties and were therefore
quenched via energy transfer (most likely Forster resonance
energy transfer — FRET). The overall averaged FRET efficiency
(E(avg)), which includes all Tm** donors and all azo acceptors
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(A) UCL spectra of mSiO,-UCNPs (black) and azo-mSiO,-UCNPs (blue) dispersed in H;O upon 808 nm NIR excitation. (B) Absorption spectra

of azo-mSiO,-UCNPs before and after irradiation with 808 nm NIR light for up to 40 min. Release profiles of Ru(tpy)DPPZ from azo-mSiO,-UCNPs
(C) and mSiO,-UCNPs (D) with and without NIR irradiation. Standard deviations are shown as error bars for triplicate experiments.
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independent of their distance and if they actually participate
in FRET, was estimated to be 24% using eqn (1):

E(avg) =1— (ID—A)

A (1)
where Ip, and I are the respective integrated UCL intensities
of the azo-mSiO,-UCNPs (donors in the presence of acceptors)
and mSiO,-UCNPs (donors in the absence of acceptors) from
325 to 500 nm.

A dispersion of Ru(tpy)DPPZ-loaded azo-mSiO, UCNPs was
irradiated with a 808 nm laser in 5 min intervals for a total of
40 min. Upon exposure to NIR light (808 nm), the UV emissions
from Tm>*" ions facilitated the conversion of the trans to the cis
isomer of azo-mSiO,. Consequently, the absorption band of the
azo molecules at 334 nm, associated with the n—r* transition of
the trans isomer, decreased, while the absorption around
435 nm, corresponding to the n-n* transition of the cis isomer,
increased. Simultaneously, the visible emissions of Tm®" ions at
475 and 450 nm caused a reversal of the cis isomer back to the
trans isomer, resulting in relatively moderate but still clearly
visible absorption intensity changes (Fig. 3B).

To investigate if the NIR-induced trans—cis conversion actu-
ally leads to drug release, a dispersion of Ru(tpy)DPPZ-loaded
azo-mSiO,-UCNPs was irradiated with an 808 nm laser in
5 min intervals for one hour. After each 5 min irradiation
period, the samples were centrifuged at 13 500g for 20 min
and the supernatant was analyzed by UV-visible absorption
spectroscopy to determine the concentration of the released
anticancer drug (Fig. 3C). In the absence of NIR irradiation,
only minimal amounts of Ru(tpy)DPPZ were released (<10%),
suggesting that the large majority of azo molecules remained
in the trans conformation within the pores, thereby preventing
Ru(tpy)DPPZ leakage. In the presence of NIR irradiation, pro-
gressive release of Ru(tpy)DPPZ was observed, with approxi-
mately 37% of the payload released within 30 min and about
55% released within 1 h of irradiation. This accelerated release
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following NIR excitation was attributed to the isomerization of
azo molecules triggered by UV and blue UCL. A control experi-
ment was conducted using Ru(tpy)DPPZ-loaded mSiO,-UCNPs
(without azo). Both the absence and the presence of NIR
irradiation resulted in less than 15% drug release even after
1 h of irradiation (Fig. 3D). This result suggests that without
the photoactivated azo molecular motor the majority of the Ru
(tpy)DPPZ complexes remain confined within the mSiO,-
UCNPs. In this case, the H,O ligand likely forms hydrogen
bonds with the silica coating, stabilizing the complex and pre-
venting significant release under NIR irradiation. In contrast,
with azo moieties present, the trans—cis photoisomerization
activates a “molecular machine” mechanism, enabling con-
trolled release. Thus, only the complete azo-mSiO,-UCNPs
were capable of photocontrolled drug release.

