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1. Introduction

Surface-engineered core—shell upconversion
nanoparticles for effective hypericin delivery and
multimodal imaging+

Taras Vasylyshyn,? Veronika Hunto3ova, (2 *° Vitalii Patsula,® Sona Olejarova,®
Cyril Slaby,? Zuzana Jurasekova,® Gregor Bano, (2@ Jana Kubackova,®
Miroslav Slouf, ¢ @ Oleksandr Shapoval () @ and Daniel Horak (=) *2

Early diagnosis and treatment of cancer is rapidly advancing thanks to the development of nanotechno-
logy. Here, upconversion nanoparticles (UCNPs) are particularly promising as they are finding a wide
range of applications in drug delivery and tumor imaging. In this report, a novel UCNP-based transport
system is proposed for the delivery of the hypericin (Hyp) photosensitizer into malignant tumors. Core—
shell NaYF,:Yb®* Er¥*@NaYF,:Nd>* UCNPs were prepared by thermal decomposition and coated with
poly(N,N-dimethylacrylamide-co-2-aminoethyl acrylate)-alendronate [P(DMA-AEA)-Ale], which endowed
them with colloidal and chemical stability; finally, Hyp was conjugated. Internalization of CS-UCNP@
P(DMA-AEA)-Ale-Hyp nanoparticles by Jurkat cells was successfully validated by multimodal imaging
using a microstructural chamber, upconversion luminescence, and Raman microspectroscopy.
After irradiation at 590 nm, CS-UCNP@P(DMA-AEA)-Ale-Hyp nanoparticles provided a markedly more
effective photodynamic effect than Hyp alone at identical Hyp concentrations due to apoptosis as
confirmed by caspase-3 activation. MTT assays showed that Hyp-free nanoparticles were non-cytotoxic,
whereas CS-UCNP@P(DMA-AEA)-Ale-Hyp particles significantly reduced cell viability after irradiation.
Considering that Hyp release from the nanoparticles was higher in the acidic environment typical of
tumors compared to physiological ones, UCNP@P(DMA-AEA)-Ale-Hyp particles are a suitable candidate
for future in vivo applications.

significantly lower impact on surrounding healthy tissues.
PDT is currently used clinically for a variety of early-stage

Biomedical applications of nanomaterials, such as bio-
imaging, optogenetics or photodynamic therapy (PDT), are
nowadays in the focus of the scientific community because
they are effective for patient-friendly treatments.' Compared
to conventional cancer treatments such as chemotherapy and
radiotherapy, PDT is a non-invasive, localized method with a
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cancers,” including esophageal,” oral® and lung’ cancers,
skin metastases,® etc. The active component of PDT is a photo-
sensitizer (PS), which is excited by incident light and
after interacting with surrounding molecules produces reactive
oxygen species (ROS) that cause cancer cell death.”'® Recently,
various PSs have been proposed for PDT, such as chlorin e6,
verteporfin, temoporfin,"" Rose Bengal,'”> hypericin (Hyp),"
etc. The latter is a natural compound extracted mainly
from St John’s wort, which has excellent photosensitivity, anti-
tumor and antiviral activity, and low toxicity.'*"® The main dis-
advantages of free Hyp are hydrophobicity, which reduces
its ability to generate ROS in aqueous environments due to
aggregate formation, and specific resistance in tumors leading
to low drug accumulation at the target site or its low
phototoxicity."?

An attractive approach to overcome the above disadvantages
is the use of nanocarriers for Hyp delivery. As previously
shown, encapsulation of Hyp in a drug delivery system based
on polyvinylpyrrolidone, poly(ethylene glycol), poly(lactic-co-
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glycolic acid), or magnetic nanoparticles
improved drug accumulation in cells and its phototoxicity.
However, the development of novel Hyp-based drug delivery
systems that are capable of simultaneously releasing the drug
and visualizing the target area has the potential to signifi-
cantly enhance the efficacy of PDT. This includes optimization
of therapy parameters, treatment duration, dynamics of drug
accumulation depending on carrier signal intensity, and
identification of metastases by distinguishing normal healthy
tissue from the malignant one.’ Such systems can open new
opportunities for personalized medicine. A very promising
approach to combine PDT induced by Hyp delivery and bio-
imaging is the use of upconversion nanoparticles (UCNPs)
excited in the near-infrared (NIR) region. UCNPs represent a
new generation of luminophores with excellent optical pro-
perties such as low excitation rate, high photostability, lack of
intermittent emission (“blinking”) during continuous exci-
tation, and no effect of particle size on the position of the
emission peak.'” Other advantages of NIR light include mini-
mized photodamage to healthy biological tissue, the ability to
excite at wavelengths that penetrate deep into the body, and a
high signal-to-noise ratio with improved detection sensitivity
due to the absence of autofluorescence from biomaterials.®
Most UCNPs are based on a crystalline NaYF, host lattice with
doped sensitizers such as Yb*" or Nd** and emitters like Er**
or Tm*". While Yb®" allows the excitation of particles at
980 nm, the introduction of Nd*' into lanthanide-based
UCNPs shifts the absorption to 800 nm. Compared to the
former excitation wavelength, the latter one has a higher
ability to penetrate tissues, allowing for their deeper visualiza-
tion while delivering Hyp for PDT. However, due to the large
surface area of the nanoparticles that allows contact with
different quenching molecules, the quantum efficiency of
UCNPs is lower compared to bulk crystals. This problem can
be overcome by introducing an additional shell on the par-
ticles, thus increasing the intensity of upconversion emis-
sion.'® Another challenge is to ensure the biocompatibility and
colloidal stability of UCNPs in aqueous media and to intro-
duce functional groups for bioconjugation of target molecules.
To tackle this, methods of particle hydrophilization such as
ligand exchange,?® oxidation,*" coating with an inorganic shell
(e.g. silica)®* or encapsulation with an amphiphilic ligand have
been proposed.*

In this work, NaYF,:Yb*' Er**@NaYF:Nd*" core-shell
upconversion nanoparticles (CS-UCNPs) were prepared and
then endowed with biocompatibility and colloidal stability by
coating with  poly(N,N-dimethylacrylamide-co-2-aminoethyl
acrylate)-alendronate [P(DMA-AEA)-Ale] obtained by a revers-
ible addition-fragmentation chain transfer (RAFT) reaction. In
the resulting CS-UCNP@P(DMA-AEA)-Ale particles, PDMA pro-
vided sufficient steric stability in water and facilitated cellular
uptake, which enhanced the efficacy of PDT, whereas AEA con-
taining amino groups enabled conjugation of the Hyp photo-
sensitizer. The particles allowed multimodal intracellular
detection by both and Raman
microspectroscopy.

significantly
13,16

luminescence
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2. Experimental

2.1. Materials

Chemicals, such as YCl;, YbCl;, ErCl;-6H,0, NdCl;, NH,F,
oleic acid (OA), N,N-dimethylacrylamide (DMA), 4,4-azobis(4-
cyanovaleric acid) (ACVA), 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DMP; chain transfer agent - CTA, N,N-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS),
2,2'-azobis(2-methylpropionitrile) ~ (AIBN), N,N-diisopropyl-
ethylamine (DIPEA; >99%), octadec-1-ene (OD), 1,3-diphenyl-
isobenzofuran (DPBF), phosphate buffered saline (PBS; pH =
7.4), and Dulbecco’s modified Eagle’s medium (DMEM) were
purchased from Sigma-Aldrich (St Louis, MO, USA). Artificial
lysosomal fluid (ALF; pH = 4.5) was prepared according to the
literature.”®  2-Hydroxy-3-morpholinopropanesulfonic  acid
(MOPSO; >99%) was purchased from Fluka (Charlotte, NC,
USA). Sodium salt of (4-amino-1-hydroxy-1-phosphonobutyl)
phosphonic acid trihydrate (alendronate; Ale) was from TCI
(Tokyo, Japan). Hypericin (Hyp; ESI; Fig. S1f) was purchased
from Thermo Fisher Scientific (Heysham, UK). Ethanol for UV
spectroscopy and absolute ethanol were purchased from
Lachner (Neratovice, Czech Republic) and VWR (Radnor, PA,
USA), respectively. Acetic acid (99.8%), anhydrous sodium
acetate (99.5%), and dimethyl sulfoxide (DMSO; 99.96%) were
from Lachner. tert-Butyl[2-(acryloylamino)ethyl]carbamate)
(AEC-Boc) was prepared according to the earlier report.>
Other chemicals were obtained from Lachema (Brno, Czech
Republic). Ultrapure Q-water was ultrafiltered on a Milli-Q
Gradient A10 system (Millipore, Molsheim, France).

