

  Recent Progress in Upconversion Photodynamic Therapy




Recent Progress in Upconversion Photodynamic Therapy







Nanomaterials 2018, 8(5), 344; doi:10.3390/nano8050344




Review



Recent Progress in Upconversion Photodynamic Therapy



Hailong Qiu 1,†, Meiling Tan 2,†, Tymish Y. Ohulchanskyy 3[image: Orcid], Jonathan F. Lovell 4[image: Orcid] and Guanying Chen 2,*[image: Orcid]





1



College of Functional Crystals, Tianjin University of Technology, 300384 Tianjin, China






2



School of Chemistry and Chemical Engineering, Harbin Institute of Technology, 150001 Harbin, China






3



Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province, College of Optoelectronic Engineering, Shenzhen University, 518060 Shenzhen, China






4



Department of Biomedical Engineering, University at Buffalo, State University of New York, Buffalo, NY 14260, USA









*



Correspondence: chenguanying@hit.edu.cn; Tel.: +86-451-86403309






†



These authors contributed equally to this work.









Received: 17 April 2018 / Accepted: 17 May 2018 / Published: 18 May 2018



Abstract:



Photodynamic therapy (PDT) is a minimally invasive cancer modality that combines a photosensitizer (PS), light, and oxygen. Introduction of new nanotechnologies holds potential to improve PDT performance. Upconversion nanoparticles (UCNPs) offer potentially advantageous benefits for PDT, attributed to their distinct photon upconverting feature. The ability to convert near-infrared (NIR) light into visible or even ultraviolet light via UCNPs allows for the activation of nearby PS agents to produce singlet oxygen, as most PS agents absorb visible and ultraviolet light. The use of a longer NIR wavelength permits light to penetrate deeper into tissue, and thus PDT of a deeper tissue can be effectively achieved with the incorporation of UCNPs. Recent progress in UCNP development has generated the possibility to employ a wide variety of NIR excitation sources in PDT. Use of UCNPs enables concurrent strategies for loading, targeting, and controlling the release of additional drugs. In this review article, recent progress in the development of UCNPs for PDT applications is summarized.
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1. Introduction


Photodynamic therapy (PDT) is a clinical treatment modality that involves the administration of photo-triggered chemicals known as photosensitizers (PS). PS absorb the light of a specific wavelength and then generate reactive oxygen species (ROS) [1,2,3,4,5,6]. An internalization of PS to cancer cells is beneficial to tumor therapy through photo-triggered killing of tumor cells, as ROS can directly damage cellular organelles such as mitochondria. With the aid of proper laser placement, PDT has been used to treat malignant tumors in different sites of the body, including bladder, prostate, lung, head and neck, and skin cancers. To improve the therapeutic efficacy and reduce the side effects in normal tissue, various PS delivery systems have been established and a variety of luminescent nanomaterials have been employed to guide phototherapy with optical (luminescence) imaging. In particular, semiconductor quantum dots (QDs), metal nanoparticles, and carbon nanomaterials were used for this purpose [7,8,9]. The absorption of PS used in conventional PDT is mostly intense in the blue or ultraviolet (UV) range (i.e., Soret band for porphyrin-related PS), while they are not as absorptive in the deep red range (i.e., 630–695 nm), which is typically used for in vivo applications. In general, PDT is applicable to tumors on or just under the skin or on the lining of internal organs or cavities, but it becomes more complex when treating large and deep-seated tumors. In that case, treatment planning and application of the interstitial approaches in PDT are useful [10].



It is known that tissue has a “window of optical transparency” spanning in the NIR range from ~700 to 1100 nm [11]. NIR light in this region can penetrate significantly deeper into tissues than visible light, because the absorbance and light scattering for most body constituents are lower. Two-photon PDT has been researched for utilizing the simultaneous absorption of two NIR photons to excite a higher lying electronic level corresponding to the visible range [12]. Due to the involvement of a virtual intermediate energy level, the nonlinear two-photon absorption process is relatively inefficient, requiring excitation by an ultra-short pulsed (e.g., femtosecond) laser to provide a high excitation density of ~106 W/cm2 in order to generate a useful effect, constraining the application of two-photon PDT in vivo [13]. In contrast, photon upconversion (UC) is known to be a step-wise process that converts NIR light to visible or ultraviolet (UV) emission via the involvement of real intermediate energy levels in lanthanide ions doped into an appropriate host lattice [14,15,16]. The light frequency conversion efficiency in this case is orders of magnitude higher than that of a nonlinear two-photon absorption mechanism [16], and, thus, NIR light upconversion can be achieved with an excitation density of 10−1–102 W/cm2 provided by an inexpensive low energy continuous-wave (CW) diode laser. This conversion can be readily realized in lanthanide-doped upconversion nanoparticles (UCNPs) which are able to emit shorter wavelength photons under excitation by NIR light. They hold the promise for a new generation of optical probes with great potential in biomedical imaging. In addition, compared with traditional downconversion fluorescent probes, such as quantum dots and organic dyes, UCNPs have prominent advantages such as narrow emission peaks, large stokes shifts, low toxicity, and good photostability, as well as absence of the autofluorescence in the anti-Stokes spectral region, where the upconversion emission is manifested. All these features significantly improve the signal-to-noise ratio in optical bioimaging. In the past few years, a number of groups have been exploring UCNPs as optical nanoprobes in biomedical imaging and detection [13,14,15]. UCNPs-based cancer therapies, particularly NIR-light induced photodynamic therapy, have also been successfully demonstrated in vitro and in vivo. This review aims to summarize the progress achieved to date on the use of luminescent UCNPs for photodynamic therapy in cancer treatment.




2. Principles of Photosensitization


Since the discovery of the photodynamic effect in the early 1900s [17,18], great efforts have been devoted towards the development of photosensitizing agents, which exhibit specific photophysical and tissue distribution properties. PDT is a kind of a therapy that takes advantage of the activation of PS by a particular type of light, followed by the subsequent generation of short-lived ROS to kill malignant cells nearby. PDT has been approved as a treatment modality for several types of cancer and skin disorders [19]. The main cytotoxic agent in PDT is known to be an excited state of the molecular oxygen, singlet oxygen (1O2), a highly active ROS that oxidizes biological substrates [20,21,22]; 1O2 production can be spectroscopically characterized by its emission peak at 1270 nm [23,24]. Photosensitized oxidation of cell constituents like proteins and DNA induces pathological effects causing cell damage and death. Natural singlet oxygen generation in biological systems is mainly associated with the absorbance of sunlight and dark enzymatic pathways; it can be formed through the photosensitization of aromatic amino acids, such as tryptophan, tyrosine, and phenylalanine, which are abundant light absorbers in the UV range (290–320 nm) [25] or by direct infrared excitation [26]. Singlet oxygen is not only toxic to cells and impairs signaling events, but is also capable of eliciting a cellular stress response. The signaling processes initiated in this response include the activation of mitogen-activated protein kinases [27]. It is worth noting that the closely related non-pathological redox reactions take place during photosynthesis [28].