Before conducting in vitro studies, we assessed the stability
of azo-mSiO,-UCNPs and Ru(tpy)DPPZ loaded azo-mSiO,-
UCNPs by measuring their hydrodynamic diameters after incu-
bation in DMEM supplemented with 10% fetal bovine serum
at 37 °C to simulate biological conditions. No signs of aggrega-
tion were observed for at least 7 days. The DLS measurements
confirmed that the NPs remained stable throughout the incu-
bation period, demonstrating their suitability for biological
applications (ESI Table S1%). The cytotoxicities of free Ru(tpy)
DPPZ, azo-mSiO,-UCNPs, and Ru(tpy)DPPZ-loaded azo-mSiO,-
UCNPs were evaluated on MCF-7 breast carcinoma cells both
in the dark and after NIR irradiation using a standard methyl
thiazolyl tetrazolium (MTT) assay. As an additional control, the
toxicity of cisplatin was also determined on the same cell line
(ESI Fig. S11%). Interestingly, the half-maximum inhibitory
concentration of Ru(tpy)DPPZ (ICs, = 17.1 + 0.9 pM) was
similar to the one of cisplatin (IC5o = 12.1 + 1.6 pM). A 24 h
incubation with azo-mSiO,-UCNPs and Ru(tpy)DPPZ-loaded
azo-mSiO,-UCNPs in the dark resulted in concentration-depen-
dent cytotoxicity, which was almost negligible for the azo-
mSiO,-UCNPs and relatively weak for the Ru(tpy)DPPZ-loaded
azo-mSiO,-UCNPs (blue bars in Fig. 4). Incubation for approxi-
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Fig. 4 In vitro cell viabilities of MCF-7 cells incubated with different concentrations (0, 25, 50, 100, 200, 400 pg mL™) of (A) azo-mSiO,-UCNPs and
(B) Ru(tpy)DPPZ-loaded azo-mSiO,-UCNPs for 24 h. Blue bars represent incubation in the dark for 24 h. Orange bars represent circa 12 h incubation
in the dark, followed by 20 min NIR irradiation (808 nm, 0.65 W cm~2), and an additional 12 h of incubation in the dark. Error bars represent the rela-
tive standard deviation from triplicate measurements. A statistically significant difference between non-irradiated and irradiated samples is indicated
by * at P < 0.02 and ** at P < 0.0006, obtained using a two-tailed Student’s t-test, for which P < 0.05 is considered statistically significant.
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Hoechst Overlay

Fig. 5 Widefield microscopy images of Ru(tpy)DPPZ-loaded azo-mSiO,-UCNP cellular uptake, photo-triggered Ru(tpy)DPPZ release, and Ru(tpy)
DPPZ interaction with nuclear DNA in MCF-7 cells. For each panel (1 h, 2 h, and 4 h incubation), the images from left to right show DIC transmission,
UCL (ex: 808 nm, em: 450 + 30 nm, green), Ru(tpy)DPPZ phosphorescence (ex: 480 + 25 nm, em: 607 + 8 nm, red), and an overlay of the four

images. Scale bars: 20 ym.

mately 12 h, followed by NIR irradiation (808 nm, 0.65 W
cm™?) for 20 min and another 12 h of incubation (orange bars
in Fig. 4), resulted in minimal toxicity for azo-mSiO,-UCNPs
(Fig. 4A) and significant toxicity for Ru(tpy)DPPZ-loaded azo-
mSiO,-UCNPs (Fig. 4B). These findings demonstrated the bio-
compatibility and negligible toxicity of the free azo-mSiO,-
UCNPs, the relatively weak leakage of Ru(tpy)DPPZ from
UCNPs without NIR irradiation, and the strong and concen-
tration-dependent NIR photoactivatable cytotoxicity of the Ru

Ru(tpy)DPPZ

(tpy)DPPZ-loaded azo-mSiO,-UCNP nanohybrids. The signifi-
cant cell death, reaching up to 90%, provided strong evidence
for a phototriggered drug release followed by the accumulation
and intracellular action of the drug.

