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| 1.Introduction

Upconversion nanoparticles (UCNPS) are nanoscale crystals equipped, for instance, with rare earth ions that have the
ability to absorb two or even more low energy photons and therefore are able to emit fluorescence at a shorter wavelength
than the excitation wavelength. Normally, UCNPs can absorb in the near infrared (NIR) region and can emit in the visible
region of the electromagnetic spectrum LB UCNPs can be characterized by very good chemical and photochemical
stability, toxicity and no photobleaching or flicker effects HIRIEI, |n addition, in the last fifteen years, thanks to systematic
scientific research on UCNPs, it was possible to synthesize monosoluble UCNPs with tunable nanostructure, sizes,
shapes, luminescent emitting colors and lifetime [EIRIILALL]

The biological understanding of UCNPs’ interactions with living cells is mostly focused on the functionality of newly
developed UCNPs used in biological systems for cancer treatment 123l The delivery of UCNPs to diseased tissue is
accomplished systemically by injection, and UPCNs tend to accumulate on or internalize into targeted cells and in healthy
tissue to some extent. After delivery to targeted cells, the UCNPs are remotely activated by an external light source
producing toxic reactive oxygen species (ROS) in the presence of oxygen. This methodology imparts spatial and temporal
selectivity in treatment as the UCNPs localized on targeted cells are activated by selectively illuminating the region of
diseased tissue, resulting in necrosis and/or apoptosis. UCNPs are generally hydrophobic due to their capping by long-
chain hydrophobic ligands. Engineering the surface of UCNPs to allow their dispersion in agqueous phase for biological
applications is required. UCNPs should be nontoxic and biocompatible to cells and to the body. Singlet oxygen is a short-
lived ROS (<1 ps in the cell), thus a requirement is to generate 1O, within a distance of ca. 20 nm from targets within a
cell. There are several probes that can be utilized to detect and quantify the amount of 10, generated by fluorescent
UCNPs’ excitation of the photosensitizer in solution and in cells that rely on absorption decay or an increase in probe
fluorescence emission. Liu et al. demonstrated the toxic effect of free lanthanide ions on isolated mitochondria 14!, Sabella
et al. demonstrated that the toxicity of heavy metal-based NPs was related to their instability at low pH, probably in the
lysosomal compartment of the cell 2. The general mechanism of action of nanoparticles containing heavy metals has
also been proposed by Cho et al. 18, NaGdF4:Yb3*Er3* nanoparticles have shown that gadolinium element exerts
cytotoxic activity against isolated mitochondria 18] Cytotoxicity assays measure the loss of cellular or intercellular
structures and/or functions. They give an indication of the ability to cause cancer tissue injury, but are not perfect due to
the lack of some of the biological protective mechanisms. The toxicity of UCNPs has been investigated with reference to
in vitro cytotoxic activity and long-term in vivo toxicity 222021 The number of prostate cancer cells is low at the early
stage, so it is very challenging to detect. In a study by Shi et al. 22, upconversion immune-nanohybrids with sustainable
stability in a physiological environment, stable optical properties and highly specific targeting capability for early-stage
prostate cancer cell detection were developed. The system was able to specifically detect prostate cancer cells with stable
and background-free luminescent signals for highly sensitive prostate cancer cell detection. To facilitate the detection of
prostate cancer cells with UINBs, MIL-38-biotinylated antibody was linked to streptavidin coated UCNPs (SA-PEG-
UCNPSs). The resulting MIL38-biotin-SA-PEG-UCNPs were incubated with prostate cells. This work demonstrates a
versatile strategy to develop UCNP-based sustainably stable UINBs for sensitive diseased cell detection 22, UCNPs can
efficiently convert the deeply penetrating near-infrared light to visible wavelengths that can excite the photosensitizer to
produce cytotoxic 1O,, promising their use in the photodynamic therapy (PDT) treatment of pertinent located deep tumors
(23] UCNP-based biosensing and bioassays are emerging as a new thrust in the theranostic field. UCNPs’ attributes such
as nonblinking, nonphotobleaching, high chemical stability, sharp emission bands, NIR light excitation, and large anti-