In PDT, specificity is achieved first by the enhanced uptake of the PS by a target tissue. Next, the tissue is selectively illuminated, which results in the generation of singlet oxygen by the PS. Thus, PDT is commonly recognized due to its specificity: only cells in close proximity to the photosensitizer are affected, and the PS is not cytotoxic if not illuminated. This specificity could be especially valuable in targeting tumor cells without harming the surrounding tissue. Most PS can be efficiently excited by visible or even UV light, which has a limited penetration depth due to the light absorption and scattering by biological tissues (Figure 1a), resulting in ineffective therapeutic effects for internal or large tumors. UCNPs conjugates may have superiorities, in particular because of the NIR light source and tunable optical properties. The NIR window in the range of 700–1100 nm is known as the window of optical transparency, in which biological tissues have the minimal light absorption, ideal for optical imaging and phototherapy [29,30,31,32,33]. UCNPs have the ability to convert NIR light to visible light, which can then activate PS through the transfer of electronic excitation energy, either radiative (i.e., absorption of UC luminescence photon by PS) or non-radiative (i.e., via Förster or Dexter mechanisms of the electronioc excitation energy transfer). The versatile design of PS for PDT is schematically shown in Figure 1b. Generally, photosensitizing agents that are combined with UCNPs are of two kinds: (1) organic molecules (e.g., porphyrin and porphyrin derivatives); and (2) inorganic materials (e.g., TiO2, ZnO). In most cases that use organic molecules as PS, UCNPs are first coated with a polymer or silica shell. Such a shell not only allows for a high payload of the PS, but also protects it from being degraded by the harsh environment. The energy from high-lying excited states of UCNPs will be absorbed by the photosensitizing agents on their surfaces. Subsequently, excited photosensitizing agents will interact with ground-state molecular oxygen in the surroundings, bringing it to the excited singlet state. The generation of reactive singlet oxygen leads to oxidative damage of the cells to which the nanoparticles can be targeted via specific antigen-antibody binding. For the cases of inorganic crystals as PS, they are normally designed as a core-shell architecture comprised of UCNPs as the core and PS (TiO2, ZnO) as the shell [34,35]. Hexagonal phase NaYF4:Yb3+/Er3+ or NaYF4:Yb3+/Tm3+ UCNPs are commonly employed as NIR-to-visible nanotransducers, with the crystalline matrix providing the highest photon upconversion efficiency [14]. The Er3+ doped UCNPs offer an upconversion emission peak at ~540 and ~660 nm, enabling the activation of organic PS such as Merocyanine 540 (MC 540) [29], zinc phthalocyanine (ZnPc) [36], Chlorine 6 (Ce6) [37], tetraphenylporphyrin (TPP) [38], silicon phthalocyanine dihydroxide (SPCD) [39], Pheophorbide a (Ppa) [40], and Rose Bengal (RB) [41]. On the other hand, Tm3+ doped UCNPs emit UV radiation that can trigger the generation of ROS by TiO2 and ZnO outer shells [34,35].


Figure 1. (a) Schematic illustration of the penetration depth of different wavelengths in a tissue model; (b) Upconverison nanoparticle as a frequency conversion nanotransducer to convert the NIR excitation to visible emission for activation of the photosensitizer, producing reactive singlet molecular oxygen that destroys diseased sites.
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3. Available Excitation Wavelengths to Excite Lanthanide-Doped UCNPs for PDT Application


Light is a central component in PDT, allowing for PS activation and targeted treatment. To minimize the absorption by endogenous chromophores and reduce the undesired photodamage of a benign tissue, lasers with a narrow bandwidth, which have a well-controlled and focused output, are commonly used for PDT treatment [42,43]. The output laser light can be delivered by optical fibers for the localized application. Different types of lasers have been employed in PDT, including gas, dye, diode, and solid-state lasers, and the wavelengths typically used to excite upconversion emission for PDT applications are in the NIR transmission window (i.e., 980 nm, 915 nm and 808 nm), because absorbance and light scattering for most body constituents are minimal in this range. At present, most of the research work on UCNPs was done using excitation at around 980 nm. Reports of UCNPs for PDT relying on 980 nm light are summarized in Table 1. The imaging penetration depth based on 980 nm excitation has been reported to be as deep as 1.6 cm by Li and co-workers [31], and ~3.2 cm by Chen and co-workers [44]. It should, however, be noted that for imaging applications, the UC emission must be detected outside the imaged object, so the imaging depth is determined by the penetration of both the excitation and emission light. On the other hand, in PDT, only the delivery of the excitation light to the UCNPs matters, as the UC light may be undetectable from outside the tissue while the UC PDT is still efficacious. Correspondingly, the effective treatment depth for UC-based PDT is larger than for UC-based deep tissue imaging.


Table 1. A summary of UCNPs-PS PDT systems based on 980 nm excitation.





	UCNPs
	Coating
	Emission (nm)
	PS
	In Vitro
	In Vivo
	Ref.





	NaYF4:Yb/Er
	Silica
	540
	MC 540
	MCF-7/AZ breast cancer cells
	N/A
	[29]



	NaYF4:Yb/Er
	Mesoporous silica
	540, 660
	MC 540, ZnPc
	B16-F0 melanoma cells
	B16-F0 cells-bearing C57BL/6 mice.
	[45]



	NaGdF4:Yb/Er@CaF2
	SiO2
	660
	SPCD
	HeLa cells
	N/A
	[39]



	NaYF4:Yb/Er
	Silica
	660
	ZnPc
	MB49-PSA bladder cancer cells
	N/A
	[36]



	NaYF4:Yb/Er
	PEG-b-PCL
	540, 660
	TPP
	HeLa cells
	N/A
	[38]



	NaYF4:Yb/Er
	PEG
	540
	TPP
	N/A
	N/A
	[46]



	NaYF4:Yb/Er
	Mesoporous silica
	540
	MC 540
	murine bladder cancer cells (MB49)
	N/A
	[47]



	NaYF4:Yb/Er
	PEG
	660
	Ce6
	HeLa cells
	tumor-bearing mice
	[37]



	NaYF4:Yb/Er
	PEI-OCMC
	660
	Ppa
	integrin positive cells(U87-MG), integrin negative cells (MCF-7)
	N/A
	[40]



	NaYF4:Yb/Er@NaGdF4
	PEG
	660
	Ce6
	U87MG glioblastoma cells
	U87MG tumor-bearing nude mice
	[48]



	NaYF4:Yb/Er@NaYF4:Yb/Tm
	PEG-SC
	450, 475, 540, 660
	C60MA
	HeLa cells
	N/A
	[37]



	NaYF4:Yb/Er
	SOC
	660
	ZnPc
	MCF-7 cancer cells
	S180 tumor-bearing Female Kunming mice
	[49]



	NaYF4:Yb/Er
	AEP
	540
	RB
	JAR choriocarcinoma cells
	N/A
	[41]



	NaYF4:Yb/Er
	PEI
	660
	ZnPc
	DENV2-infected HepG2 cells
	DENV2 virus-bearing BALB/c mice
	[50]



	NaYF4:Yb/Tm@NaGdF4:Yb
	PVP
	345, 360, 450, 475
	TiO2
	HeLa cells
	HeLa tumor-bearing Balbc/c nude mice
	[34]



	NaYF4:Yb/Tm
	PEG-1500, APTS
	345, 360, 450, 475
	TiO2
	MCF-7 and MCF-7/ADR cells
	Female balb/c nude mice
	[51]



	NaYF4:Yb/Tm
	Silica and Mal-PEG-silane
	345, 360, 450, 475
	TiO2
	OSCC
	Female balb/c nude mice
	[52]



	NaGdF4:Yb/Tm
	Silica and APTS
	345, 360, 450, 475
	TiO2
	HeLa and MCF-7 cells
	MCF-7 tumor-bearing nude mice
	[53]



	NaGdF4:Yb/Tm
	Silica and hyaluronic acid
	345, 360, 450, 475
	TiO2
	MDA-MB-231 cancer cells
	N/A
	[54]



	NaYF4:Yb/Tm
	Sodium citrate
	450, 475
	ZnO
	MDA-MB-231 breast cancer cell
	N/A
	[35]







Abbreviations: MC 540: merocyanine 540; ZnPc: zinc (II) phthalocyanine; SPCD: silicon phthalocyanine dihydroxide; PEG-b-PCL: poly(ethylene glycol)-block-poly(caprolactone); TPP: meso-tetraphenyl porphine; PEG: polyethylene glycol; Ce6: Chlorin e6; Ppa: Pyropheophorbide; PEI-OCMC: Polyethylenimine-Ocarboxymethyl chitosan; PEG-SC: polyethylene glycol-succinimidyl carbonate; C60MA: monomalonic fullerene; SOC: N-succinyl-N′-octyl chitosan; RB: rose bengal; AEP: 2-aminoethyl dihydrogen phosphate; PEI: polyethyleneimine. PVP: Polyvinyl Pyrrolidone; Mal-PEG-silane: Maleimide-PEG-silane; OSCC cells: human oral squamous cell carcinoma cells; APTS: 3-Aminopropyltriethoxysilane.