To show that the drug release actually happened within the
cells, ie., cellular uptake of the Ru(tpy)DPPZ-loaded azo-
mSiO,-UCNPs and drug release within the cells (as opposed to
drug release outside the cells followed by cellular uptake of the
drug), we monitored the nanohybrid-incubated cells via PL

Hoechst Overlay
i #

Fig. 6 Widefield microscopy images of MCF-7 cells incubated with 100 ug mL™* Ru(tpy)DPPZ-loaded azo-mSiO,-UCNPs for 4 h, with (top) and
without (bottom) NIR irradiation (808 nm, 0.65 W cm™2, 25 min). For each panel, the images from left to right show DIC transmission, UCL (ex:
808 nm, em: 450 + 30 nm, green), Ru(tpy)DPPZ phosphorescence (ex: 480 + 25 nm, em: 607 + 8 nm, red), and an overlay of the four images. Scale

bars: 20 pm.
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microscopy. First, MCF-7 cells were incubated in the dark with
Ru(tpy)DPPZ-loaded azo-mSiO,-UCNPs (100 pg mL ™) for 1, 2,
and 4 h, respectively. Following incubation, the cells were
stained with the nucleus DNA-staining dye Hoechst 33342 and
then irradiated at 808 nm (0.65 W cm™?) for 25 min to initiate
drug release. Overlapping the UCNP and Hoechst 33342 emis-
sion with differential interference contrast (DIC) transmission
images clearly showed that the nanocarriers were mainly
located within the cytoplasm of the cells (Fig. 5). Ru(tpy)DPPZ-
loaded azo-mSiO,-UCNPs underwent rapid uptake with intra-
cellular PL signals already visible after 1 h of incubation. The
images after 2 h and 4 h incubation were similar but the cellu-
lar contrast clearly decreased over time, an indicator of the
drug starting to already decompose the cells. The drug release
was clearly confirmed upon excitation of Ru(tpy)DPPZ at 480 +
25 nm which resulted in bright MLCT phosphorescence at 607
+ 8 nm. Ru(tpy)DPPZ emission strongly overlapped with the
nuclear DNA stain (Hoechst 33342), confirming that the drug
specifically targeted the cell nuclei and interacted with the
nuclear DNA. Despite their small size, the Ru(tpy)DPPZ-loaded
azo-mSiO,-UCNP nanohybrids clearly demonstrated their
strong potential for theranostics, ie., real-time imaging of
nanocarrier uptake and intracellular drug release followed by
drug action.

Control experiments with and without NIR irradiation after
4 h of incubation confirmed the previous experiments of
phototriggered intracellular Ru(tpy)DPPZ release (Fig. 6 top)
and also showed minimal passive leakage (without NIR
irradiation) of Ru(tpy)DPPZ despite the presence of Ru(tpy)
DPPZ-loaded azo-mSiO,-UCNPs in the cytoplasm of the cells
(Fig. 6 bottom).

Conclusions

Considering the state-of-the-art concerning NIR-activatable
drug delivery nanosystems, we aimed at developing and apply-
ing small nanoparticles capable of carrying drugs into cells
and delivering them to the nucleus upon NIR excitation. This
approach allowed us to monitor nanocarrier entry into cells,
track drug delivery to the nucleus, and ensure efficient tumor
cell destruction. While the unique property of UCNPs to trans-
form NIR excitation into UV and visible emission has been
used to photoactivate surface molecules to deliver drugs, a par-
ticular challenge has been the design of small nanocarriers in
the range of 10 nm in diameter and the use of moderate NIR
irradiation power densities. The smaller the nano-delivery
systems, the higher the surface-to-volume ratio and the more
efficient the cell penetration that is required to deliver the
drugs to the cell nucleus. However, small UCNPs contain a
lower amount of lanthanide ions which resultor requires high
excit/or requires high excitation power densities.