stokes emissions make them promising for theranostic applications. UCNPs should be nontoxic and biocompatible to cells
and to the body. The monodispersed small size and uniform shape are required to have identical optical properties as well
as cellular uptake and biological effects for intracellular theranostics, while a precise stoichiometric composition is
necessary to allow control over the concentration of lanthanide dopants to manipulate the optical attributes 12/[13][14][15][16]

(17)[18][19)[201[21][22](23][24] The investigation of cytotoxicity is a key factor in determining the potential of employing UCNPs in
practical biomedical applications 24, In particular, the use of UCNPs for treating MB49 cells and 3D spheroids resulted in
an ICsq of 0.49 and 0.62 mg mL™1 [22], pakkila et al. have used UCNPs for the design of heterogeneous microtiter plate
immunoassays, e.g., for the detection of prostate-specific antigen (limit of detection, LOD, 0.15 ng mL™Y/6 pM) (28,
NaLuF4:Gd3*/Yb3*/Er®* upconversion nanoparticles were prepared by the facile one-step hydrothermal method in
aqueous solution. To confirm the cytotoxicity of NaLuF4:Gd3*/Yb3*/Er3*, loaded micelles were prepared and MTT assay
was conducted on three different prostate cell lines. The cell viability was improved after the encapsulation of UCNPs in
micelles 4. Other UCNPs were designed based on streptavidin-PEG-neridronate. In a microtiter plate immunoassay,
cancer marker prostate-specific antigen (PSA) was detected and counted by wide-field epiluminescence microscopy. The
digital detection was 16x more sensitive than the respective analogue readout, thus expanding the limit of detection to the
sub-femtomolar concentration range (LOD: 23 fg mL™1, 800 puM) 28, The carboxyl group-functionalized UCNPs were
conjugated with anti-PSA detection antibodies and served as the luminescence energy donor, while gold nanoparticles
(GNPs) were modified with anti-PSA capture antibodies and acted as the energy acceptor. The range for PSA detection in
Tris-buffered saline (TBS) was 0-500 pM and the limit of detection was 1.0 pM, which is much lower than the cutoff level
in patients’ serum samples 22, The use of beta-emitting radionuclide yttrium-90 (90Y) fractionally substituting yttrium in
UCNPs resulted in ICsq = 0.0024 pg/mL B9,

In UCNP-based detection probes, obtaining a very high sensitivity is possible thanks to the unique anti-stokes shift, which
allows the elimination of background noise from the sample under test, and thanks to their long lifetime extends the
emission time by several dozen microseconds, allowing time-gated detection to remove autofluorescence and excitation
dispersion. This makes UCNPs a promising sensitive nanoprobe for early-stage cancer detection 11,

Phototherapy efficiently generates heat (photothermal therapy, PTT) or reactive oxygen species (ROS) such as singlet
oxygen (photodynamic therapy, PDT). Heat damages tissue by protein denaturation and ROS induce DNA damage and
impair the DNA repair mechanisms on top of damaging cellular membranes, causing cell damage and apoptosis. UCNPs
also deliver drugs such as doxorubicin that disrupt topoisomerase-lI-mediated DNA repair and generate ROS.

| 2. UCNPs in Prostate Cancer Imaging

The detection of the desired cells with UCNP probes is possible only when various targeting molecules such as proteins
or peptides are coupled to their surface 2331 various strategies for modifying and functionalizing the surface of UCNPs
were used to specifically recognize cells and to be able to detect diseases very sensitively. The most promising methods
of the chemical modification of UCNPs are: capping ligands removal 4, layer-by-layer assembly B2, optimized
salinization chemistry 28, silica coating 728l polymer encapsulation B2 and ligand exchange 42[41142] Qyer the last five
years, there has been a lot of scientific work describing various methods of producing UCNP-based probes that allow the
detection of prostate cancer cells at an early stage of the disease.