2.2. Synthesis of polymer coating

Poly(N,N-dimethylacrylamide-co-2-aminoethyl  acrylate)-alen-
dronate [P(DMA-AEA)-Ale] coating was prepared in a four-step
procedure by modification of an earlier approach.*® First,
RAFT copolymerization of DMA with AEC-Boc (9/1 mol/mol)
was initiated by ACVA (0.045 mmol) in the presence of a DMP
chain transfer agent (0.2 mmol); the reaction proceeded at
70 °C for 30 min under an Ar atmosphere. The resulting poly
(N,N-dimethylacrylamide-co-tert-butyl[2-(acryloylamino)ethyl]

carbamate) [P(DMA-AEC-Boc)] was purified by precipitation in
hexane. Second, the terminal CTA groups of P(DMA-AEC-Boc)
were removed by refluxing a methanolic solution of the copoly-
mer with AIBN for 2 h. The structure of the copolymer was con-
firmed by "H NMR spectroscopy; according to the results, the
molar ratio of DMA/AEC-Boc in the polymer was 9/1 (Fig. S2at).
The molar mass of the polymer was 11 kg mol ™ with M,/M,, =
1.2 according to GPC. Third, carboxyl groups of the copolymer
were reacted with the amino groups of Ale via DCC/NHS acti-
vation according to the previously described procedure.”® The
formed P(DMA-AEC-Boc)-Ale was dialyzed using cellulose tubing
against water (MWCO = 3.5 kDa; Spectrum Laboratories; Rancho
Dominguez, CA, USA) for 48 h and freeze-dried. Fourth, amino
groups of P(DMA-AEC-Boc)-Ale were deprotected in 3 M methano-
lic HCI at room temperature (RT) for 2 h with stirring. The result-
ing P(DMA-AEA)-Ale was purified by gel filtration in methanol on
a Sephadex LH-10 column; the methanol was then evaporated on
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a vacuum rotary evaporator. The presence of phosphorus in the
copolymer was confirmed by *'P NMR spectroscopy (§ =
18.4 ppm; Fig. S37); the cleavage of Boc-groups was proved by the
disappearance of the “e” peak in the 'H NMR spectrum
(Fig. S2b¥).

2.3. Synthesis of NaYF,:Yb** Er**@NaYF:Nd*" core-shell
nanoparticles (CS-UCNPs)

The core NaYF,:Yb*Er’* nanoparticles (C-UCNPs) were syn-
thesized by a thermal decomposition method. Briefly, Y, Yb and
Er oleates were obtained by a reaction of YCl; (305 mg), YbCl;
(112 mg) and ErCl;-6H,0 (15 mg) with OA (12 ml) in OD (30 ml)
at 180 °C for 30 min with magnetic stirring under an Ar atmo-
sphere. After cooling to RT, 0.5 mM methanolic NaOH solution
(7 ml) and NH,F (296 mg) were added and the mixture was
heated at 300 °C for 90 min with stirring under an Ar atmo-
sphere. The resulting C-UCNPs (~300 mg) were washed four
times with hexane (12 ml each) using centrifugation (3460 rcf).
Separately, Y and Nd oleates were prepared from YCl;
(312 mg), NdCl; (100 mg) and OA (12 ml) in OD (30 ml) as
described above. A dispersion of C-UCNPs (150 mg) in hexane
(10 ml) along with 0.125 mM methanolic NaOH solution,
NH,F (74 mg), OA (3 ml), and OD (7.5 ml) was added to Y and
Nd oleates (10 ml) and the mixture was heated at 300 °C for
90 min with stirring under an Ar atmosphere. The resulting
CS-UCNPs were sequentially washed with hexane, hexane/
ethanol, ethanol, ethanol/water, and water as described above.

2.4. Coating of CS-UCNPs with P(DMA-AEA)-Ale

A dispersion of CS-UCNPs (40 mg) in water (2.4 ml) was added
dropwise to an aqueous solution of P(DMA-AEA)-Ale (40 mg;
3.2 ml) in a 10 ml glass vial under sonication (Ultrasonic
Homogenizer UP200S Hielscher; 20% power). Sonication was
continued for 1 min, the vial was sealed with a rubber septum
and the mixture was stirred at 80 °C for 18 h. The resulting
CS-UCNP@P(DMA-AEA)-Ale particles were washed twice with
water (2 ml each) using centrifugation (13 170 rcf) for 30 min.

2.5. Dissolution of CS-UCNP@P(DMA-AEA)-Ale nanoparticles

Dispersions of neat CS-UCNPs and CS-UCNP@P(DMA-AEA)-Ale
particles (1 mg ml™") in water, 0.01 M PBS (pH = 7.4), DMEM
with 10% fetal bovine serum, and ALF were placed in 2 ml
plastic vials sealed with rubber septa and incubated at 37 °C
for the given time with shaking (300 rpm). Subsequently, the
particle dispersions were centrifuged (14 130 rcf) for 35 min to
separate UCNPs and the supernatants were filtered (MWCO =
30 kg mol™') to remove residual particles. The amount of
released F~ ions, defined as the molar percentage of F~(Xy)
relative to the amount of fluorine in the CS-UNCPs, was
measured using a combined fluoride electrode (Thermo Fisher
Scientific; Waltham, MA, USA).

2.6. Binding of hypericin (Hyp) to CS-UCNP@P(DMA-AEA)-
Ale nanoparticles

A dispersion of CS-UCNP@P(DMA-AEA)-Ale nanoparticles
(30 mg) in water/ethanol solution (0.75 ml; 1/1 v/v) was placed
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in an Eppendorf tube, DIPEA (6 pl) was added and the mixture
was shaken (900 rpm) at RT for 20 min. The particles were sep-
arated by centrifugation (14 100 rcf) for 20 min, washed twice
with absolute ethanol (2 ml) and redispersed in it. Then, the
dispersion of CS-UCNP@P(DMA-AEA)-Ale nanoparticles
(15 mg) in ethanol (1 ml) was added dropwise to a solution of
Hyp (0.85 mg) in ethanol (2 ml) under sonication (25% power)
for 1 min and the mixture was stirred at RT for 42 h in the
dark. The resulting CS-UCNP@P(DMA-AEA)-Ale-Hyp nano-
particles were separated by centrifugation (14100 rcf) for
20 min, washed ten times with DMSO (4 ml each), once with
0.05 M acetate buffer (pH = 6.4; 2 ml), twice with water (2 ml),
each time using centrifugation (14 100 rcf) for 20 min, and
redispersed in water. The Hyp content in the nanoparticles dis-
persed in DMSO was determined by UV-vis spectrophotometry
at 602 nm using a calibration curve.

2.7. Hypericin release from CS-UCNP@P(DMA-AEA)-Ale-Hyp
nanoparticles

The release of Hyp from nanoparticles was carried out in 0.05
M acetate buffer (pH = 4.8) and 0.05 M MOPSO buffer (pH =
7.4). The nanoparticle dispersion (1.4 mg ml™") in the corres-
ponding buffer was shaken (750 rpm) at RT for 24 h. At
selected time intervals, the samples (0.5 ml) were collected,
the nanoparticles were separated by centrifugation (15 600 rcf)
for 30 min, washed with DMSO/ethanol mixture (0.8 ml; 3/5
v/v), centrifuged and redispersed in DMSO (0.6 ml). The
amount of released Hyp determined by UV-vis spectropho-
tometry at 602 nm was calculated as a percentage of the absor-
bance decrease at the selected time point compared to the
initial absorbance at the zero point.

2.8. Determination of reactive oxygen species (ROS)

Singlet oxygen (*0,) generation was determined spectrophoto-
metrically using a DPBF probe according to a previously
described procedure.”” Briefly, nanoparticle dispersion
(0.2 ml; 2 mg ml™") in 0.05 M acetate buffer (pH = 4.8) or 0.05
M MOPSO buffer (pH = 7.4) was mixed with 0.01 mM DPBF in
ethanol/buffer (1/1 v/v) to a volume of 2 ml. The mixture was
then transferred into a quartz cuvette, which was sealed and
irradiated with a 980 nm laser (MDL-II1-980-2W; 2.11 W ¢cm?)
in the dark for 2 h with time intervals of 10 min. The absorp-
tion of DPBF was monitored with a Specord 250 Plus UV-vis
spectrophotometer in the wavelength range of 350-650 nm as
a function of exposure time; the decrease in peak intensity at
413 nm corresponded to 10, formation.