Here, we designed sub-10 nm UCNPs that could be excited
at 808 nm (due to Nd** sensitizers) and emitted in the UV and
visible spectral range (due to Tm>* activators) for energy trans-
fer to photo-switchable azobenzene molecules. These azo
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molecules were functionalized to a thin mesoporous silica
shell on the UCNP. Ru(tpy)DPPZ drug molecules could be cap-
tured by the azo-mSiO,-UCNPs and only released via NIR exci-
tation due to the reversible photoactivation of trans—cis confor-
mation in azobenzene. NIR excitation at power densities below
1 W em™? for a short duration was sufficient to release a sig-
nificant amount of Ru(tpy)DPPZ, with approximately 37% of
the payload released within 30 min and about 55% within 1 h
of irradiation. A 20 min NIR irradiation at 0.65 W cm™> was
enough to kill over 90% of MCF-7 breast cancer cells that had
been incubated with 400 pg mL™" of Ru(tpy)DPPZ-loaded azo-
mSiO,-UCNPs. PL imaging demonstrated that incubating
MCF-7 cells with 100 pg mL™" of Ru(tpy)DPPZ-loaded azo-
mSiO,-UCNPs for a few hours, followed by NIR excitation
(808 nm, 0.65 W cm™>) for 25 min, led to the intracellular
release of Ru(tpy)DPPZ and its delivery into cell nuclei, where
it intercalated with DNA, inducing DNA damage and sub-
sequent cell death. Importantly, azo-mSiO,-UCNPs were bio-
compatible and did not induce any significant cell damage.
Moreover, only small amounts of Ru(tpy)DPPZ were released
from non-irradiated azo-mSiO,-UCNPs, causing relatively low
dark damage to cells.

Overall, our theranostic nano delivery platform integrates
all the desirable properties: small size, thin coating, efficient
cell penetration, NIR-activatable drug release, low excitation
power densities, short irradiation times, high biocompatibility,
and effective tumor cell destruction, along with the capability
to monitor each delivery and activation step via PL microscopy.
These findings highlight the significant potential of our nano-
hybrids for photoactivatable deep tissue drug delivery. Future
research will focus on functionalizing the Ru(tpy)DPPZ-loaded
azo-mSiO,-UCNPs with tumor cell-binding molecules to add a
targeting function, enabling the delivery of nanohybrids to
specific cells for targeted cancer therapy.

Materials and methods

All reagents and chemicals used were purchased from Sigma-
Aldrich and used without further purification unless specified.

General methods

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker AVANCE III 300. Chemical shifts are given in ppm rela-
tive to the residual "H resonance of the deuterated solvent and
coupling constants J in Hz. UCL spectra were recorded on a
Fluorolog fluorescence spectrometer (Horiba) equipped with
external 980 and 808 nm lasers (MDL-III-980/808 nm, CNI
Laser). Samples had a concentration of 1 mg mL™" and were
measured in the 350-750 nm spectral range with a power
density of 60 W em™2, an emission slit width of 3 nm, and a
step size of 1 nm. Powder X-ray diffraction (XRD) patterns were
obtained on a Bruker D8 Advance diffractometer equipped
with a Cu Ko source (4 = 1.54056 A) operating at a power of 40
kv and 40 mA. The 26 scan range was set from 10-70° with a
scanning step size of 0.01° and integration time of 2 s. UV-
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visible absorption spectra were recorded on a Cary 5000 series
UV-Vis-NIR  spectrophotometer (Agilent) in a range of
190-900 nm. The samples vibrational modes were character-
ized using a Nicolet iS50 FTIR spectrometer (Thermo
Scientific). The instrument was used in its attenuated total
reflectance (ATR) mode. The dried sample was placed against a
diamond ATR crystal and the spectra were acquired from 500
to 4000 cm™'. DLS measurements of the particles (1 mg mL ™)
were performed with the Malvern Zetasizer Nano ZS.
Hydrodynamic diameters were determined with the corres-
ponding error as standard deviations from three measure-
ments. Surface zeta potential of the UCNPs (0.2 mg mL™") in
Milli-Q H,O was determined with a Malvern Zetasizer Nano
ZS. TEM was used to characterize nanoparticle size and mor-
phology. TEM analysis of the oleate-capped NaGdF,:Nd>"/Yb>*/