One of the well-described methods is upconversion immune-nanohybrids (UINBs) through the one-step ligand exchange
strategy. This allows sustainable stability in a body environment, very stable optical properties and specific targeting
capability towards prostate cancer cells. In an experiment by Shi et al. 22, streptavidin and an antibody recognizing a
prostate cancer antigen (MIL—38) were anchored onto the surface of UCNPs to give UINBs. The system was highly
specific in detecting prostate cancer cells with luminescent signals free of background noise and proved to be a highly
sensitive prostate cancer detection method 42!,

A somewhat comparable method of detecting PSA was presented by Mickert et al. 24 A digital single-molecule
upconversion linked immunosorbent assay (ULISA) was used to detect much lower protein concentrations than
conventional immunoassays. The authors introduced a UCNP label design based on a streptavidin-PEG-neridronate
detection configuration consisting of a biotinylated antibody that decreases nonspecific binding on microtiter plates. The
method was used to detect and count by wide-field epiluminescence microscopy the cancer marker prostate-specific
antigen (PSA). This digital detection proved to be 16x more sensitive than the respective analogue readout and has a lot
of promise in the future 22,

Another group of researchers submitted a work presenting for the first time the applicability of upconversion
nanoparticle/graphene oxide sensors for the detection of mMRNA-related biomarkers. The PCA3 mRNA biomarker related



to prostate cancer was selected to demonstrate the utility of this technique for the early detection of cancer cells. The
sensors which are obtained in this way have a couple of important advantages in comparison to previously reported
systems. They are highly sensitive with no drawbacks related to biomolecule absorbance interferences. The experiment
showed that the sensor platform is highly selective to a selected structure even in complex environments, for example, in
blood plasma. These sensors are specific, sensitive, and adaptable for the detection of MRNA biomarkers; thus, they can
facilitate the early diagnosis of critical diseases such as prostate cancer 43I,

Yu et al. examined the suitability of an upconversion fluorophore, NaYF4:Yb,Er nanopatrticles in imaging prostate tumors
both in vitro and in vivo. Luminescent signals of CWR22R and LNCaP cell lines of human prostate cancer labeled with
NaYF4:Yb,Er nanoparticles were detected with the use of a laser scanning confocal microscope, while Cy3 or FITC was
the control probe. After incubation with 30 pg/mL of NaYF4:Yb,Er nanoparticles for 24 h, both CWR22R and LNCaP cells
were able to phagocytose the nanoparticles. After excitation with a laser of 980 nm wavelength, the two labeled cell lines
exhibited bright green or red fluorescence 4],

In vitro, the CWR22R cancer cell line presented significantly higher uptake of NaYF4:Yb,Er nanoparticles under the same
experimental conditions and was chosen for further experiments [24],

Another group of researchers dealing with the use of nanoparticles as a detection court in the detection of prostate cancer
has shown that the use of aptamer-based nanoparticles can be a great solution as some types of nucleic acids and
relevant nanostructures are already used in the detection and treatment of cancer. Aptamers are single oligonucleotides,
with high affinity for the target. They have better stability and storage properties than antibodies. Scientists were able to
design a Au-UCNP pyramid model based on various aptamers, which could simultaneously detect two targets with Raman
and fluorescence signals, for example, simultaneously detecting PSA and thrombin with high quality results. This method
could be useful for the early diagnosis of prostate cancer [42],

Cancer cells incubated with NaYF4:Yb,Er nanoparticles for 24 h in vitro were transplanted to nude mice to simulate a
prostate tumor. Fluorescence imaging performed after 4 weeks proved the presence of detectable phagocytosed
NaYF4:Yb,Er nanoparticles at the site of the tumor. The result of the study suggests that the described nanoparticles
could be successfully used as a marker of neoplastic cells in the assessment of both the primary tumor and distant
metastases (28],