Although 980 nm excitation offers good tissue penetration, water has noticeable absorption at and beyond 980 nm, resulting in tissue heating during PDT treatment with 980 nm light. Development of UCNPs that can be effectively excited by other NIR wavelengths (e.g., 915 nm, as shown by Zhan et al.) may help to solve this problem [55]. Using excitation light in the NIR range but with wavelengths shorter than 980 nm, where water has lower absorption, not only reduces the tissue heating effect, but also allows for deeper tissue penetration in UCNP-based imaging and PDT treatment [55,56,57]. Most recently, 808 nm laser excitation has been introduced with the development of Nd3+ sensitized UCNPs with a core/shell structure, which are able to achieve a fairly efficient upconversion of ~800 nm light. Figure 2a illustrates the difference in water heating between 980 and 800 nm laser irradiation. Figure 2b further shows that the difference in water heating causes 808 nm laser light to be less toxic for cultured cells then 980 nm laser light [58,59]. Thus, UCNPs excited by ~800 nm provide a better option for PDT application. Low-cost and high-power laser sources at ~800 nm are widely available. Table 2 summarizes the latest advances in the development of UCNPs-PS systems based on 808 nm excitation for PDT.


Figure 2. (a) Time-resolved temperature in the irradiated nude mouse skins during 10 min irradiation of a 980- and 800-nm laser as a function of different power densities. Reproduced with permission from [58]. Copyright Nature Publishing Group, 2012; (b) Heating effects of 808 nm and 980 nm lasers evaluated by the viability of HeLa cancer cells. Reproduced with permission from [59]. Copyright The Royal Society of Chemistry, 2015.
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Table 2. A summary of advances in UCNPs-PS systems based on 808 nm excitation for PDT.





	UCNPs
	Coating
	Emission (nm)
	PS
	In Vitro
	In Vivo
	Ref.





	NaYF4:Yb/Ho@NaYF4:Nd@NaYF4
	PAAm
	540
	RB
	HeLa cells
	N/A
	[59]



	NaYbF4:Nd@NaGdF4:Yb/Er@NaGdF4
	AEP, PEG
	660
	Ce6
	A549 and KB cells
	N/A
	[60]



	NaGdF4:Yb/Tm@NaGdF4:Yb@NaNdF4:Yb@NaGdF4
	mSiO2
	345, 360, 450, 475
	TiO2
	HeLa cells
	Female Kunming tumor-bearing mice
	[61]



	IR-808-dye sensitized NaGdF4:Yb,Er@NaGdF4:Yb @NaNdF4:Yb
	mSiO2
	540, 660
	MC540, Ce6
	HeLa cells
	Female Balb/c
	[61]







Abbreviations: PAAm: poly(allylamine); AEP: 2-aminoethyl dihydrogen phosphate (AEP).








Since lanthanide ions have narrow absorption lines at certain wavelengths, the choice of excitation wavelengths for most UCNPs-based PDT agents is limited; most reported UCNPs-based PDT studies are still confined to conventional Yb3+ doped UCNPs using 980 nm and Nd3+ doped UCNPs using 808 nm excitation [62,63]. However, this limitation has recently been eliminated by involving organic dyes, broadly absorbing in the NIR range as primary sensitizers. Their broad emission overlaps with the absorption of Yb3+ and Nd3+, and thus dyes can transfer electronic excitation energy to lanthanides after being excited in their NIR absorption band at ~720–870 nm (Figure 3). Corresponding studies have been reported by our group and other groups [6,64,65]. Our further finding reveals that the infrared (IR) dyes can dramatically boost the upconversion quantum efficiency if a multistep cascade energy transfer is introduced [33]. These results not only allow tissue overheating to be avoided with 980 nm excitation, but also pave the way for the use of variable light sources for upconversion. Indeed, very recently, a complex nanosystem (abbreviated as UCSM) was developed to perform PDT at 808 nm and tracked by upconversion luminescence, computer tomography (CT), and magnetic resonance (MR) imaging, which is composed of mesoporous silica-coated dye-sensitized UCNPs (IR-808-sensitized NaGdF4:Yb,Er@NaGdF4:Yb @NaNdF4:Yb). The visible upconversion emissions at 540 nm and 660 nm simultaneously activate the dual-photosensitizers (MC 540 and Ce 6) to produce a large amount of ROS with a low heating effect, providing an example of an imaging-guided PDT technique [66].


Figure 3. Available and potential excitation wavelengths for UCNPs-based PDT system.
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4. Emission Wavelengths Offered by Lanthanide-Doped UCNPs for PDT Application


The wavelengths of emission from lanthanide doped UCNPs, currently employed in PDT applications, are mainly in the visible and UV spectral regions. This is due to the fact that Er3+ and Tm3+, which are often used as activators in UCNPs, produce emission with the main peaks at 345, 360, 475, 540, and 660 nm [66,67]. These predominant emission bands ensure the interaction with a number of PS agents, as can be seen in Table 1 and Table 2. For example, the first report of a UC PDT application utilized NaYF4:Yb,Er UCNP as a core to generate intense visible emission at ~540 nm, which was utilized to donate energy to photosensitizer MC540 incorporated in the outer silica shell [29]. An emission from NaYF4:Yb,Er at ~660 nm can also be utilized for PDT, when using zinc (II) phthalocyanine (ZnPc) as a PS, due to a good overlap between the UC emission and ZnPc absorption. Upon excitation by an NIR laser (~980 nm), the UC PDT system is able to generate singlet oxygen to kill murine bladder cancer cells [36]. Additionally, the combination of emissions from both Er3+ (540, 650 nm) and Tm3+ ions can be simultaneously used, as reported from the nanostructure of NaYF4:Yb3+, Er3+/NaYF4:Yb3+, Tm3+ (450, 475 nm), for PDT applications with C60MA as PS that have a broad absorption band [68]. Moreover, different UC emissions can be simultaneously exploited for different purposes. For example, Gong and co-workers developed a multifunctional theranostic UCNP micelle, which emits multiple luminescence bands at 340–370, 540, and 650 nm. The UV peaks overlap with the absorption peak of photocleavable hydrophobic PNBMA segments, triggering a rapid drug release and thus enabling NIR-controlled chemotherapy (Figure 4). RB molecules are activated by luminescence resonance energy transfer at 540 nm to generate 1O2 for NIR-induced PDT. Meanwhile, the 650 nm emission allows for efficient fluorescence imaging [69]. Note that the hydrophobic core of the UCNP-based theranostic micelle was formed by a photosensitive poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) (PNBMA) polymer that can undergo a hydrophobic-to-hydrophilic transition under NIR-to-UV upconversion by photoinduced cleavage of the polymer side-group. The NIR-triggered hydrophobicto-hydrophilic transition of the micelle core subsequently caused a rapid release of the encapsulated hydrophobic drug, thus leading to a superior anticancer efficacy.


Figure 4. (A) A UCNP-based theranostic micelle for simultaneous NIR-controlled combination chemotherapy and PDT, as well as fluorescence imaging; (B) An illustration of NIR-triggered hydrophobic-to-hydrophilic transition; (C) An illustration of NIR-controlled combination of chemotherapy and PDT, as well as fluorescence imaging. Reproduced with permission from [69]. Copyright Wiley-VCH, 2017.
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5. Surface Modification and Bioconjugation of Lanthanide Doped UCNPs


When it comes to biological applications, particularly PDT, lanthanide doped UCNPs should not only exhibit UC emission, but also have a low toxicity, good monodispersity, and colloidal stability in biological media. Most UC nanocrystals that are synthesized using high-temperature routes with ligands (such as TOPO, oleic acid, and oleylamine) tend to be hydrophobic and lack functional moieties [70,71,72]. Surface modification with hydrophilic ligands is required prior to the chemical attachment of biomolecules. Table 1 lists the representative strategies that are currently being investigated by several different methods to provide UCNPs with dual surface properties (solubility and functionality) for PDT applications.