3* UCNPs was performed using a FEI Tecnai G2 instrument
operating at 100 kV, equipped with an Olympus Veleta camera.
Prior to analysis, a 1 wt% sample was dispersed in n-hexane. A
drop of the resulting solution was evaporated on a formvar/
carbon film supported 400 mesh copper grid. All obtained
micrographs were analyzed with Image]. BET analysis was
used to characterize samples via a N, adsorption-desorption
isotherm at 77 K using a ASAP 2020 Plus instrument from
Micromeritics. The sample was degassed under vacuum con-
ditions (P ® bar) at a temperature of 130 °C for 24 h
before measurement. Specific surface areas were calculated
using standard expressions for BET isotherms. Nitrogen
adsorption at relative pressures of P/P° = 0.02-1.0 was used.
The total pore volume was determined from the adsorbed
volume at the highest P/P° point on the isotherm. The BJH
adsorption model was used to calculate the pore volume in the
BJH desorption graphs.>?

Synthesis of dipyrido[3,2-a:2',3-c]phenazine (DPPZ - Scheme 1)

DPPZ was synthesized following a previously reported protocol
with slight modifications.* In this procedure, 1.2 mmol of phen-
dione and 1.2 mmol of o-phenylenediamine were dissolved in
10 mL of absolute ethanol. The resulting solution was refluxed

O O

7 N N O-phenylene diamine N N
=N N= EtoH
Reflux

0,
7% Dipyrido[3,2-a:2',3'-c]phenazine

View Article Online
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for 30 min. After cooling to room temperature (RT), the product
was filtered, washed with methanol, recrystallized and dried
under vacuum, yielding 216 mg (77%). 'H-NMR (500 MHz,
DMSO-dg) 5 ppm 7.97 (dd, 2H, J = 8.1, 4.4 Hz); 8.09 (m, 2H); 8.42
(m, 2H); 9.24 (dd, 2H, J = 4.3, 1.8 Hz); 9.56 (m, 2H).

Synthesis of RuCl;(terpyridine)

Ruthenium terpyridine chloride was prepared following a
reported method with slight modifications.>® 0.3265 mg
(1.25 mmol) of RuCl;-3H,0 and 0.2915 g (1.25 mmol, 1 equiv.)
of 2,2":6',2"-terpyridine were combined in 50 mL of absolute
ethanol. The resulting solution was heated at reflux under an
argon atmosphere for 3 h and then allowed to cool to RT.
Subsequently, the solution was further cooled in an ice bath.
The brown solid obtained from the reddish-yellow solution
was collected through vacuum filtration, washed with cold
methanol until the filtrate became colorless, and further
washed four times with Et,O before being air-dried. A total of
0.505 g of product (1.15 mmol) was obtained, with a yield of
92%, and was utilized without additional purification.

Synthesis of [Ru(tpy)(DPPZ)(CD)](CI7)

A mixture of Ru(tpy)Cl; (100.6 mg, 0.23 mmol), dipyrido[3,2-
a:2',3'-cJphenazin (74.6 mg, 0.23 mmol), and Et;N (55 pL) was
dissolved in 10 mL of EtOH/H,O (3:1, v/v). The solution was
degassed at RT and then heated to reflux for 2 h. Following
this, the brownish solution was hot-filtered, and the volume
was reduced to 2 mL under reduced pressure. The resulting
solid was obtained by filtration, thoroughly rinsed with DI-
H,0, and air-dried, yielding 72.3%.

'H NMR (CD;0D): 10.40 (1H, d), 9.91 (1H), 9.32-9.30 (1H),
8.89 (1H), 8.81 (2H, d), 8.66 (2H, d), 8.60-8.53 (2H, m),
8.44-8.35 (1H), 8.33 (1H), 8.02 (2H, t), 7.91-7.87 (3H, m), 7.56
(1H, t), 7.36 (2H, t).