A novel idea presented by Li et al. 28 was to combine UCNPs with antibodies for the efficient detection of PSA. They
proposed a sandwich-type single-particle enumeration (SPE) immunoassay for the quantitative detection of PSA in a flow
chamber. It was possible due to the luminescence resonance energy transfer (LRET) between UCNPs and gold
nanoparticles (GNPs). The UCNPs were coupled with PSA detection antibodies (Abl) and were the luminescence energy
donor, while GNPs modified with PSA capture antibodies (Ab2) were acting as the energy acceptor. In the presence of
target antigen (PSA), the donor and acceptor were brought close to each other and quenched luminescence could be
detected. Thanks to the high selectivity of immunological reaction and upconversion fluorescence from UCNPSs, this
modality displayed higher specificity towards the targeted antigen molecule in a complex biological surrounding than other
detection methods and could be broadly used for quantitative and selective detection of cancer biomarkers 148!,

| 3. UCNPs in Prostate Cancer Treatment

One of the experiments paving the way for nanoparticle technology in the treatment of cancer was performed by Guo et
al. 48l The authors noted the limitations of photodynamic therapy due to the limited ability of light to penetrate tissues.
Green or blue light is only effective up to 2 mm in depth. Satisfactory tissue penetration could be achieved using near-
infrared (NIR) light, and therefore much attention was focused on upconversion nanoparticles that allow the conversion of
NIR to visible light, which is most effective in stimulating the photosensitizer to produce reactive oxygen species (ROS).
The zinc (ll)-phthalocyanine photosensitizer attached to polyethyleneimine-modified sodium yttrium fluoride (NaYF,)
upconversion nanoparticles proved to be unstable 421,

Cui et al. introduced a multifunctional nanoconstruct composed of upconversion nanoparticles (UCNPSs) that transform
near-infrared (NIR) light to visible light and a zinc(ll) phthalocyanine (ZnPc) photosensitizer. Folate-modified amphiphilic
chitosan (FASOC) was placed on UCNPs to make sure that the ZnPc would be hitched on and remain close to the
UCNPs to facilitate energy transfer. Confocal microscopy and imaging demonstrated the nanoconstruct’s enhanced tumor
selectivity due to the overexpression of folate receptor in cancer cells. ROS generation in deep tissue was higher upon the
excitation of UCNPs with the 980 nm light when compared to 660 nm irradiation. NIR light-triggered PDT based on the



nanoconstructs showed a tumor inhibition ratio up to 50% compared to 18% with the use of conventional visible light-
activated PDT [45],

In 2016, Gao et al. 28 published a paper in which they presented another method of improving the effectiveness of PDT in
deep tissue tumors. In this study, a new PDT system c(RGDyK)-SOC-UCNP-ZnPc (R-SUZn) evolved due to the
modification of a previous system which consisted of, UCNPs used to convert NIR light into visible light, amphiphilic
chitosan for drug delivery, zinc phthalocyanine (ZnPc), and targeting ligand c(RGDyK) aimed at tumor vascular endothelial
cells. To simulate deep-seated tumors, 1cm pork tissue was placed on the subcutaneous prostate cancer PC3 line
tumors. In addition, a two-step strategy involving PDT and subsequent doxorubicin injection was also tested 48],

R-SUZn administration (20 mg/kg) and irradiation with 660 nm light at an optimal dose of 34 mW/cm? did not inhibit tumor
growth. This suggested that the PDT alone failed to induce sufficient cancer cell damage. The next steps were the
administration of R-SUZn and doxorubicin without light application, with a light irradiation of 660 nm and NIR light on the
PC3 cancer line covered with 1 cm of pork tissue to simulate deep-seated tumors. The most impressive effect (79% tumor
inhibition) was achieved in the latter case. The upconversion nanoparticles improved the effectiveness of the
photosensitizer stimulated with NIR light in increasing the permeability of blood vessels within the tumor and enhanced
the therapeutic effect of doxorubicin. The effect was superior to treatment with doxorubicin alone (56% tumor inhibition)
and to 660 nm wavelength light irradiation 28],