Due to the large pore size and high surface area, mesoporous silica and their composites with UCNPs have attracted considerable attention toward this regard. UCNPs coated with porous silica shells were used as functional delivery carriers and hydrophilic supports [29,47]. In such formulation, incident NIR laser light was upconverted by UCNPs into appropriate light, which excited PS in a convenient way to produce singlet oxygen from dissolved molecular oxygen in the micro-environment. Alternatively, in a recent study, Rose Bengal (RB) PS were covalently bonded to UCNPs. Both the PS loading capacity and the energy transfer efficiency from nanoparticles to PS were significantly improved [41]. Another approach was also reported in the literature: Adsorption of chlorine 6 (Ce6) onto PEGylated UCNPs, forming a UCNP-Ce6 nanocomplex, which was able to enter cancer cells and induce cell death after irradiation with NIR light. This approach was the first to demonstrate highly efficient NIR induced PDT treatment of tumors in vivo, using a mouse model and intratumoral injection of UCNP-Ce6, followed by NIR light exposure [37]. The inorganic PS TiO2 has also been applied to PDT, and their growth on UCNPs is mainly carried out in two ways, grafting a number of small TiO2 nanoparticles onto the surface of UCNPs or directly coating a TiO2 layer onto UCNPs [34,51,52,53,54]. In spite of the good biocompability of TiO2, the further surface modification of UCNPs@TiO2 core/shell nanoparticles is necessary to hamper the formation of aggregates, facilitating the uptake into cells. In addition, the approach which prepared UCNPs@TiO2 core/shell nanoparticles also turned out to be a facile synthetic strategy for the fabrication of UCNP@ZnO core/shell nanoparticles for PDT [35]. Note that the nanoparticle surface can also be exploited to combine different therapeutics, as illustrated in Figure 5, whereby a core–shell nanostructured UCNP@mSiO2 with a mesoporous silica shell is used for the storage of two types of guest molecules, i.e., Ce6 for PDT, and doxrorubicin (DOX) for chemotherapy. A thioketal linker was coated on the outside of the core–shell structure by a simple silane coupling reaction to ensure the drug was not prematurely released. Moreover, the targeting ligand of folic acid (FA) can also be immobilized on the surface of the nanoparticles to enhance tumor-selective targeting and internalization. Upon NIR irradiation, the visible light emission (derived from UCNP) can excite Ce6 to generate reactive oxygen species (ROS) to yield irreversible damage to the cancer tissue by the PDT effect, as well as by the chemotherapeutic effect via the release of DOX [73].


Figure 5. TEM images of (A) NaYF4:Yb,Er; (B) NaYF4:Yb,Er@NaYF4 (UCNP); (C) UCNP@mSiO2/Ce6; (D) Powder X-ray diffraction (XRD) pattern for the UCNP and the calculated line pattern for the hexagonal NaYF4 phase. Inset: HRTEM image of NaYF4:Yb,Er shows distinct lattice fringes with an interplanar spacing of 0.51 nm ascribed to the (100) plane of hexagonal NaYF4. (E) Schematic illustration of the synthesis and the controlled release process. Reproduced with permission from [73]. Copyright Wiley-VCH, 2016.
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6. In Vitro and In Vivo PDT by Lanthanide Doped UCNPs


With the rapid progress in developing PDT using lanthanide doped UCNPs, there is a pressing demand for assessment of the potential hazards of these nanoparticles to humans and other biological systems. Yan et al. reported in vitro and in vivo toxicity assessments of water-soluble NaYF4 UCNPs and showed that these UCNPs are of a low cytotoxicity [39]. Li et al. reported polyacrylic acid (PAA)-coated UCNPs as luminescence probes for long-term in vivo distribution and toxicity studies. Biodistribution studies revealed that PAA-UCNPs uptake and retention took place primarily in the liver and the spleen and that most of the PAA-UCNPs were excreted from the body of mice in a slow manner. In addition, histological, hematological, and biochemical analyses were used to further quantify the potential toxicity of PAA-UCNPs, and the results indicated that there was no overt toxicity of PAA-UCNPs in mice at long exposure times. The in vitro and in vivo studies all suggest that UCNPs are an excellent NIR emission probe with a low toxicity [74].



To date, the β-NaYF4 nanocrystals are known to provide the highest upconversion efficiency among numerous kinds of UCNPs, and these nanocrystals co-doped with Yb and Er are frequently applied in PDT. The NaYF4:Yb,Er can emit at 540 nm and 660 nm, which are suitable for absorption by many PS used in PDT, including MC 540, ZnPc, SPCD, and Ce6 (Table 1). PDT using UCNPs was first reported for the combination of silica-coated NaYF4:Yb,Er UCNPs and MC 540. In this study, the UCNPs conjugated with anti-MUC1 (episialin) are used for the targeted binding of anti-MUC1 with Episialin (MUC1) present on the surface of the cancer cells. O-carboxymethylated chitosan co-conjugated with pyropheophorbide (Ppa) and RGD peptide c(RGDyK) is used to wrap NaYF4:Yb,Er UCNPs in order to improve water solubility, stability, biocompatibility, and resistance to photosensitizers’ self-aggregation during delivery, along with RGD-peptide-based tumor targeting. Ppa is the PS with a maximum absorption at 668 nm, which matches the red emission peak of the NaYF4:Yb,Er nanocrystals. The nanoformulation was shown to specifically target tumor cells (U87-MG and MCF-7 cells) and destroy them efficiently under near-infrared laser irradiation [40]. Shan et al. reported the synthesis of composite nanoparticles made by coating UCNPs with meso-tetraphenyl porphine (TPP) photosensitizer and the optimized PEG-b-PLA block copolymer, and demonstrated the effectiveness of the composite nanoparticles as PDT agents in HeLa cells (Figure 6) [38].


Figure 6. Schematic drawing of the optical fiber placement and illuminated beam sizes in the cell culture experiments (Figure 6A). Cell killing images before and after NIR laser exposure (Figure 6B–D). The black guiding circle represents the region of NIR exposure, which has a diameter of 835 μm as obtained from the calculation above. Figure 6B, C represent the cell killing of the HeLa cancer cells incubated with composite nanoparticles (250 ng L−1) containing both UCNP and TPP. At t = 0 there is no killing of cells, but after 45 min of 978 nm illumination at 134 W cm−2, 75% of the cells in the illuminated region have red fluorescence indication cell death. Figure 6D and E show the control, in which incubation with the PEG-coated UCNP particles without the TPP photosensitizer showed almost no death after 45 min exposure. The images are superimposed fluorescence and phase contrast images of the cells. Reproduced with permission from [38]. Copyright Wiley-VCH, 2011.
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In all of the reported UCNPs-based PDT nanoplatforms, the NaYF4:Yb,Er UCNPs have been employed as donors of the electronic excitation energy to excite the acceptor (PS) [32]. The limited spectral overlap between donor and acceptor restricts the 1O2 production yield. Zhang and co-workers presented a NIR-triggered NIR imaging-guided PDT nanoplatform based on multiplexed FRET, in which multicolor UCNPs are used as donors and monomalonic fullerene (C60MA) as the acceptor. Some of the emitting bands (450, 475, 540, and 650 nm) of NaYF4:Yb/Er3+@NaYF4:Yb/Tm UCNPs can contribute to the transfer of excitation energy to C60MA due to the broad absorption band of the latter and thus trigger PDT. At the same time, the 808 nm emission can be used for high-contrast NIR luminescence imaging, as illustrated in Figure 7 [68]. In vitro experiments on cancer cells verify the efficient photodynamic effects of the nanoplatform. As the first demonstration of multifunctional UCNPs-fullerene nanoplatform, this result offers a new possibility in exploring a highly stable and efficient nanoplatform suitable for NIR imaging-guided therapy of cancers.


Figure 7. (a) Specificity of the UCNPs-C60MA nanoconjugates. Hela cells cultured in folate-free medium (left, positive) and in folate-supplemented medium (middle, negative). The negative control is also performed with A549 cells (right). Scale bar, 50 μm. (b) Cell viability of Hela cells 20 treated with UCNPs-C60MA of different concentration with or without 980 nm exposure. (c,d) The photo of purple formazan dissolved in DMSO, indicating the viability of cells treated with nanoconjugates without 980 nm exposure (c) and with 980 nm exposure (d). (e) The construction and operating principle of the nanoplatform. Reproduced with permission from [68]. Copyright The Royal Society of Chemistry, 2013.
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The UCNPs effectively reduced the infectious virus titers in vitro with no clear pathogenicity in the murine model and increased the target specificity to virus-infected cells. There is not much research about a promising antiviral approach with feasible applications in the treatments of virus-associated infections, lesions, and cancers. Zhang and co-workers demonstrated the feasibility of UCNP-based PDT to photodynamically inactivate viruses with advantages over current PDT techniques (Figure 8). By carrying the photosensitizer, the ZnPc-UCNPs “solubilize” the highly nonpolar ZnPc [50]. Also, an increased target specificity is achievable as the surface of the nanoparticles can be modified with established protocol for the bioconjugation of targeting moieties such as antibodies or proteins. The strategy demonstrated here further realizes the potential of utilizing these NIR-to-visible UCNPs in the development of promising treatment modality for localized viral infections.