Synthesis of [Ru(tpy)(DPPZ)(H,O)](PF), (Ru(tpy)DPPZ - Scheme 1)

[Ru(tpy)(DPPZ)(C1)] (CI") (50 mg, 0.07 mmol) and AgPF,
(17.7 mg, 0.07 mmol) were dissolved in a mixture of acetone

_]CI

N
Terpyridine ~ l Cl DPPZ AgPF R ' "l
RuCl; * H,0 R & —— 6 I
EtoH 7 1™¢| EtOHH,0 Acetone/Hzo \,
Reflux I (3:1; vIv) (3:1; vIv) . H
92 % Reflux Reflux 2
Ru(tpy)Cls 72% [Ru(tpy)(DPPZ)(CI)ICI 78 % [Ru(tpy)(DPPZ)H,0](PFe),

Scheme 1 Synthetic routes of DPPZ (top) and Ru(tpy)DPPZ (bottom).
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and H,O (3:1, 8 mL). The solution underwent degassing and
was heated to reflux under argon atmosphere for 2 h. After
cooling, the solution was filtered. The filtrate was then
reduced to 1 mL under reduced pressure and precipitated by
the addition of KPF (aqg. Sat.). The resulting precipitate was fil-
tered, washed with DI-H,0O, recovered with acetone, and dried
under vacuum, yielding a dark red solid (78% yield).

'H NMR (CD;COCD;, 500 MHz): 6 = 10.06 (1H, dd, J = 5.0
Hz, 1.0 Hz), 9.92 (1H, dd, J = 8.5 Hz, 1.0 Hz), 9.29 (1H, dd, J =
8.5 Hz, 1.0 Hz), 8.77 (2H, d, J = 8.0), 8.61 (1H, dd, J = 8.5 Hz,
5.0 Hz), 8.60 (2H, d), 8.52 (1H, dd), 8.39 (1H, dd), 8.33 (1H),
8.17-8.10 (2H, m), 7.98 (2H, td), 7.94 (1H, dd), 7.87 (2H, d),
7.57 (1H, dd), 7.27 (2H, td).

BC NMR (CD;COCDj;, 125 MHz): § = 159.8, 159.6, 156.2,
155.6, 154.2, 153.9, 153.1, 152.3, 150.6, 143.5, 143.1, 141.4,
140.8, 139.6, 137.3, 133.9, 133.7, 133.5, 132.6, 131.1, 130.5,
130.3, 128.5, 128.3, 127.2, 125.1, 124.1.

Preparation of N-(3-triethoxysilyl)propyl-4-phenyl azobenzene
(amide)

4-Phenylazobenzoyl (260 mg; 1.07 mmol) was mixed in 10 mL
absolute ethanol. (3-Aminopropyl)triethoxysilane (0.275 mL,
1.17 mmol), and triethylamine (163 pL, 1.17 mmol) were
added into the reaction mixture and the reaction was allowed
to stir overnight at RT under argon. Next, the solids were fil-
tered off and the filtrate was concentrated under rotary evapor-
ator. The obtained solid was placed under reduced pressure
over night.

Synthesis of NaGdF, UCNPs

25%Yb*",0.5%Tm>",1%Nd>": nanoparticles were synthesized
at a 1 mmol Ln*" scale a high-temperature coprecipitation
method utilizing a non-coordinating solvent 1-octadecene in
combination with oleic acid to direct nanoparticle growth.
1 mmol total of hydrated lanthanide chlorides were combined
with 15 mL 1-octadecene and 6 mL oleic acid in a 50 mL
round-bottom flask. The reaction mixture was degassed at RT
for 10 min and then heated to 160 °C under vacuum for
30 min to form a clear solution. Next, the reaction mixture was
cooled to 65 °C, NH,F (4 mmol) and Na-oleate (2.5 mmol)
were added simultaneously. The suspension was kept at
120 °C for 30 min under argon flow and then the temperature
was increased to 325 °C at a mean rate of ~15 °C min~". The
reaction temperature was maintained at 325 °C for 25 min.
The resulting UCNPs were precipitated through the addition of
excess ethanol and collected via centrifugation at 5000 rpm for
5 min. The obtained white pellet was re-dispersed, absolute
ethanol (40 mL) was added to induce precipitation. This
process was repeated twice more. Finally, the purified oleate-
coated UCNPs were dispersed in 10 mL of n-hexane and stored
at 4 °C.