2.9. Characterization methods

The morphology of the particles (shape, size, particle size dis-
tribution) was evaluated using a Tecnai G2 Spirit transmission
electron microscope (TEM; FEI; Brno, Czech Republic)
equipped with an energy-dispersive X-ray (EDX) detector
(Mahwah, NJ, USA). At least 300 particles were counted to
determine the number-average diameter D, and size distri-
bution (dispersity D) using Image] software (National
Institutes of Health; Bethesda, MD, USA). The hydrodynamic

This journal is © The Royal Society of Chemistry 2025
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diameter (Dy,) and polydispersity (PD) of the particles were
measured by dynamic light scattering (DLS) using a ZSU 5700

Zetasizer Ultra (Malvern Instruments; Malvern, UK).
Photoluminescence spectra were measured on an FS5 spectro-
fluorometer (Edinburgh Instruments; Edinburgh, UK)

equipped with a UV-vis Xe lamp and 808 and 980 nm CW
lasers with 2 W output power (MDL-I11-980). 'H NMR and *'P
NMR spectra were acquired on a Bruker Avance III 600 spectro-
meter (Bruker; Billerica, MA, USA). Molar masses M,,, M,, and
M,,/M, of polymers were determined using a Shimadzu HPLC
chromatograph (Tokyo, Japan) equipped with a UV-vis diode
array and OptilabrEX refractive index and DAWN EOS multi-
angle light scattering detectors (Wyatt; Santa Barbara, CA,
USA). Infrared spectra were measured on a 100 T FTIR spectro-
meter (PerkinElmer; Waltham, MA, USA) using a Specac MKII
Golden Gate single attenuated total reflection (ATR) instru-
ment. Thermogravimetric analysis (TGA) was performed in air
with a PerkinElmer TGA 7 analyzer (Norwalk, CT, USA) over a
temperature range of 30-650 °C at a constant heating rate of
10 °C min™.

2.10. Cell culture

Jurkat cells (acute T-cell leukemia; ATCC; Manassas, VA, USA)
were maintained under standard culture conditions as rec-
ommended by the supplier. Complete RPMI 1640 cell culture
medium (LM-R1638/500; Biosera; Nuaille, France) was sup-
plemented with 10% fetal bovine serum (FBS; Gibco-
Invitrogen, Life Technologies; Paisley, UK) and 1% w/w penicil-
lin/streptomycin (Gibco-Invitrogen). Cells were grown until
confluence in the dark at 37 °C under a 5% CO, atmosphere.
Prior to the experiment, cells were centrifuged (690 rcf) for
6 min and diluted to the desired concentration (10* cells per
well in 96-well plates or 5 x 10* cells per ml for microscopy and
flow cytometry). The manipulation of cells during the experi-
ments was performed in the dark with minimal use of light.

2.11. Flow cytometry

Cells were collected and distributed into 2 ml Eppendorf tubes
in 1 ml aliquots (5 x 10* cells). These aliquots were sup-
plemented with nanoparticle dispersions at concentrations of
0.01 and 0.1 mg ml™" and left in the dark at 37 °C and 4 °C for
1 h. After incubation, hypericin uptake by Jurkat cells was
measured with a CytoFLEX S flow cytometer (Beckman
Coulter; Brea, CA, USA) in the Y610 channel. At least 10 cells
were collected for analysis.

For the apoptotic study, cells were treated with nano-
particles (0.1 mg ml™") and irradiated according to the proto-
col. Prior to measurement, cells were detached with trypsin/
ethylenediaminetetraacetic acid solution, which stopped the
activity of the complete culture medium. A total of 0.5 ml of
cell suspension was incubated for 15 min with the NucView®
488 caspase-3 substrate (Biotium; Fremont, CA, USA) to evalu-
ate the level of caspase-3 in the cells. A correlation plot of the
two detection channels was generated from B525 (NucView®
488) and R660 (hypericin).

This journal is © The Royal Society of Chemistry 2025
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2.12. Confocal fluorescence microscopy

Cells (5 x 10*) were seeded on a Petri dish with a coverslip for
confocal fluorescence microscopy (SPL Life Sciences; Pocheon-
si, Republic of Korea). The cells were incubated in the dark
with 0.1 mg ml™' CS-UCNP@P(DMA-AEA)-Ale or CS-UCNP@
P(DMA-AEA)-Ale-Hyp particles and 1.08 uM Hyp at 37 °C for 1
and 3 h, respectively. Bright-field and fluorescence images
were taken using an LSM700 inverted confocal fluorescence
microscope (Zeiss; Oberkochen, Germany) with a 40x water-
immersion objective and 555 nm laser excitation. Hyp emis-
sion was detected in the spectral region >580 nm. Cell lyso-
somes were stained with 200 nM LysoTracker™ Green
(Thermo Fisher Scientific; Waltham, MA, USA) for 30 min
(excitation 488 nm and emission 490-540 nm) and mitochon-
dria were stained with 400 nM MitoTracker™ Orange CMTM/
ROS (Thermo Fisher Scientific) for 30 min (excitation 555 nm
and emission >580 nm). Image analysis was performed using
Image] software version 1.54d.

Singlet Oxygen Sensor Green® (2 ng pl™'; Thermo Fisher
Scientific) was administered into Jurkat cells treated with
CS-UCNP@P(DMA-AEA)-Ale-Hyp particles (0.096 mg ml™") for
24 h. Cells were incubated for 1 h in the dark or irradiated
with 808 nm light by an infrared diode laser (Changchun New
Industries Optoelectronics Technology; Changchun, China) at
1 W ecm™ for 1 h. Fluorescence images in the green (excitation
488 nm and emission 490-540 nm) and red (excitation 555 nm
and emission >580 nm) channels were detected, analyzed
using Image] software and the percentage of green-positive
cells versus negative cell population was plotted.

Near-infrared images of nanoparticles in cells were detected
with a Thorlabs camera (Newton, NJ, USA) after excitation with
a 980 nm laser (Thorlabs) through a 100x Nikon PlanFluor NA
1.3 objective with oil immersion and SP 750 and BP 600-750
filters.

For multimodal imaging, the cell was entrapped in a micro-
structural chamber created by two-photon polymerization®® of
OrmoComp®, a biocompatible photoresist (Micro Resist
Technology; Berlin, Germany).>* The confocal image of
OrmoComp® was detected using a 405 nm laser and emission
< 490 nm. Cells were fixed with 4% paraformaldehyde for
7 min and washed three times with PBS before Raman
microspectroscopy.

2.13. Raman microspectroscopy

Dispersive Raman spectra were obtained in the vis and NIR
regions (Renishaw RL785 diode cw laser; Aex. = 785 nm) using
a Raman confocal microspectrometer (Renishaw inVia;
Gloucestershire, UK) equipped with a Leica direct microscope,
an electrically cooled CCD camera and a 1200 lines per mm
diffraction grating. The NIR laser provides a significant
reduction in autofluorescence and background absorbance,
which are usually problematic when irradiating cells and
tissues at visible or ultraviolet wavelengths. The system was
calibrated and monitored prior to measurement using a Si
wafer reference line (520.5 cm™) and a 20x objective. Spectra
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were recorded in the wavelength range of 100-4000 cm ™" while
working in a microclimate using a 100x microscope objective
(NA = 0.9). The accumulation time for one spectrum was 10 s
and three accumulations were collected for one measurement
on each sample, with at least three independent measure-
ments. Laser power per sample was ~2 mW. The reference
spectra of fixed cells (control and particle-labeled) and particle
dispersions were deposited on the Si-Au surface to suppress
unwanted contributions from the glass substrate. The result-
ing spectra were averaged and the background was subtracted.

2.14. Cell toxicity

Cell toxicity was evaluated using the MTT assay (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-
Aldrich). Cells containing nanoparticles were exposed to
photodynamic treatment (PDT) in the dark under 590 nm LED
light at doses of 1-4 J cm™>. Alternatively, light at a wavelength
of 808 nm with an intensity of 1 W em™> was used for 1 h to
stimulate the nanoparticles inside the cells. MTT assay was
performed 5 and 24 h after PDT, which was applied 3 h after
nanoparticle administration. Formazan absorption was
detected using a SYNERGY HTX multi-mode reader (BioTek;
Winooski, VT, USA) at 590 nm. Formazan crystals were
observed by microscopy before dissolving them in DMSO.