Figure 8. (a–d) cells were added with anti-DENV2 envelope protein antibody-conjugated ZnPc-UCNPs. Blue fluorescence in (a) showed DAPI-stained cell nuclei. Green fluorescence in (b) showed FITC-staining of DENV2-infected cells. Red fluorescence in (c) showed the location of antibody-conjugated ZnPc-UCNs. (d) Kaplan-Meier survival curve of day 1-2 BALB/c suckling mice that were inoculated with photodynamic-inactivated DENV2. The results showed that the UCN-based PDT system can eradicate Dengue virus pathogenesis in BALB/c mice. Reproduced with permission from [50]. Copyright Elsevier, 2012.
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The first in vivo UCNP-based PDT study in animal experiments was shown by Liu’s group [41]. They loaded Ce6 onto NaFY4 with polyethylene glycol (PEG), forming a supramolecular UCNP-Ce6 complex which was used for NIR light-induced PDT treatment of tumors in an animal model. It was found that 70% of tumors were completely eliminated after UCNP-based PDT. Gu et al. reported hydrophilic UCNPs that were prepared by coating the surface of NaYF4 UCNPs with N-succinyl-N’-octyl chitosan (SOC) [49]. ZnPc was loaded into the polymer shell via hydrophobic interactions to form a novel drug delivery system for in vivo deep tissue PDT triggered by near-infrared (NIR) light. Zhang and colleagues used a mesoporous-silica-coated fluoride upconversion nanoparticle as a nanotransducer to convert deeper penetrating near-infrared light to visible light which is absorbed by photosensitizers [45]. The layer of the mesoporous silica shell not only allowed a high payload of PS, but also protected the PS from being degraded by the harsh outside environment. Irradiation of the nanotransducers with a 980 nm cw laser resulted in visible upconversion emissions with two main peaks, green (~540 nm) and red (~660 nm), which well matched with the absorption of two photosensitizers, merocyanine 540 (MC540) and zinc (II) phthalocyanine (ZnPc), respectively. A close proximity between the MC540 and ZnPc moieties encased in the mesoporous silica shell and the upconversion core allowed for an efficient energy transfer from the core to the photosensitizers, thereby activating the PS to generate cytotoxic singlet oxygen from the oxygen molecules in the surroundings. A higher PDT efficacy was shown with the dual photosensitizer approach compared to approaches using a single PS, allowing for complete utilization of the frequency conversion process. In vivo studies showed tumor growth inhibition in PDT-treated mice by direct injection of upconversion nanoparticles into melanoma tumors or intravenous injection of upconversion nanoparticles conjugated with a tumor-targeting agent into tumor-bearing mice (Figure 9). Multifunctional nanoparticles have been reported to combine UCL and PDT functions with magnetic properties. A combination of magnetic UCNPs (NaGdF4:Yb,Er@NaGdF4) with AlC4Pc has recently been used for combined PDT and MR imaging. Here, MEAR cells were incubated with a UCNPs-AlC4Pc complex and irradiated with 980 nm, which resulted in a significant reduction of cell viability, determined by staining with trypan blue, while the magnetic properties of the NaGdF4 matrix enabled sensitive MR imaging. A similar result was obtained on the use of NaYF4:Yb,Er/NaGdF4 core-shell UCNPs for both in vivo luminescence imaging and MRI, while the conjugation with PS delivered a PDT effect [48]. Indeed, it was found that UCNP-photosensitizer was readily accumulated in tumor sites. As such, tumors could be clearly observed not only in the UCL image, but also in the MR image. The shrinkage of tumor size was observed after light exposure at 980 nm. Liu and coworkers reported a novel multi-functional drug delivery system based on UCNPs for targeted drug delivery and cell imaging. The system presented relying on a supramolecular chemistry approach provides a facile and flexible way to load and deliver not only chemotherapeutic molecules such as DOX, but also PS such as Ce6 and TCPP for potential NIR light mediated PDT [75]. A similar result was reported by Zhao’s group [76]. These results clearly indicate that a UCNP-photosensitizer can be used not only as PDT agents for efficient therapy, but also as dual-modal theranostic probes for accurate diagnosis with imaging followed by the therapy.


Figure 9. In vivo PDT of injected tumor cells prelabeled with mesoporous-silica–coated UCNPs co-loaded with ZnPc and MC540 photosensitizers. (Excitation by a single wavelength light at 980 nm) (a) Representative photos of a mouse showing tumors (highlighted by dashed white circles) at 14 d after treatment with the conditions described for groups 1–4. Scale bars, 10 mm; (b) Tumor volumes in the four treatment groups at 6, 8, 10, 12, and 14 d after treatment to determine the effectiveness of the treatment in terms of tumor cell growth inhibition; (c) TUNEL staining of tissue sections from the treatment groups at 24 h after treatment to determine the effectiveness of the treatment in terms of tumor cell death by apoptosis. DAPI counterstaining indicates the nuclear region, and upconversion fluorescence imaging indicates the position of the injected UCN-labeled cell (×400 magnification). Scale bar, 20 μm; (d) The apoptotic index charted as the percentage of TUNEL-positive apoptotic nuclei divided by the total number of nuclei visualized by counterstaining with DAPI obtained from counts of randomly chosen microscopic fields. Reproduced with permission from [45]. Copyright Nature Publishing Group, 2012.
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7. Conclusions and Perspectives


UCNPs exhibit great potential for PDT applications. They can be used to sensitize PDT agents through an energy transfer process. The mechanism results in the generation of reactive singlet oxygen species that can be used to treat diseased tissues. While UCNPs offer outstanding optical properties and tunable surface chemistries, several issues still remain and need to be addressed before they can be of general practical use in the clinical setting: (i) Current inorganic UCNPs typically have a low upconversion quantum yield of less than 3%, which sets a strong limit for the use of harvested NIR excitation light to produce UV-visible light for the activation of PS. The organic-inorganic hybrid system of dye-sensitized upconversion is emerging to circumvent this problem, which can provide an upconversion quantum yield of up to 9.8% for current under-optimized systems [6,33]; (ii) The Föster resonance energy transfer (FRET) efficiency between the photosensitizer and UCNPs should be further investigated and optimized. The FRET process plays a key role in the determination of the amount of upconverted emissions that can be used for the activation of sensitizers. However, the investigation and optimization of this basic process remains absent; (iii) Most of the current UC PDT systems lack the specific targeting of tumor tissues, due to the lack of targeting ligands on the surface. The introduction of a targeting moiety to the UCNPs-PS nanosystem surface can enhance their retention at tumor sites, thus magnifying the PDT effect; (iv) Lastly, in depth understanding of how UCNPs get transported, metabolized, and excreted, and their compatibility profile in biological environments, is critical before they can be used in vivo as photosensitizers for clinical therapeutic applications.







Author Contributions


H.Q. and M.T. drafted the manuscript; T.Y.O., J.L. and G.C. edited the manuscript; G.C. coordinated the review preparation.




Acknowledgments


This work was supported by the Fundamental Research Funds for the Central Universities (HIT. BRETIV. 201503 and HIT. NSRIF. 201633) and by the Natural Science Foundation of China (51672061). We thank Wei Wei for his kind help with edits and comments on photodynamic therapy at 808 nm.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Bechet, D.; Couleaud, P.; Frochot, C.; Viriot, M.L.; Guillemin, F.; Barberi-Heyob, M. Nanoparticles as vehicles for delivery of photodynamic therapy agents. Trends Biotechnol. 2008, 26, 612–621. [Google Scholar] [CrossRef] [PubMed]

	2. 
O’Connor, A.E.; Gallagher, W.M.; Byrne, A.T. Porphyrin and Nonporphyrin Photosensitizers in Oncology: Preclinical and Clinical Advances in Photodynamic Therapy. Photochem. Photobiol. 2009, 85, 1053–1074. [Google Scholar] [CrossRef] [PubMed]

	3. 
Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel, D.; et al. Photodynamic therapy of cancer: An update. CA Cancer J. Clin. 2011, 61, 250–281. [Google Scholar] [CrossRef] [PubMed]

	4. 
Lovell, J.F.; Liu, T.W.B.; Chen, J.; Zheng, G. Activatable Photosensitizers for Imaging and Therapy. Chem. Rev. 2010, 110, 2839–2857. [Google Scholar] [CrossRef] [PubMed]