Synthesis of mSiO,-UCNPs

OA-capped UCNPs were rendered hydrophilic by using CTAB.
Typically, CTAB (35 mg) was added to 12 mL ethanol/water
(5:1 v/v) and the mixture was stirred and sonicated until a
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clear solution was obtained. Next, 2 mL of oleate-capped
UCNPs dispersed in n-hexane (5 mg mL™") were added drop-
wise. Then, 150 puL of an aqueous ammonia solution (32%)
was added and TEOS (75 pL) was slowly added dropwise. The
reaction solution was stirred overnight at RT. The silica-coated
UCNPs were precipitated by adding acetone (40 mL) and col-
lected via centrifugation (6000 rpm for 20 min). Three cycles of
re-dispersion and centrifugation were performed to wash the
pellet with a methanol/water mixture (1:1 v/v). To obtain the
mesoporous silica shell, the CTAB surfactant was extracted.
Typically, the as-synthesized silica-coated NPs were mixed with
30 mL EtOH/H,O0 (1:1, v/v) and the pH was adjusted to 1.5 by
adding HCI (2 M). The mixture was heated at 75 °C for 4 h.
The mSiO, UCNPs were precipitated by adding acetone
(40 mL) and purified the same way as for the silica capped
UCNPs.

Preparation of azobenzene-functionalized mSiO,-UCNPs (azo-
mSi0,-UCNPs)

mSiO, UCNPs (25 mg) were added into a solution containing
methanol/H,0 (1:1, v/v) and N-(3-triethoxysilyl)propyl-4-phe-
nylazobenzamide (30 mg). The suspension was stirred at 60 °C
for 3 h. Afterward, the particles were collected by centrifu-
gation at 12500 rpm for 15 minutes. The obtained orange
pellet was re-dispersed in deionized water (DI-H,0), and
acetone (25 mL) was added to induce precipitation. This
process was repeated twice more. Finally, the particles were
dispersed in DI-H,0 for subsequent measurements.

Ru(tpy)DPPZ loading into azo-mSiO,-UCNPs

Ru(tpy)DPPZ was incorporated into the mesoporous silica
through physical adsorption and electrostatic interactions.
Initially, 1 mg of azo-mSiO,-UCNP nanocomposites was dis-
persed in 5 mL of deionized water, followed by the addition of
10 pmol Ru(tpy)DPPZ. The resulting mixture was stirred in the
dark for 12 h. To remove excess ruthenium(u) complex mole-
cules, centrifugation (13500g for 20 min) and methanol
washing were employed. UV-visible absorption spectra of the
obtained ruthenium-loaded nanocarriers were measured to
determine the loading concentrations of Ru(tpy)DPPZ. The
quantity of Ru(tpy)DPPZ loaded into azo-mSiO,-UCNPs was
then calculated as the difference between the initially added
amount of Ru(tpy)DPPZ and the excess amount of Ru(tpy)
DPPZ.

NIR triggered release of Ru(tpy)DPPZ

A dispersion of Ru(tpy)DPPZ-loaded azo-mSiO,-UCNPs (5 mg
in 2 mL H,0) was irradiated with an 808 nm laser for periods
of 5 min. A control experiment was done without NIR
irradiation. After 5 min of irradiation the sample was centri-
fuged at 13 500g for 20 min, the supernatant was measured by
UV-visible absorption spectroscopy to obtain the concentration
of released Ru(tpy)DPPZ using a standard calibration curve.
The pellet was re-dispersed in distilled H,O (1 mL) and
exposed again to NIR light for 5 min.
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Cell culture

MCF-7 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich) supplemented with 10%
fetal bovine serum (FBS; Sigma-Aldrich), 1% penicillin/strepto-
mycin (10000 U mL™" penicillin and 10 mg mL™" streptomycin;
Sigma Aldrich), and 1% t-glutamine (Sigma-Aldrich). The cells
were maintained at 37 °C in a humidified incubator with 5%
CO,. Subsequent passages were performed using trypsin-
EDTA (0.05%).