2.15. Statistical analysis

Data were analyzed using Microsoft Excel and GraphPad Prism
9 software. Analysis of variance (two-way ANOVA) followed by
Sidak’s multiple comparison test or Tukey’s post hoc test was
used to compare groups. Tukey’s post hoc test showed differ-
ences within irradiated and non-irradiated groups. Sidak’s
multiple comparison test showed differences between irra-
diated cells and cells incubated in the dark. The significance
level was set as p < 0.05. Data are presented as mean + SEM.

3. Results and discussion

3.1. Upconversion nanoparticles

NaYF,:Yb*" Er**@NaYF,:Nd** core-shell nanoparticles
(CS-UCNPs) were obtained by oleic acid-stabilized thermal
decomposition of lanthanide precursors in OD. First, NaYF,:
Yb** Er*" C-UCNPs were prepared, on which an active NaYF,:
Nd*" shell was introduced in the second step to enhance the
upconversion luminescence and prevent surface quenching.
Since the UCNPs were prepared in an organic solvent (OD) and
then washed with hexane, they were hydrophobic. However, it
was necessary to transfer them to the aqueous phase to make
them biocompatible (nontoxic) as required by biomedical
applications, such as drug delivery, biosensing, biolabeling,
etc. Replacement of the organic solvent (hexane) with water
involved several purification steps with various ethanol/water
mixtures to remove excess OA. The morphology investigated by
TEM showed a typical spherical-like shape of C-UCNPs with a
mean diameter D, of 25 + 2 nm and dispersity P = 1.01 indicat-
ing almost monodisperse particle size distribution and
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demonstrating the good quality of the synthesized particles
(Fig. 1a; Table 1). The shape of the CS-UCNPs changed from
spherical to ellipsoidal due to the introduction of the aniso-
tropic NaYF,:Nd*" shell. The ellipsoids were 31 + 2 nm long
and 26 + 2 nm wide (Fig. 1b; Table 1). By comparing the micro-
graphs, shell thickness was estimated to be ~3.5 nm. The
TEM/EDX spectrum of CS-UCNPs confirmed the presence of
Na, F, Y, Yb, Er, and Nd elements in the particles (Fig. 1e). The
small peak of Er at ~6.9 keV was due to its low content. The C
and Cu peaks in the spectrum originated from the supporting
TEM grid. The hydrodynamic size of the C-UCNPs and
CS-UCNPs in water measured by DLS confirmed the low poly-
dispersity of the particles (PD ~0.15) as well as the fact that Dy,
was larger than D, due to the presence of a solvated ionic layer
around the particles and possible slight aggregation (Table 1).
The Dy, of CS-UCNPs was larger than that of C-UCNPs due to
the presence of the NaYF,:Nd>" shell. The {-potential of both
C- and CS-UCNPs was ~30 mV; its positive value was due to
the cationic nature of the metal ions of the particles.

The upconversion luminescence of CS-UCNPs was charac-
terized by emission under 980 and 808 nm excitation (Fig. 2a).
The emission showed four characteristic peaks at 409 (*Hoj, —
Misi2)y 525 (PCHyyp = Zlisp), 540 (*S;2 = 2Ii55), and 654 nm
(*Fos — 2L35/,) typical of the transitions of Er’* ions in UCNPs
(Fig. 2a and b). At the same particle concentration in water
(1 mg m1™") and laser power (0.6 W) under 980 nm excitation,
the emission peak intensities of CS-UCNPs at 540 nm and
650 nm increased 6 and 7 times, respectively, compared to
C-UCNPs (Fig. S4T). The dual excitation wavelengths of 980
and 808 nm make these particles a promising candidate for
the development of an imaging-guided Hyp delivery system.
Excitation at 980 nm is suitable for monitoring particle
accumulation in cells in vitro without autofluorescence, while
the 808 nm wavelength can provide in vivo visualization
without local overheating due to low water absorption at this
wavelength. The ATR-FTIR spectrum of CS-UCNPs exhibited
tiny bands at 2927, 2858, 1655, and 1557 cm™ ' probably
assigned to asymmetric v,4(CH,), symmetric v5(CH;), ©(C=C),
and asymmetric v,(COO™) stretching vibrations, respectively
(Fig. S5at). This indicated the presence of oleic acid residues
on the particle surface after washing.*® According to TGA, the
CS-UCNPs contained ~2% oleic acid (Fig. S5bf), leaving a
large portion of the particle surface available for P(DMA-AEA)-
Ale binding.

3.2. CS-UCNP@P(DMA-AEA)-Ale nanoparticles

To make the CS-UCNPs biocompatible and colloidally stable in
aqueous media, they were coated with P(DMA-AEA)-Ale
obtained by RAFT copolymerization (Fig. S6T). The advantage
of alendronate is that its terminal bisphonate groups bind
tightly by coordination with lanthanides on the surface of
UCNPs, while the benefit of PDMA is that it is a highly hydro-
philic nontoxic polymer that provides sufficient steric stability
of the particles in water. In addition, the copolymer of DMA
with AEA is a kind of cationic polymer that facilitates cellular
uptake®’ and contains reactive amino groups capable of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 TEM micrographs of (a) C-UCNPs, (b) CS-UCNPs, (c) CS-UCNP@P(DMA-AEA)-Ale, (d) CS-UCNP@P(DMA-AEA)-Ale-Hyp particles and (e) EDX

of CS-UCNPs.

Table 1 Characterization of the particles?

D, (nm) b Dy, (nm) PD {-Potential (mV) Hyp content (mg g™*)
C-UCNPs 25 1.01 104 +1 0.15 302 —
CS-UCNPs 31°¢ (26d 1.01 158 +1 0.14 28+3 —
CS-UCNP@P(DMA-AEA)-Ale 31° (27%) 1.01 127 + 2 (105 + 2)° 0.10 20 £ 0.5 —
CS-UCNP@P(DMA-AEA)-Ale-Hyp 30° (259 1.01 171+ 6 (114 + 1)° 0.26 18+ 4 5.54

% C(CS)-UCNPs - core (core-shell) upconversion nanoparticles; P(DMA-AEA)-Ale-Hyp - poly(N,N-dimethylacrylamide-co-2-aminoethyl acrylate)-

alendronate-hypericin; Hyp - hypericin; D, - number-average diameter
PD - polydispersity (DLS). ” in DMEM. ¢ Length. ¢ Width.

binding Hyp. The D, of CS-UCNP@P(DMA-AEA)-Ale particles
was the same as that of CS-UCNPs (Fig. 1c), while the D;, of
these particles in water (127 nm) was slightly lower than that
of CS-UCNPs because the polymer coating stabilized the par-
ticles and reduced their aggregation (Table 1). In DMEM, the
Dy, of CS-UCNP@P(DMA-AEA)-Ale particles was lower (105 nm)
than in water, which can be explained by the thinner ion sol-
vation layer due to the presence of salts in the DMEM medium
and thus lower aggregation. Also, the (-potential of
CS-UCNP@P(DMA-AEA)-Ale nanoparticles (20 mV) was smaller
than that of CS-UCNPs because Ale contains negatively
charged phosphonate groups.

The upconversion luminescence spectra of CS-UCNP@P
(DMA-AEA)-Ale particles obtained under 808 and 980 nm exci-
tation had a similar intensity to those of CS-UCNPs (Fig. 2b
and c). These results confirmed that the surface modification
did not deteriorate the upconversion properties of the par-
ticles. In the FTIR spectrum of CS-UCNP@P(DMA-AEA)-Ale

This journal is © The Royal Society of Chemistry 2025

(TEM); P - dispersity (TEM); Dy, — hydrodynamic diameter in water;

particles, a broad band at 3400 cm™' corresponded to the
v(NH) and v(OH) stretching vibrations of P(DMA-AEA)-Ale orig-
inating from the amine/amide moieties and water, respectively
(Fig. S5at). The asymmetric v,4(CH,) and v(C=0) stretching
vibrations were assigned to peaks at 2929 and 1630 cm™ ',
respectively.®> The TGA of CS-UCNP@P(DMA-AEA)-Ale par-
ticles showed that they contained 5.8 wt% of polymer coating
(Fig. S5b7). Thus, both FTIR spectroscopy and TGA confirmed
that the particle surface was successfully modified with

P(DMA-AEA)-Ale.