	5. 
Celli, J.P.; Spring, B.Q.; Rizvi, I.; Evans, C.L.; Samkoe, K.S.; Verma, S.; Pogue, B.W.; Hasan, T. Imaging and Photodynamic Therapy: Mechanisms, Monitoring, and Optimization. Chem. Rev. 2010, 110, 2795–2838. [Google Scholar] [CrossRef] [PubMed]

	6. 
Wang, X.D.; Valiev, R.R.; Ohulchanskyy, T.Y.; Agren, H.; Yang, C.H.; Chen, G.Y. Dye-sensitized lanthanide-doped upconversion nanoparticles. Chem. Soc. Rev. 2017, 46, 4150–4167. [Google Scholar] [CrossRef] [PubMed]

	7. 
Medintz, I.L.; Uyeda, H.T.; Goldman, E.R.; Mattoussi, H. Quantum dot bioconjugates for imaging, labelling and sensing. Nat. Mater. 2005, 4, 435–446. [Google Scholar] [CrossRef] [PubMed]

	8. 
Huang, X.H.; El-Sayed, I.H.; Qian, W.; El-Sayed, M.A. Cancer Cell Imaging and Photothermal Therapy in the Near-Infrared Region by Using Gold Nanorods. J. Am. Chem. Soc. 2006, 128, 2115–2120. [Google Scholar] [CrossRef] [PubMed]

	9. 
Zhou, F.F.; Wu, S.N.; Wu, B.Y.; Chen, W.R.; Xing, D. Mitochondria-Targeting Single-Walled Carbon Nanotubes for Cancer Photothermal Therapy. Small 2011, 7, 2727–2735. [Google Scholar] [CrossRef] [PubMed]

	10. 
Shafirstein, G.; Bellnier, D.; Oakley, E.; Hamilton, S.; Potasek, M.; Beeson, K.; Parilov, E. Interstitial Photodynamic Therapy—A Focused Review. Cancers 2017, 9, 12. [Google Scholar] [CrossRef] [PubMed]

	11. 
Prasad, P.N. Introduction to Nanomedcine Nanobioengineering; Wiley-Interscience: Hoboken, NJ, USA, 2012. [Google Scholar]

	12. 
Kim, S.; Ohulchanskyy, T.Y.; Pudavar, H.E.; Pandey, R.K.; Prasad, P.N. Organically modified silica nanoparticles co-encapsulating photosensitizing drug and aggregation-enhanced two-photon absorbing fluorescent dye aggregates for two-photon photodynamic therapy. J. Am. Chem. Soc. 2007, 129, 2669–2675. [Google Scholar] [CrossRef] [PubMed]

	13. 
He, G.S.; Tan, L.S.; Zheng, Q.; Prasad, P.N. Multiphoton absorbing materials: Molecular designs, characterizations, and applications. Chem. Rev. 2008, 108, 1245–1330. [Google Scholar] [CrossRef] [PubMed]

	14. 
Auzel, F. Upconversion and Anti-Stokes Processes with f and d Ions in Solids. Chem. Rev. 2004, 104, 139–173. [Google Scholar] [CrossRef] [PubMed]

	15. 
Wang, F.; Liu, X.G. Recent Advances in the Chemistry of Lanthanide-Doped Upconversion Nanocrystals. Chem. Soc. Rev. 2009, 38, 976–989. [Google Scholar] [CrossRef] [PubMed]

	16. 
Haase, M.; Schafer, H. Upconverting Nanoparticles. Angew. Chem.-Int. Ed. 2011, 50, 5808–5829. [Google Scholar] [CrossRef] [PubMed]

	17. 
Moan, J.; Peng, Q. An outline of the hundred-year history of PDT. Anticancer Res. 2003, 23, 3591–3600. [Google Scholar] [PubMed]

	18. 
Spikes, J.D. Photodynamic Action: From Paramecium to Photochemotherapy. Photochem. Photobiol. 1997, 65, 142s–147s. [Google Scholar] [CrossRef]

	19. 
Dougherty, T.J.; Gomer, C.J.; Henderson, B.W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q. Photodynamic therapy. J. Natl. Cancer Inst. 1998, 90, 889–905. [Google Scholar] [CrossRef] [PubMed]

	20. 
Fuchs, J.; Thiele, J. The role of oxygen in cutaneous photodynamic therapy. Free Radic. Biol. Med. 1998, 24, 835–847. [Google Scholar] [CrossRef]

	21. 
DeRosa, M.C.; Crutchley, R.J. Photosensitized singlet oxygen and its applications. Coord. Chem. Rev. 2002, 233, 351–371. [Google Scholar] [CrossRef]

	22. 
Niedre, M.; Patterson, M.S.; Wilson, B.C. Direct near-infrared luminescence detection of singlet oxygen generated by photodynamic therapy in cells in vitro and tissues in vivo. Photochem. Photobiol. 2002, 75, 382–391. [Google Scholar] [CrossRef]

	23. 
Krasnovsky, A.A. Photoluminescence of singlet oxygen in pigment solutions. Photochem. Photobiol. 1979, 29, 29–36. [Google Scholar] [CrossRef]

	24. 
Ohulchanskyy, T.Y.D.; David, J.; Detty, M.R.; Prasad, P.N. Heteroatom Substitution Induced Changes in Excited-State Photophysics and Singlet Oxygen Generation in Chalcogenoxanthylium Dyes: Effect of Sulfur and Selenium Substitutions. J. Phys. Chem. B 2004, 108, 8668–8672. [Google Scholar] [CrossRef]

	25. 
Chin, K.K.; Trevithick-Sutton, C.C.; McCallum, J.; Jockusch, S.; Turro, N.J.; Scaiano, J.C.; Foote, C.S.; Garcia-Garibay, M.A. Quantitative determination of singlet oxygen generated by excited state aromatic amino acids, proteins, and immunoglobulins. J. Am. Chem. Soc. 2008, 130, 6912–6913. [Google Scholar] [CrossRef] [PubMed]

	26. 
Jockusch, S.; Turro, N.J.; Thompson, E.K.; Gouterman, M.; Callis, J.B.; Khalil, G.E. Singlet molecular oxygen by direct excitation. PhotoChem. Photobiol. Sci. 2008, 7, 235–239. [Google Scholar] [CrossRef] [PubMed]

	27. 
Klotz, L.O.; Kroncke, K.D.; Sies, H. Singlet oxygen-induced signaling effects in mammalian cells. PhotoChem. Photobiol. Sci. 2003, 2, 88–94. [Google Scholar] [CrossRef] [PubMed]

	28. 
Foote, C.S. Mechanisms of Photosensitized Oxidation. Science 1968, 162, 963. [Google Scholar] [CrossRef] [PubMed]

	29. 
Zhang, P.; Steelant, W.; Kumar, M.; Scholfield, M. Versatile Photosensitizers for Photodynamic Therapy at Infrared Excitation. J. Am. Chem. Soc. 2007, 129, 4526–4527. [Google Scholar] [CrossRef] [PubMed]

	30. 
Weissleder, R.; Ntziachristos, V. Shedding light onto live molecular targets. Nat. Med. 2003, 9, 123–128. [Google Scholar] [CrossRef] [PubMed]

	31. 
Liu, Q.; Sun, Y.; Yang, T.S.; Feng, W.; Li, C.G.; Li, F.Y. Sub-10 nm Hexagonal Lanthanide-Doped NaLuF4 Upconversion Nanocrystals for Sensitive Bioimaging in Vivo. J. Am. Chem. Soc. 2011, 133, 17122–17125. [Google Scholar] [CrossRef] [PubMed]

	32. 
Gnanasammandhan, M.K.; Idris, N.M.; Bansal, A.; Huang, K.; Zhang, Y. Near-IR photoactivation using mesoporous silica-coated NaYF4:Yb,Er/Tm upconversion nanoparticles. Nat. Protoc. 2016, 11, 688–713. [Google Scholar] [CrossRef] [PubMed]

	33. 
Chen, G.Y.; Shao, W.; Valiev, R.R.; Ohulchanskyy, T.Y.; He, G.S.; Agren, H.; Prasad, P.N. Efficient Broadband Upconversion of Near-Infrared Light in Dye-Sensitized Core/Shell Nanocrystals. Adv. Opt. Mater. 2016, 4, 1760–1766. [Google Scholar] [CrossRef]