Cytotoxicity assays

The viability of MCF-7 cells was assessed using the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. MCF-7 cells were seeded at a density of 10* cells per well
in a 48-well cell culture plate, Ru(tpy)DPPZ-loaded azo-mSiO,-
UCNPs, azo-mSiO,-UCNPs, Ru(tpy)DPPZ, and cisplatin in
culture medium were added to each well. Cells alone were
used as controls. A control for the effect of dimethyl sulfoxide
(DMSO) was also performed by treating the cells with DMSO.
The cells were incubated for 24 h at 37 °C in a 5% CO, atmo-
sphere. Following incubation, the medium containing par-
ticles was aspirated, and the wells were washed with Hank’s
Balanced Salt Solution (Thermo Fisher Scientific - HBSS, 10x,
calcium, magnesium, no phenol red) to eliminate non-
uptaken particles. Subsequently, the cells were washed twice
with HBSS (100 pL). Fresh medium was added to each well.
MTT (3-[4,5-dimethylthiozol-2-y1]-2,5-diphenyltetrazoliumbro-
mide) reagent (0.1 mg mL™"' in cell culture medium) was
added to each well and incubated for 4 h at 37 °C in a 5% CO,
atmosphere. The precipitated formazan crystals were dissolved
by the addition of DMSO (200 pL). Finally, the absorption of
the dissolved formazan crystals in each well were measured at
590 nm using a SPARK (Tecan) microplate reader. All samples
were prepared in triplicates. Cell viabilities were expressed as
percentages relative to the absorption of the control group
(cells incubated with fresh media only).

Phototoxicity assays

MCF-7 cells were incubated with Ru(tpy)DPPZ-loaded azo-
mSiO,-UCNPs at concentrations between 25 and 400 pg mL ™"
for 4 h. Excess azo-mSiO,-UCNPs were subsequently removed
by washing with HBSS. Following this, an 808 nm laser (0.65
W cm™2) was used to irradiate the cells for 25 min. The culture
medium was then replaced with fresh medium, and the cells
were further cultivated for 20 h at 37 °C. This experimental
setup aimed to assess the effects of 808 nm laser irradiation
and laser induced Ru(tpy)DPPZ release on cell viability. All the
samples were prepared in triplicates. Cytotoxicity/phototoxicity
was expressed as the percentage of cell viability compared to
untreated control cells.

Live cell imaging

MCF-7 cells were seeded in 35 mm glass-bottom dishes
(CELLview Petri dishes, 35 x 10 mm) at a density of 1 x 10*
cells and allowed to adhere overnight at 37 °C in a 5% CO,

3818 | Nanoscale, 2025, 17, 3809-3821

View Article Online

Nanoscale

atmosphere. The following day, cells were washed with HBSS.
The Ru(tpy)DPPZ-loaded azo-mSiO,-UCNPs were diluted with
Opti-MEM to achieve a final concentration of 100 pg mL ™" and
incubated with cells for 4 h at 37 °C in a 5% CO, environment.
After incubation, cells were washed twice with HBSS to remove
any free conjugates, and 1.5 mL of Opti-MEM was added to the
cells. Subsequently, the cells were irradiated with an 808 nm
laser. Following laser exposure, the cells were stained with
Hoechst 33342 (1 pM) for 15 min, and the wells were washed
with HBSS three times. Nanocarrier uptake was demonstrated
through live-cell imaging under 808 nm excitation. The cells
were imaged using an Olympus IX83 microscope equipped
with a 60x oil immersion objective, a wide-field fluorescence
microscope using excitation light source (X-Cite) and an
EMCCD camera (Andor iXon 888 Ultra) for detection. The
lamp was set to provide a power of 50 W. Images were taken
with a 5 ms acquisition time and an electron-multiplying gain
set at 200. All data were processed using Image], free software
courtesy of The National Institutes of Health.
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