3.3. Dispersion stability of CS-UCNP@P(DMA-AEA)-Ale
nanoparticles

The dispersion stability of CS-UCNPs and CS-UCNP@P
(DMA-AEA)-Ale nanoparticles in water, PBS, DMEM, and ALF
was evaluated by DLS at 37 °C (Fig. 3a and b). In water,
CS-UCNPs tended to aggregate as their hydrodynamic diameter
increased after 7 days from ~160 nm to ~1400 nm. In contrast,

Nanoscale, 2025,17, 5838-5857 | 5843
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Fig. 2 (a) Upconversion luminescence spectra of C5-UCNPs in hexane under 808 and 980 nm excitation with a laser power of 2.11 W cm™2. (b and
c) Spectra of CS-UCNPs, CS-UCNP@P(DMA-AEA)-Ale and CS-UCNP@P(DMA-AEA)-Ale-Hyp nanoparticles in water excited at (b) 808 nm and (c)
980 nm. (d) UV-Vis absorption spectra of CS-UCNP@P(DMA-AEA)-Ale, CS-UCNP@P(DMA-AEA)-Ale-Hyp and hypericin. (e) Normalized photo-
luminescence excitation (solid line; 1oy, = 607 nm) and emission spectra (dashed line; lex = 554 nm) of hypericin, CS-UCNPs and CS-UCNP@
P(DMA-AEA)-Ale-Hyp nanoparticles.

CS-UCNP@P(DMA-AEA)-Ale nanoparticles did not aggregate in
water and were colloidally stable for 7 days. Both CS-UCNPs
and CS-UCNP@P(DMA-AEA)-Ale particles were not stable in
PBS because Dy, increased rapidly to ~4500 nm and ~2200 nm,
respectively, immediately after incubation due to interaction
with phosphate ions. In DMEM, both CS-UCNPs and
CS-UCNP@P(DMA-AEA)-Ale particles did not significantly

5844 | Nanoscale, 2025, 17, 5838-5857

aggregate for 3 days, but after 7 days, there was a slight
increase in Dy, for CS-UCNPs from ~300 nm to 460 nm. The Dy,
of CS-UCNPs and CS-UCNP@P(DMA-AEA)-Ale particles incu-
bated in ALF increased similarly (~2500 nm), indicating that
the polymer coating did not significantly affect the stability of
the dispersion (Fig. 3a). Thus, the P(DMA-AEA)-Ale coating pro-
vided good stability to the CS-UCNPs in water and DMEM for

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Time dependence of (a) hydrodynamic diameter D), (b) ¢-potential and (c) F~ ion mole fraction (Xg) of CS-UCNPs and CS-UCNPa@
P(DMA-AEA)-Ale particles in supernatants after incubation of particles in water, PBS (pH = 7.4), DMEM and ALF at 37 °C.

at least 7 days, while the particles aggregated in PBS and ALF.
The ¢-potential of CS-UCNPs and CS-UCNP@P(DMA-AEA)-Ale
particles in water did not change significantly during 3 days
(Fig. 3b). After 7 days, the {-potential of CS-UCNPs increased
slightly due to partial dissolution and release of Ln** ions into
the medium.

3.4. Dissolution of CS-UCNP@P(DMA-AEA)-Ale nanoparticles

It is known from the literature that UCNPs tend to dissolve in
aqueous media, which impairs their luminescence properties
and increases toxicity.>>> The dissolution rate depends on
many factors such as particle composition, type of medium,
temperature, pH, etc. The particles dissolved and released rela-
tively little F~ ions in water, while most dissolved in PBS due
to the formation of stable Ln-phosphate complexes accelerat-
ing hydrolysis. Also, elevated temperature is known to acceler-
ate the dissolution of UCNPs.*® Therefore, the molar fraction
of F~ ions (Xg) of CS-UCNPs and CS-UCNP@P(DMA-AEA)-Ale
particles in selected media modeling the biological conditions
such as water, PBS, DMEM, and ALF was determined at 37 °C
(Fig. 3c). Compared to CS-UCNPs, the chemical stability of

This journal is © The Royal Society of Chemistry 2025

CS-UCNP@P(DMA-AEA)-Ale particles in water, DMEM and ALF
after 7 days increased only slightly, while it increased more sig-
nificantly in PBS. P(DMA-AEA)-Ale showed relatively good pro-
tection against dissolution of CS-UCNPs in all tested media.
The dissolution rates in water, DMEM and ALF were similar
and slightly lower in PBS than those of previously investigated
25 nm UCNP@Ale-PDMA particles.>*°® This behavior can be
explained by the larger size and thus lower surface-to-volume
ratio of CS-UCNPs.

3.5. Modification of CS-UCNP@P(DMA-AEA)-Ale particles
with hypericin (Hyp)

Hypericin is an aromatic polycyclic dione containing six
hydroxyls (Fig. S1t), which provides good photosensitivity and
the ability to generate singlet oxygen due to the existence of an
electron conjugated system.®” Its main disadvantage is high
hydrophobicity, which makes it very poorly soluble in water,
making its use in photodynamic therapy problematic.*®
However, due to the presence of aromatic hydroxyls, Hyp has
acidic properties (pK, ~4.5) and forms sodium or amine
salts.*® This property was exploited to conjugate Hyp to the

Nanoscale, 2025,17, 5838-5857 | 5845
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P(DMA-AEA)-Ale polymer
primary amino groups.

The D, of UCNP@P(DMA-AEA)-Ale-Hyp particles was
similar to that of CS-UCNPs (Fig. 1d; Table 1), indicating that
the modification did not damage particles. The D) of
CS-UCNP@P(DMA-AEA)-Ale-Hyp particles in water (171 nm)
was ~40 nm larger than that of CS-UCNP@P(DMA-AEA)-Ale
particles due to the conjugation of hydrophobic Hyp, which
may have reduced the hydrophilicity of the particles and thus
increased their hydrodynamic diameter. In this respect, DLS
confirmed the binding of Hyp to the particles. The Dy, of the
CS-UCNP@P(DMA-AEA)-Ale-Hyp particles in DMEM was
smaller than that in water, similar to that of the CS-UCNP®@
P(DMA-AEA)-Ale particles. Conjugation of Hyp to the
CS-UCNP@P(DMA-AEA)-Ale nanoparticles did not significantly
change the ¢{-potential of the CS-UCNP@P(DMA-AEA)-Ale-Hyp
particles, which was 18 mV.

In contrast to the CS-UCNP@P(DMA-AEA)-Ale nano-
particles, the peaks in the upconversion luminescence spectra
of the CS-UCNP@P(DMA-AEA)-Ale-Hyp particles were of lower
intensity under excitation at both 808 and 980 nm (Fig. 2b and
c), probably due to absorption by conjugated Hyp and the
inner filter effect.>**° This was confirmed by a decrease in the
upconversion intensity of CS-UCNP@P(DMA-AEA)-Ale and
CS-UCNP@P(DMA-AEA)-Ale-Hyp nanoparticles with increasing
irradiation time under 808 and 980 nm excitation in both the
green and red emission bands (Fig. S7t). A more pronounced
intensity decrease was observed under 980 nm excitation for
CS-UCNP@P(DMA-AEA)-Ale-Hyp particles in both the green
and red emission bands. However, the green-to-red emission
intensity ratio under both 808 and 980 nm excitation
decreased by 30% after conjugation of Hyp with CS-UCNP®@
P(DMA-AEA)-Ale nanoparticles confirming energy transfer
between particles and Hyp. The FTIR spectrum of CS-UCNP@P
(DMA-AEA)-Ale-Hyp nanoparticles was similar to that of
CS-UCNP@P(DMA-AEA)-Ale. However, a new peak appeared at
773 cm™' that was most probably assigned to the y(C-Ha,)
vibration originating from Hyp (Fig. S5at). The UV-vis spec-
trum of CS-UCNP@P(DMA-AEA)-Ale-Hyp was also similar to
that of neat Hyp (Fig. 2d), exhibiting two corresponding bands
at 554 and 599 nm. According to UV-vis spectroscopy, the
amount of Hyp in CS-UCNP@P(DMA-AEA)-Ale-Hyp particles
was 5.54 mg g~ . Therefore, both FTIR and UV-vis spectroscopy
confirmed the presence of Hyp in the CS-UCNP@P(DMA-AEA)-
Ale-Hyp particles. To further confirm the Hyp conjugation,
photoluminescence excitation (4., = 607 nm) and emission
(Aex = 554 nm) spectra of CS-UCNP@P(DMA-AEA)-Ale-Hyp
nanoparticles were measured (Fig. 2e). The excitation peaks in
the range from 250 to 500 nm were attributed to the Iy, —
“Ds), (391 nm), “Ig, — Py, (418 nm) and “lo;, = *Dsjp + *Gyyje
(496 nm) transitions of Nd** emission.*" Upon conjugation of
Hyp with CS-UCNP@P(DMA-AEA)-Ale particles, an excitation
peak at 554 nm appeared, whereas the CS-UCNP®@
P(DMA-AEA)-Ale particles alone did not show any characteristic
photoluminescence peaks of Hyp. While free Hyp in DMSO
showed typical intense peaks with emission maxima at 607