	34. 
Hou, Z.Y.; Zhang, Y.X.; Deng, K.R.; Chen, Y.Y.; Li, X.J.; Deng, X.R.; Cheng, Z.Y.; Lian, H.Z.; Li, C.X.; Lin, J. UV-Emitting Upconversion-Based TiO2 Photosensitizing Nanoplatform: Near-Infrared Light Mediated In Vivo Photodynamic Therapy via Mitochondria-Involved Apoptosis Pathway. ACS Nano 2015, 9, 2584–2599. [Google Scholar] [CrossRef] [PubMed]

	35. 
Dou, Q.Q.; Rengaramchandran, A.; Selvan, S.T.; Paulmurugan, R.; Zhang, Y. Core—shell upconversion nanoparticle—Semiconductor heterostructures for photodynamic therapy. Sci. Rep. 2015, 5. [Google Scholar] [CrossRef] [PubMed]

	36. 
Guo, H.C.; Qian, H.S.; Idris, N.M.; Zhang, Y. Singlet oxygen-induced apoptosis of cancer cells using upconversion fluorescent nanoparticles as a carrier of photosensitizer. NanoMed.-Nanotechnol. Biol. Med. 2010, 6, 486–495. [Google Scholar] [CrossRef] [PubMed]

	37. 
Wang, C.; Tao, H.Q.; Cheng, L.; Liu, Z. Near-Infrared Light Induced In Vivo Photodynamic Therapy of Cancer Based on Upconversion Nanoparticles. BioMaterials 2011, 32, 6145–6154. [Google Scholar] [CrossRef] [PubMed]

	38. 
Shan, J.N.; Budijono, S.J.; Hu, G.H.; Yao, N.; Kang, Y.B.; Ju, Y.G.; Prud’homme, R.K. Pegylated Composite Nanoparticles Containing Upconverting Phosphors and meso-Tetraphenyl porphine (TPP) for Photodynamic Therapy. Adv. Funct. Mater. 2011, 21, 2488–2495. [Google Scholar] [CrossRef]

	39. 
Qiao, X.F.; Zhou, J.C.; Xiao, J.W.; Wang, Y.F.; Sun, L.D.; Yan, C.H. Triple-functional core-shell structured upconversion luminescent nanoparticles covalently grafted with photosensitizer for luminescent, magnetic resonance imaging and photodynamic therapy in vitro. Nanoscale 2012, 4, 4611–4623. [Google Scholar] [CrossRef] [PubMed]

	40. 
Zhou, A.G.; Wei, Y.C.; Wu, B.Y.; Chen, Q.; Xing, D. Pyropheophorbide A and c(RGDyK) Comodified Chitosan-Wrapped Upconversion Nanoparticle for Targeted Near-Infrared Photodynamic Therapy. Mol. Pharm. 2012, 9, 1580–1589. [Google Scholar] [CrossRef] [PubMed]

	41. 
Liu, K.; Liu, X.M.; Zeng, Q.H.; Zhang, Y.L.; Tu, L.P.; Liu, T.; Kong, X.G.; Wang, Y.H.; Cao, F.; Lambrechts, S.A.G.; et al. Covalently Assembled NIR Nanoplatform for Simultaneous Fluorescence Imaging and Photodynamic Therapy of Cancer Cells. ACS Nano 2012, 6, 4054–4062. [Google Scholar] [CrossRef] [PubMed]

	42. 
Xu, J.; Xu, L.G.; Wang, C.Y.; Yang, R.; Zhuang, Q.; Han, X.; Dong, Z.L.; Zhu, W.W.; Peng, R.; Liu, Z. Near-Infrared-Triggered Photodynamic Therapy with Multitasking Upconversion Nanoparticles in Combination with Checkpoint Blockade for Immunotherapy of Colorectal Cancer. ACS Nano 2017, 11, 4463–4474. [Google Scholar] [CrossRef] [PubMed]

	43. 
Sun, M.Z.; Xu, L.G.; Ma, W.; Wu, X.L.; Kuang, H.; Wang, L.B.; Xu, C.L. Hierarchical Plasmonic Nanorods and Upconversion Core-Satellite Nanoassemblies for Multimodal Imaging-Guided Combination Phototherapy. Adv. Mater. 2016, 28, 898–904. [Google Scholar] [CrossRef] [PubMed]

	44. 
Chen, G.Y.; Shen, J.; Ohulchanskyy, T.Y.; Patel, N.J.; Kutikov, A.; Li, Z.P.; Song, J.; Pandey, R.K.; Agren, H.; Prasad, P.N.; et al. (alpha-NaYbF4:Tm3+)/CaF2 Core/Shell Nanoparticles with Efficient Near-Infrared to Near-Infrared Upconversion for High-Contrast Deep Tissue Bioimaging. ACS Nano 2012, 6, 8280–8287. [Google Scholar] [CrossRef] [PubMed]

	45. 
Idris, N.M.; Gnanasammandhan, M.K.; Zhang, J.; Ho, P.C.; Mahendran, R.; Zhang, Y. In Vivo Photodynamic Therapy Using Upconversion Nanoparticles as Remote-Controlled Nanotransducers. Nat. Med. 2012, 18, 1580–1585. [Google Scholar] [CrossRef] [PubMed]

	46. 
Ungun, B.; Prud’homme, R.K.; Budijono, S.J.; Shan, J.N.; Lim, S.F.; Ju, Y.G.; Austin, R. Nanofabricated upconversion nanoparticles for photodynamic therapy. Opt. Exp. 2009, 17, 80–86. [Google Scholar] [CrossRef]

	47. 
Qian, H.S.; Guo, H.C.; Ho, P.C.L.; Mahendran, R.; Zhang, Y. Mesoporous-Silica-Coated Up-Conversion Fluorescent Nanoparticles for Photodynamic Therapy. Small 2009, 5, 2285–2290. [Google Scholar] [CrossRef] [PubMed]

	48. 
Park, Y.; Kim, H.M.; Kim, J.H.; Moon, K.C.; Yoo, B.; Lee, K.T.; Lee, N.; Choi, Y.; Park, W.; Ling, D.; et al. Theranostic Probe Based on Lanthanide-Doped Nanoparticles for Simultaneous In Vivo Dual-Modal Imaging and Photodynamic Therapy. Adv. Mater. 2012, 24, 5755–5761. [Google Scholar] [CrossRef] [PubMed]

	49. 
Cui, S.S.; Chen, H.Y.; Zhu, H.Y.; Tian, J.M.; Chi, X.M.; Qian, Z.Y.; Achilefu, S.; Gu, Y.Q. Amphiphilic chitosan modified upconversion nanoparticles for in vivo photodynamic therapy induced by near-infrared light. J. Mater. Chem. 2012, 22, 4861–4873. [Google Scholar] [CrossRef]

	50. 
Lim, M.E.; Lee, Y.L.; Zhang, Y.; Chu, J.J.H. Photodynamic Inactivation of Viruses Using Upconversion Nanoparticles. Biomaterials 2012, 33, 1912–1920. [Google Scholar] [CrossRef] [PubMed]

	51. 
Zeng, L.Y.; Pan, Y.W.; Tian, Y.; Wang, X.; Ren, W.Z.; Wang, S.J.; Lu, G.M.; Wu, A.G. Doxorubicin-loaded NaYF4:Yb/Tm-TiO2 inorganic photosensitizers for NIR-triggered photodynamic therapy and enhanced chemotherapy in drug-resistant breast cancers. Biomaterials 2015, 57, 93–106. [Google Scholar] [CrossRef] [PubMed]

	52. 
Lucky, S.S.; Idris, N.M.; Li, Z.Q.; Huang, K.; Soo, K.C.; Zhang, Y. Titania Coated Upconversion Nanoparticles for Near-Infrared Light Triggered Photodynamic Therapy. ACS Nano 2015, 9, 191–205. [Google Scholar] [CrossRef] [PubMed]

	53. 
Zhang, L.E.; Zeng, L.Y.; Pan, Y.W.; Luo, S.; Ren, W.Z.; Gong, A.; Ma, X.H.; Liang, H.Z.; Lu, G.M.; Wu, A.G. Inorganic photosensitizer coupled Gd-based upconversion luminescent nanocomposites for in vivo magnetic resonance imaging and near-infrared-responsive photodynamic therapy in cancers. Biomaterials 2015, 44, 82–90. [Google Scholar] [CrossRef] [PubMed]