Sharipov et al. 24 focused on developing a new method of delivering a drug directly to prostate cancer cells. They
introduced phosphate micelles loaded with biocompatible upconversion nanoparticles (UCNPs) and successfully delivered
UCNPs to prostate cancer cells via secreted phospholipase A2 (sPLA-2) enzyme cleavage of those micelles. A one-step
hydrothermal method was used to prepare carboxyl-functionalized NaLuF,:Gd®*/Yb3*/Er®* upconversion nanoparticles in
hydrous solution. For further processing, an optimal reaction time of 12 h was used. This allowed the nanoparticles to
present the highest upconversion intensity, along with keeping the smallest possible nanoparticle diameter. To synthesize
phosphate surfactant, three steps were used: the synthesis and purification of ethylene glycol stearate, the synthesis and
purification of 2-(phosphonooxy)ethyl stearate and the synthesis and purification of PEGylated 2-(phosphonooxy)ethyl
stearate. The critical micellar concentration (CMC) and specific activity of SPLA-2 on the surfactant were determined. A
sonication of UCNPs with phosphate surfactant at a temperature of 37 °C for 30 min was sufficient to achieve the
encapsulation of UCNPs in micelles. Treatment was applied on three cancer lines: HeLa and KB human cervical
carcinoma and 22Rv1 human prostate cancer. Bioimaging and cytotoxicity test (MTT assay) confirmed the successful
synthesis of a water-soluble, biocompatible phosphate surfactant that can encapsulate and selectively release UCNPs to
prostate cancer cells. This delivery system can be used for delivering imaging agents and drugs directly to prostate
tumors [24],

Bulmahn et al. 44 concentrated on the problem related to the treatment of advanced or recurrent prostate cancer. In such
cases, androgen deprivation therapy (ADT) is usually used first, followed by chemotherapy, if necessary 4. They
introduced a multifunctional hierarchical nanoformulation composed of biodegradable chitosan (CS) coated poly (lactic-co-
glycolic acid) (PLGA) nanocarriers loaded with docetaxel (Doc) and interleukin-8 (IL-8) small interfering RNA (SiRNA)
electrostatically bound to UCNPs that has been developed for the bioimaging and treatment of castration-resistant
(recurrent ADT-resistant) prostate cancer (CRPC). This nanoformulation allowed the simultaneous delivery of
chemotherapy and gene therapy as well as a bimodal optical and magnetic resonance imaging agent.

PLGA nanocarriers have already been used to deliver hydrophobic drugs, such as DTX, directly to cancer cells, and that
is why it was used in this nanoformulation. The addition of a positively charged hydrophilic polymer, which can aid in
cellular uptake in the form of chitosan (CS), was necessary due to PLGA's negative charge and hydrophobic nature.

The nanoformulation was created in multiple steps. First, core nanoparticles were synthesized at room temperature with
the use of co-precipitation, followed by Ostwald ripening. Then, the core was coated with a NaYF,4 shell. Next, Poly-D-
Lysine coating was performed to produce a positively charged surface to allow for the electrostatic attachment of IL-8
SiRNA. The final result was nanocarriers containing UCNPs, siRNA, DTX or a combination of mentioned particles 21,

One of the drugs that has been used successfully in these patients is docetaxel (DTX). It is highly effective in
chemotherapy for prostate lobular adenocarcinoma ©2, but the authors suggested that there is still a lot of room for
improvement.