coating of UCNPs containing
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and 653 nm, the CS-UCNP@P(DMA-AEA)-Ale-Hyp nano-
particles exhibited Nd** emission at 680 nm (*Fo, — *Io,) and
negligible Hyp emission at 607 nm. The characteristic Hyp
emission band at 607 nm disappeared after its conjugation
with the polymer-coated particles. This indicated that the
bound Hyp lost its luminosity due to salt formation with
amino groups, which is in agreement with the literature.*®
Nevertheless, the above results demonstrated that Hyp was
successfully bound to the coating of the
nanoparticles.

polymer

3.6. Hypericin release from CS-UCNP@P(DMA-AEA)-Ale-Hyp
nanoparticles and singlet oxygen generation

To ensure the efficacy of PDT for tumor cells, free Hyp released
from the CS-UCNP@P(DMA-AEA)-Ale transport vehicle should
be available in them. The release of Hyp was investigated at
pH = 7.4 and 4.8 representing the physiological and cancer
conditions, respectively (Fig. S8at). Hyp release was four times
higher in the acidic than in the physiological environment;
within the first three hours of incubation, 44% of Hyp was
released, compared to 11% in the slightly alkaline medium.
After 24 h, 69% and 48% of Hyp was released from the par-
ticles at pH = 4.8 and 7.4, respectively. This difference can be
explained by the protonation of the amino groups in PDMA at
pH = 4.8, which led to swelling of the polymer coating due to
repulsion between positively charged chains. This assumption
was in agreement with earlier studies on drug delivery
systems.*>** Such behavior of CS-UCNP@P(DMA-AEA)-Ale-Hyp
nanoparticles will facilitate drug release in the acidic micro-
environment of cancer and maintain its concentration in the
tumor tissue, which may improve the effectiveness of PDT.

In addition, it was interesting to investigate the possibility
of NIR-triggered PDT by the UCNP@P(DMA-AEA)-Ale nano-
particles, because UCNPs emit light at 542 nm and Hyp has
one of the absorption bands at 554 nm, which can potentially
lead to energy transfer and ROS formation. Singlet oxygen
generation in the presence of CS-UCNP@P(DMA-AEA)-Ale-Hyp
nanoparticles was determined using a DPBF probe at different
pH values after irradiation with a 980 nm NIR laser. Exposure
of a DPBF solution containing CS-UCNP@P(DMA-AEA)-Ale-
Hyp particles to NIR light for 120 min caused a decrease in the
absorption peak of DPBF at 415 nm in both acidic and slightly
alkaline media, resulting in 13% and 10% degradation of
DPBF, respectively (Fig. S8b-dt). Compared to free Hyp, Hyp
conjugated to the particles showed no fluorescence, which
would be associated with less effective singlet oxygen
generation.***> This could explain the lower photobleaching
of DPBF under pH = 7.4, where the amount of released Hyp
was smaller. To prove this assumption, a model experiment
was performed, which confirmed significantly higher 0, pro-
duction by free Hyp compared to its conjugated form
(Fig. S9). Moreover, in the absence of particles, there was
almost no degradation of DPBF during irradiation (Fig. S8d¥).
This suggests that the photobleaching of DPBF was primarily
caused by ROS generation induced by energy transfer from
CS-UCNPs to Hyp.

This journal is © The Royal Society of Chemistry 2025
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3.7. Distribution and uptake of CS-UCNP@P(DMA-AEA)-Ale-
Hyp nanoparticles by Jurkat cells

Jurkat cells were chosen in this study as a model of cancer
cells and for ease of their handling. The uptake of Hyp deli-
vered to Jurkat cells by CS-UCNP@P(DMA-AEA)-Ale-Hyp par-
ticles was detected by confocal fluorescence microscopy
(Fig. 4a) and flow cytometry (Fig. 4b). The distribution of
CS-UCNP@P(DMA-AEA)-Ale-Hyp particles (0.1 mg ml™") and
1.08 pM Hyp in Jurkat cells after 3 h of incubation was very
similar (Fig. 4a), although the concentration of Hyp in
CS-UCNP@P(DMA-AEA)-Ale-Hyp was only 1.1 nM. Depending

CS-UCNP@P(DMA-AEA)-Ale
0.1 mg/ml

Overlap

Hypericin
1.08 pM

View Article Online
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on their size, nanoparticles are thought to be preferentially
taken up by cells via endocytosis, i.e. active transport.**” To
determine the rate of Hyp transport into cells, endocytosis was
inhibited by incubating cells with CS-UCNP@P(DMA-AEA)-Ale-
Hyp particles at 4 °C. Here, the fluorescence intensity of Hyp
in the cells was significantly weaker than in cells incubated at
37 °C (Fig. 4b). Inhibition of endocytosis has previously been
shown to reduce Hyp fluorescence and the uptake of fluores-
cently labeled lipoproteins and polymeric micelles by glioblas-
toma cells.***° In the present study, Hyp fluorescence in the
cells was reduced due to the inhibition by endocytosis. It can
therefore be assumed that the uptake of UCNP@P(DMA-AEA)-

CS-UCNP@P(DMA-AEA)-Ale-Hyp
0.1 mg/ml

Fluorescence
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b | | |37 °C
5 —
8-
| £
b — o
= | €
S8 =
sO
o

108 104 10° 108

102
Hypericin fluorescence (a.u.)

Fig. 4

(a) Fluorescence of Hyp (red) and overlap of the bright-field image with the fluorescence image of Jurkat cells incubated with 0.1 mg m

CS-UCNP@P(DMA-AEA)-Ale-Hyp
] ! 137 °C
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CS-UCNP@P(DMA-AEA)-Ale, 1.08 uM Hyp and 0.1 mg ml™ CS-UCNP@P(DMA-AEA)-Ale-Hyp particles for 3 h. (b) Uptake of CS-UCNP@
P(DMA-AEA)-Ale-Hyp nanoparticles (0.01 mg ml™ - orange; 0.1 mg ml™ — red) by Jurkat cells after 1 h of incubation detected by flow cytometry at
37 °C and 4 °C. Changes show intensity markers: black for 37 °C and cyan for 4 °C.
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Hyp particles by the cells was partly controlled by the active
transport of nanoparticles, similar to what was previously
observed for low-density lipoproteins.*® Hyp forms non-fluo-
rescent aggregates in its carriers.*®*"**> Therefore, the distri-
bution and localization of Hyp in the lipid compartment of
cells closely define the photodynamic activity of this molecule.

3.8. Induction of apoptosis by photodynamic treatment of
Jurkat cells with CS-UCNP@P(DMA-AFA)-Ale-Hyp
nanoparticles

The main target of the photodynamic effect is the mitochondria,
an organelle that controls oxidation-reduction reactions in
cells.”® Together with nanoparticle-loaded lysosomes, mitochon-

View Article Online
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dria can trigger the appropriate cellular response.”**® Thus, PDT
can cause significant damage at the subcellular level. Therefore,
in this report, lysosomes and mitochondria were examined by
confocal fluorescence microscopy after labeling Jurkat cells with
LysoTracker™ Green and MitoTracker™ Orange CMTM/ROS.
While LysoTracker™ Green is sensitive to low pH in lysosomes,
MitoTracker™ Orange CMTM/ROS is a fluorescent probe that
responds to mitochondrial membrane potential and oxidative
stress in cells.