For the photodynamic imaging, the sensitizer (Yb®*) and activator (Er®*) ions were added into the core structure and
covered with a NaYF4; Gd 50% shell. The optical properties of these UCNPs were possible due to processes of energy
transfer upconversion and excited state absorption that involved Yb3* and Er3* BY. |n order to assess the effectiveness of



the nanoformulation, MTT assay was performed and its cytotoxicity was assessed. The benchmark was the concentration
needed to achieve 50% of the maximum inhibitory effect IC5o compared with that of the unmodified DTX. The
encapsulation of UCNP-PDL and the addition of siRNA to the nanoformulation resulted in a ~14,000—fold decrease in this
value overall. This nanoformulation combined improved drug delivery with providing bimodal fluorescence imaging and
MR contrast enhancement 4,

In recent years, interest in another PDT method has been growing. The possibility of photosensitizer excitation with X rays
after converting the applied radiation was tested.

Since the 1960s, research has been carried out on hematoporphyrin derivatives (HpD), and in 2003 Schaffer’s group
published an article on the use of porphyrins (including HpD and their active fraction known as Photorfin) as
photosensitizers 211, Other photosensitizers tested for the effectiveness of their X-ray excitation were 5—aminolevulinic
acid (5—-ALA) as a precursor for a second generation porphyrin family member called protoporphyrin 1X, acridine orange
(AO), metalloporphyrins, methylene blue (MB) and radachlorin (22,

The results of the tests proved to be promising and were followed by the search for nanopatrticles that would facilitate the
penetration of the drug into the tissues. The idea was to stimulate a converting substance with X-rays to convert these
rays into visible light and irritate the photosensitizer, which then generated ROS that destroyed diseased tissue. Chen and
Zhang published this concept in 2006 and described the general idea of PDT associated with the presence of rare earth
atoms or heavy metals in an NP with a porphyrin attached to it 29,

For the sake of systematization, the NPs could be divided into four large groups. In many clinical trials, they showed
effectiveness in destroying cancer cells and allowed a reduction in the concentration of the photosensitizer used 2.

The NPs that proved effective in damaging prostate cancer cells were Sr,MgSi,O7:Eu?*, Dy3* lanthanides NPs with
polysiloxane PpIX/FA (521(53] gng LaF5:Ce3*/DMSO/PpIX/PLGA, with an energy of excitation of 90 kV, 5 mA, 0.5 Gy min™!
(total of 3 Gy) [24],

According to the authors’ knowledge, no large-scale clinical trials with the use of UCNPs in the diagnosis and treatment of
prostate cancer have been conducted so far. The technology is relatively new in the treatment of prostate cancer. It began
to develop dynamically only in the last decade. One of the problems is the relatively small number of in vitro experiments
carried out so far. Most authors synthesize their own nanoconstruct and then test its effectiveness. Thus far, it has not
been possible to reach a consensus on the selection of one conjugate and then test it on a large scale in various research
centers in order to assess the reproducibility of the results of the original experiment. Another drawback is the UCNP-
based drug concentration in tissues. The cytotoxic effect posed by a high nanoparticle concentration is still very poorly
understood and there are no studies that have established a safe dose that can be applied in a living organism.

The effectiveness of treatment also depends on the dose of the conjugate. In vitro experiments have shown to be very
promising, but animal testing is imperative to ensure that UCNPs perform as expected in a living organism. An absorption,
distribution, metabolism and excretion assessment of the UCNP-based drugs is needed before they can undergo human
clinical trials.

Diagnostic tests based on UCNPs for the detection and quantification of prostate cancer markers show greater sensitivity
and specificity but are more expensive than those performed on a large scale today. The number of experiments that
show the effectiveness of UCNPs in the diagnosis of prostate cancer is still relatively small, but further development of this
technique will probably reduce its costs and may introduce it into routine diagnostic procedures over time.

The concept is clinically significant. The effect of ROS produced with PDT will add to the effect of ROS produced by X-
rays alone. The use of PDT—X will reduce the dose of radiation during radiotherapy and help avoid some of the side
effects of this type of treatment.
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