Green lysosomal vesicles were observed in Jurkat cells in
the dark in the absence and the presence of CS-UCNP@
P(DMA-AEA)-Ale-Hyp nanoparticles (Fig. 5a). Although the
DPBF experiment confirmed that CS-UCNP@P(DMA-AEA)-Ale-
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Fig. 5 Overlapping of representative fluorescence and bright-field images of Jurkat cells (a) labeled with LysoTracker™ Green (green; fluorescence
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Hyp nanoparticles generated singlet oxygen after irradiation at
980 nm, our experimental design did not allow direct detection
of changes in CS-UCNP@P(DMA-AEA)-Ale-Hyp-labeled Jurkat
cells. This can be explained by the lower concentration of par-
ticles in the cells compared to that in the DPBF assay, which may
lead to ROS formation at nontoxic concentrations, and increasing
distance of the released Hyp from the particles reducing energy
transfer and consequently ROS formation.® Nevertheless,
CS-UCNP@P(DMA-AEA)-Ale nanoparticles remain an excellent
delivery system and multimodal visualization agent. The
efficiency of PDT mediated by Hyp transported into cells by
nanoparticles was checked directly by the excitation of Hyp at
590 nm. Indeed, irradiation of these cells with this wavelength
(2 J em™?) induced destruction of lysosomes, resulting in photo-
degradation of the fluorescent probe and its redistribution into
the nuclei of damaged cells (denoted by white arrows in Fig. 5a).
The number of cells with degraded lysosomal vesicles increased
with increasing light dose (Fig. 5c¢). These results support the
hypothesis that the CS-UCNP@P(DMA-AEA)-Ale-Hyp nano-
particles are taken by cells via endocytosis, as lysosomal vesicles
were loaded with these particles, which after irradiation dis-
rupted the organelles due to singlet oxygen generation.””*®
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Autophagy is a type of cellular response, in which lysosomes
are closely connected to mitochondria and their interplay is
responsible for cell survival and demise.>**® Furthermore, mito-
chondria can generate and regulate oxidative stress. In the
present study, MitoTracker™ Orange CMTM/ROS-labeled tubular
structures associated with mitochondria were observed in Jurkat
cells both in the absence and the presence of CS-UCNP®@
P(DMA-AEA)-Ale-Hyp particles (Fig. 5b). After oxidative stress has
been developed, this fluorescent probe was degraded and reloca-
lized to the nucleus, which was observed after irradiation
(denoted with white arrows in Fig. 5b). The number of cells with
labeled nuclei increased with the increasing light dose (Fig. 5c).
This confirmed that the photodynamic reaction led to an
increase in oxidative stress and induced specific cell signaling
related to cell death.

With the aim to determine the type of cell death, the level
of caspase-3 as an indicator of apoptosis was monitored in
Jurkat cells. The ability to induce apoptosis by CS-UCNP@
P(DMA-AEA)-Ale-Hyp nanoparticles after irradiation with
590 nm light was assessed by flow cytometry by measuring
caspase-3 level with its substrate NucView® 488 Green. The
cell population was divided into two parts: live cells that were
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Fig. 6 Flow cytometry analysis of the caspase-3 level detected by NucView® 488 Green fluorescence in Jurkat cells incubated in the absence and
the presence of 0.1 mg ml™* CS-UCNP@P(DMA-AEA)-Ale and CS-UCNP@P(DMA-AEA)-Ale-Hyp (UCNP-Hyp) particles. Cells were analyzed after 24 h
(a) in the dark and (b) after irradiation at 590 nm (2 J cm~2). Correlation plots of Hyp and NucView® 488 fluorescence were color-coded from blue
(minimum) to red (maximum). Cells that underwent apoptosis are denoted by the red rectangle in the right quadrants.
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negative for caspase-3 (90%) and reference caspase-3 positive
cells (~10%). No significant difference was observed between
control cells and cells treated with CS-UCNP@P(DMA-AEA)-Ale
nanoparticles after irradiation and in the dark (Fig. 6a and b).
A similar effect was observed in cells treated in the dark with
CS-UCNP@P(DMA-AEA)-Ale-Hyp particles (Fig. 6a). Irradiation
of these cells significantly increased the number of caspase-3
positive cells (96%) and consequently the induction of apopto-
sis that is often observed by PDT mediated with Hyp.®"®*> Yang
et al. observed that Hyp covalently bound to SiO, shell of
UCNPs was able to increase caspase-3 levels and induce apop-
tosis in HeLa and HepG2 cells under NIR light irradiation.®?

3.9. Efficacy of photodynamic treatment induced by
CS-UCNP@P(DMA-AEA)-Ale-Hyp nanoparticles in Jurkat cells

To evaluate cell viability, the MTT test was used, which relies
on the ability of viable cells to produce formazan upon the
addition of the MTT reagent. In the context of PDT, cells con-
taining Hyp either in solution®® or bound to
nanoparticles®®® exhibited significantly lower viability after
PDT compared to the control.
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In our results, the MTT assay, in contrast to Hyp (Fig. 7a),
did not show a significant change in Jurkat cell viability when
CS-UCNP@P(DMA-AEA)-Ale  nanoparticles were added
(Fig. 7b), ie. their cytotoxic effect was absent. Although
Tukey’s post hoc test indicated a slight increase in viability
with 0.05 mg ml™' UCNP@P(DMA-AEA)-Ale particles after
irradiation compared to the control (p < 0.001), this trend was
not observed at other concentrations. In the case of
CS-UCNP@P(DMA-AEA)-Ale-Hyp nanoparticles, formazan pro-
duction was significantly reduced after irradiation compared
to the control (two-way ANOVA; p < 0.001; Fig. 7c). Specifically,
Tukey’s post hoc test showed that cell viability significantly
decreased after irradiation at Hyp concentrations of 0.55 nM
and 1.1 nM in nanoparticles compared to the control (p <
0.001). Sidak’s multiple comparison test confirmed that
CS-UCNP@P(DMA-AEA)-Ale-Hyp nanoparticles significantly
reduced formazan production only after 590 nm irradiation
(2J em™?), not in the dark.

It has been reported that the viability of cells treated with
hypericin-based PDT decreased with increasing Hyp concen-
tration in cancerous and non-cancerous cell lines.®” When Hyp
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Fig. 7 MTT assay of Jurkat cells incubated with (a) Hyp, (b) CS-UCNP@P(DMA-AEA)-Ale and (c) CS-UCNP@P(DMA-AEA)-Ale-Hyp particles in the
dark for 24 h (white bars) and for 3 h followed with irradiation at 590 nm and 2 J cm™2 (patterned bars). The level of significant differences was
determined using a two-way ANOVA test. Tukey's post hoc test shows differences compared to the respective control, *#p < 0.01, #*##p < 0.001.
Sidak’s multiple comparison test shows differences between irradiated and non-irradiated groups, ***p < 0.001.
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was added directly to Jurkat cells, their viability decreased in a
dose-dependent manner. Specifically, the application of 100
nM and 500 nM Hyp produced significantly less formazan
compared to control (Sidak’s multiple comparison test; p <
0.001; Fig. 7a). Hyp, whether alone or bound to CS-UCNP®@
P(DMA-AEA)-Ale particles, was cytotoxic. However, when Hyp
was bound to particles, it proved to be more potent after
irradiation and achieved significant cytotoxicity at much lower
concentrations than Hyp alone.

The modification of the particles with Hyp allowed its
internal stimulation with 808 nm light, although the efficiency
of PDT was also weaker compared to irradiation with 590 nm
light. This result correlates with the previously described PDT
efficiency for CS-UCNP@P(DMA-AEA)-Ale-Hyp particles in the
DPBF experiment and on Jurkat cells irradiated at 980 nm.
Representative micrographs of formazan produced in Jurkat
cells are shown in Fig. 8a. A significant reduction of formazan
production in cells treated with 0.5 nM CS-UCNP@
P(DMA-AEA)-Ale-Hyp particles was achieved by applying 1 W
cm ™2 for 1 h (Fig. 8b).

View Article Online

Paper

The ability to stimulate photodamage to Jurkat cells at
808 nm wavelength shortly after irradiation was assessed
using Singlet Oxygen Sensor Green® (Fig. 8c). This agent
can be located in damaged cells and its fluorescence
increases upon singlet oxygen generation. A significantly
higher number of damaged cells was found in the sample
treated with CS-UCNP@P(DMA-AEA)-Ale-Hyp particles for
24 h and irradiated at 808 nm and 1 W cm™? for 1 h
(Fig. 8d). It should be noted that Jurkat cells are suspen-
sion cells, which reduces the efficiency of nanoparticle
uptake. In contrast, adherent cell types are more amenable
to uptake and therefore NIR-guided therapy will be more
effective.

Although NIR-induced PDT was not highly effective for the
cell line studied, both components of the developed
CS-UCNP@P(DMA-AEA)-Ale system demonstrated their useful-
ness for improving PDT efficiency. While the nanoparticles
allowed in vitro tracking of their accumulation in cells, the
polymeric shell facilitated the uptake of the particles by the
cells and increased the intracellular Hyp content.
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(a) Bright-field images of Jurkat cells incubated with CS-UCNP@P(DMA-AEA)-Ale-Hyp particles for 24 h and irradiated at 808 nm and 1 W

cm™2 for 1 h. The arrows show formazan crystals in a group of cells. (b) Formazan production was normalized to that obtained from cells incubated
with particles in the dark and after irradiation. (c) Fluorescence images of Singlet Oxygen Sensor Green® (green) and hypericin (red) in cells treated
with the particles for 1 h. Arrows show apoptotic cells damaged by the PDT effect (hypericin is mostly localized in the plasma membrane and not in
the cytoplasm). (d) Population of Singlet Oxygen Sensor Green® positive cells treated with CS-UCNP@P(DMA-AEA)-Ale-Hyp particles for 24 h
(white column) and irradiated for 1 h with 808 nm at 1 W cm™2 (patterned column). Statistical significance was determined by one-way ANOVA test:
***p < 0.001.
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3.10. Multimodal imaging of CS-UCNP@P(DMA-AEA)-Ale-
Hyp nanoparticles

Nanoparticles doped with lanthanides can be identified in
cells using NIR imaging.”® While no luminescence signal was
detected in Jurkat cells without nanoparticles after stimulation
with 980 nm laser light (Fig. 9a), bright red luminescent foci
were detected in cells incubated with CS-UCNP@P(DMA-AEA)-
Ale and CS-UCNP®@P(DMA-AEA)-Ale-Hyp nanoparticles for
24 h (Fig. 9b and c). This luminescence was higher than Hyp
fluorescence (Fig. 8d) and can be valuable for photodiagnosis
of cancer cells prior PDT.”*

Interestingly, the functionalization of CS-UCNP@
P(DMA-AEA)-Ale nanoparticles with Hyp made them suitable
for identification using Raman microspectroscopy. The Raman
spectrum of control cells imaged in the “fingerprint region”
(Fig. 9¢) demonstrated molecular vibrations specific to chemi-
cal bonds, thus providing information about the biochemical
composition of the sample, i.e. cellular constituents or build-
ing blocks such as proteins, nucleic acids, lipids, and carbo-
hydrates.”> Characteristic cellular vibrational bands were also
clearly observed in the Raman spectrum of CS-UCNP@P
(DMA-AEA)-Ale-Hyp-labeled Jurkat cells (Fig. 9f). However, the
Raman signal of CS-UCNP@P(DMA-AEA)-Ale (Fig. 9g) signifi-
cantly interfered with the cellular bands and defined the
resulting spectrum.”” In any case, the most intense band of
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particles at 1174 cm™" proved to have great potential as a spec-
tral marker for the search and detection of CS-UCNP®@
P(DMA-AEA)-Ale-labeled cells.

Finally, to verify the multimodal imaging of the designed
nanoparticles, a Jurkat cell was entrapped in optical tweezers
and transported to the microstructure chamber. The chamber
was polymerized and used to localize cells in close proximity
to study their interactions, such as responses to targeted treat-
ments and their intercellular communication. While bright-
field microscopy revealed CS-UCNP@P(DMA-AEA)-Ale-Hyp par-
ticles in the cell in red color, the confocal fluorescence image,
i.e. OrmoComp® autofluorescence, was blue (Fig. 10a-d). The
same sample was transferred into an NIR imaging setup and
the luminescence of nanoparticles in the cell was imaged after
excitation with 980 nm light (Fig. 10e and f). The detection
pipeline was complemented by Raman microspectroscopy,
which recorded the spectrum of CS-UCNP@P(DMA-AEA)-Ale-
Hyp-labeled cells immobilized by formaldehyde fixation in an
OrmoComp® microstructure chamber photopolymerized on a
glass slide (Fig. 10g). Although a high number of intense
bands related to OrmoComp® was found in the spectrum,”
the Raman signal of cells and particles was also observed. The
advantage of this multimodal imaging is in principle its sim-
plicity and precision, especially when it comes to the possi-
bility of using the same sample (one cell) in different imaging
techniques without the need for further processing. This
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Fig. 9 Representative bright-field and luminescence images of (a) control Jurkat cells and cells incubated (b) with CS-UCNP@P(DMA-AEA)-Ale and
(c) CS-UCNP@P(DMA-AEA)-Ale-Hyp particles for 24 h after excitation with 980 nm laser light. (d) Emission spectrum of CS-UCNP@P(DMA-AEA)-
Ale-Hyp particles detected from solution after 980 nm laser excitation. (e) Raman spectrum of Jurkat cells and (f) cells labeled with CS-UCNP@
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OrmoComp® microstructure (blue) and (d) Hyp fluorescence from CS-UCNP@P(DMA-AEA)-Ale-Hyp particles inside cell (red). (e) Bright-field image
detected on NIR imaging setup and (f) the corresponding emission image after 980 nm excitation. (g) Raman spectrum detected from the position
of a cell. Specific maxima for a cell, particles and OrmoComp® (*) are denoted.

allows more complete information to be obtained not only in
terms of spectroscopy but also in terms of particle distribution
in different tissues and cell morphology. In addition, cells in
the microchamber can be immunolabelled and their response
to treatment can be evaluated, or differences in Raman spectra
corresponding to metabolic changes can be identified.

In general, multimodal imaging is important as a diagnos-
tic tool for positive identification of cancer cells in histological
samples from patient biopsies. Particles can be tuned accord-
ing to the desired specificity towards cancer cells, e.g. by
binding specific proteins with high affinity to cancer cell recep-
tors. Thus, multimodal bioimaging of nanoparticles has good
prospects for in vivo applications, including guided surgery
and adjuvant photodynamic treatment.

4. Conclusions

Targeted drug delivery for the effective treatment of cancer
remains a major challenge in contemporary medicine. To
address this problem, we designed a novel advanced system
based on CS-UCNPs to transport a highly powerful natural
photosensitizer, hypericin, into tumor cells while monitoring
their response to treatment. CS-UCNPs were prepared by
thermal decomposition of rare earth oleates and coated with
P(DMA-AEA)-Ale containing a phosphonate group with high
affinity for particles. This coating enabled efficient transfer of
the hydrophobic particles into the aqueous phase, ensuring
their colloidal stability as well as biocompatibility. In addition,
the reactive amino groups of P(DMA-AEA) allowed the binding
of the Hyp photosensitizer for future PDT. Although the hydro-
phobicity of Hyp is a major drawback for its clinical use,

This journal is © The Royal Society of Chemistry 2025

UCNP@P(DMA-AEA)-Ale-Hyp nanoparticles represent a novel
way to increase Hyp bioavailability to target tissues, including
cancerous ones. Hyp release from CS-UCNP@P(DMA-AEA)-Ale-
Hyp nanoparticles was significantly higher in the acidic
environment of tumor cells than that at pH = 7.4, which is
advantageous for efficient PDT of tumors. As a tumor tissue
model, Jurkat cells were used, which readily engulfed the par-
ticles. At the same Hyp concentration, CS-UCNP@
P(DMA-AEA)-Ale-Hyp particles were much more effective than
pure Hyp for conventional PDT. Monitoring of caspase-3 then
showed that apoptosis was responsible for the death of Jurkat
containing CS-UCNP@P(DMA-AEA)-Ale-Hyp particles
after irradiation at 590 nm. The cytotoxicity of the nano-

cells

particles was also monitored by MTT assay, which showed that
while the Hyp-free particles were not cytotoxic, the
CS-UCNP@P(DMA-AEA)-Ale-Hyp particles induced a signifi-
cant decrease in cell viability after irradiation. Finally, we high-
lighted the potential of the newly developed CS-UCNP®@
P(DMA-AEA)-Ale-Hyp nanoparticles not only as a suitable
carrier for Hyp delivery to cancer cells, but also for multimodal
tracking of cells using bright-field imaging, upconversion
luminescence and Raman microspectroscopy. To the best of
our knowledge, such a combination of specific imaging modal-
ities for monitoring the targeting and fate of UCNPs in PDT of
tumors is described for the first time.
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