	54. 
Yin, M.L.; Ju, E.G.; Chen, Z.W.; Li, Z.H.; Ren, J.S.; Qu, X.G. Upconverting Nanoparticles with a Mesoporous TiO2 Shell for Near-Infrared-Triggered Drug Delivery and Synergistic Targeted Cancer Therapy. Chem.-A Eur. J. 2014, 20, 14012–14017. [Google Scholar] [CrossRef] [PubMed]

	55. 
Zhan, Q.Q.; Qian, J.; Liang, H.J.; Somesfalean, G.; Wang, D.; He, S.L.; Zhang, Z.G.; Andersson-Engels, S. Using 915 nm Laser Excited Tm3+/Er3+/Ho3+-Doped NaYbF4 Upconversion Nanoparticles for in Vitro and Deeper in Vivo Bioimaging without Overheating Irradiation. ACS Nano 2011, 5, 3744–3757. [Google Scholar] [CrossRef] [PubMed]

	56. 
Chen, G.Y.; Ohulchanskyy, T.Y.; Liu, S.; Law, W.C.; Wu, F.; Swihart, M.T.; Agren, H.; Prasad, P.N. Core/Shell NaGdF4:Nd3+/NaGdF4 Nanocrystals with Efficient Near-Infrared to Near-Infrared Downconversion Photoluminescence for Bioimaging Applications. ACS Nano 2012, 6, 2969–2977. [Google Scholar] [CrossRef] [PubMed]

	57. 
Zhong, Y.; Tian, G.; Gu, Z.; Yang, Y.; Gu, L.; Zhao, Y.; Ma, Y.; Yao, J. Elimination of Photon Quenching by a Transition Layer to Fabricate a Quenching-Shield Sandwich Structure for 800 nm Excited Upconversion Luminescence of Nd3+-Sensitized Nanoparticles. Adv. Mater. 2014. [Google Scholar] [CrossRef] [PubMed]

	58. 
Li, X.M.; Wang, R.; Zhang, F.; Zhou, L.; Shen, D.K.; Yao, C.; Zhao, D.Y. Nd3+ Sensitized Up/Down Converting Dual-Mode Nanomaterials for Efficient In-vitro and In-vivo Bioimaging Excited at 800 nm. Sci. Rep. 2013, 3. [Google Scholar] [CrossRef] [PubMed]

	59. 
Wang, D.; Xue, B.; Kong, X.G.; Tu, L.P.; Liu, X.M.; Zhang, Y.L.; Chang, Y.L.; Luo, Y.S.; Zhao, H.Y.; Zhang, H. 808 nm driven Nd3+-sensitized upconversion nanostructures for photodynamic therapy and simultaneous fluorescence imaging. Nanoscale 2015, 7, 190–197. [Google Scholar] [CrossRef] [PubMed]

	60. 
Ai, F.J.; Ju, Q.; Zhang, X.M.; Chen, X.; Wang, F.; Zhu, G.Y. A core-shell-shell nanoplatform upconverting near-infrared light at 808 nm for luminescence imaging and photodynamic therapy of cancer. Sci. Rep. 2015, 5. [Google Scholar] [CrossRef] [PubMed]

	61. 
Yang, G.X.; Yang, D.; Yang, P.P.; Lv, R.C.; Li, C.X.; Zhong, C.N.; He, F.; Gai, S.L.; Lin, J. A Single 808 nm Near-Infrared Light-Mediated Multiple Imaging and Photodynamic Therapy Based on Titania Coupled Upconversion Nanoparticles. Chem. Mater. 2015, 27, 7957–7968. [Google Scholar] [CrossRef]

	62. 
Lv, R.C.; Yang, D.; Yang, P.P.; Xu, J.T.; He, F.; Gai, S.L.; Li, C.X.; Dai, Y.L.; Yang, G.X.; Lin, J. Integration of Upconversion Nanoparticles and Ultrathin Black Phosphorus for Efficient Photodynamic Theranostics under 808 nm Near-Infrared Light Irradiation. Chem. Mater. 2016, 28, 4724–4734. [Google Scholar] [CrossRef]

	63. 
Lu, F.; Yang, L.; Ding, Y.J.; Zhu, J.J. Highly Emissive Nd3+-Sensitized Multilayered Upconversion Nanoparticles for Efficient 795 nm Operated Photodynamic Therapy. Adv. Funct. Mater. 2016, 26, 4778–4785. [Google Scholar] [CrossRef]

	64. 
Chen, G.Y.; Damasco, J.; Qiu, H.L.; Shao, W.; Ohulchanskyy, T.Y.; Valiev, R.R.; Wu, X.; Han, G.; Wang, Y.; Yang, C.H.; et al. Energy-Cascaded Upconversion in an Organic Dye-Sensitized Core/Shell Fluoride Nanocrystal. Nano Lett. 2015, 15, 7400–7407. [Google Scholar] [CrossRef] [PubMed]

	65. 
Wu, X.; Zhang, Y.W.; Takle, K.; Bilsel, O.; Li, Z.J.; Lee, H.; Zhang, Z.J.; Li, D.S.; Fan, W.; Duan, C.Y.; et al. Dye-Sensitized Core/Active Shell Upconversion Nanoparticles for Optogenetics and Bioimaging Applications. Acs Nano 2016, 10, 1060–1066. [Google Scholar] [CrossRef] [PubMed]

	66. 
Xu, J.T.; Yang, P.P.; Sun, M.D.; Bi, H.T.; Liu, B.; Yang, D.; Gai, S.L.; He, F.; Lin, J. Highly Emissive Dye-Sensitized Upconversion Nanostructure for Dual-Photosensitizer Photodynamic Therapy and Bioimaging. ACS Nano 2017, 11, 4133–4144. [Google Scholar] [CrossRef] [PubMed]

	67. 
Zhao, H.; Hu, W.B.; Ma, H.H.; Jiang, R.C.; Tang, Y.F.; Ji, Y.; Lu, X.M.; Hou, B.; Deng, W.X.; Huang, W.; et al. Photo-Induced Charge-Variable Conjugated Polyelectrolyte Brushes Encapsulating Upconversion Nanoparticles for Promoted siRNA Release and Collaborative Photodynamic Therapy under NIR Light Irradiation. Adv. Funct. Mater. 2017, 27. [Google Scholar] [CrossRef]

	68. 
Liu, X.M.; Zheng, M.; Kong, X.G.; Zhang, Y.L.; Zeng, Q.H.; Sun, Z.C.; Buma, W.J.; Zhang, H. Separately doped upconversion-C-60 nanoplatform for NIR imaging-guided photodynamic therapy of cancer cells. Chem. Commun. 2013, 49, 3224–3226. [Google Scholar] [CrossRef] [PubMed]

	69. 
Chen, G.J.; Jaskula-Sztul, R.; Esquibel, C.R.; Lou, I.; Zheng, Q.F.; Dammalapati, A.; Harrison, A.; Eliceiri, K.W.; Tang, W.P.; Chen, H.; et al. Neuroendocrine Tumor-Targeted Upconversion Nanoparticle-Based Micelles for Simultaneous NIR-Controlled Combination Chemotherapy and Photodynamic Therapy, and Fluorescence Imaging. Adv. Funct. Mater. 2017, 27, 1604671. [Google Scholar] [CrossRef] [PubMed]

	70. 
Wang, H.Z.; Uehara, M.; Nakamura, H.; Miyazaki, M.; Maeda, H. Synthesis of Well-Dispersed Y2O3: Eu Nanocrystals and Self-Assembled Nanodisks Using a Simple Non-Hydrolytic Route. Adv. Mater. 2005, 17, 2506–2511. [Google Scholar] [CrossRef]

	71. 
Shan, J.N.; Kong, W.J.; Wei, R.; Yao, N.; Ju, Y.G. An Investigation of the Thermal Sensitivity and Stability of The Beta-NaYF4:Yb, Er Upconversion Nanophosphors. J. Appl. Phys. 2010, 107, 054901. [Google Scholar] [CrossRef]

	72. 
Sun, X.; Zhang, Y.W.; Du, Y.P.; Yan, Z.G.; Si, R.; You, L.P.; Yan, C.H. From Trifluoroacetate Complex Precursors to Monodisperse Rare-Earth Fluoride and Oxyfluoride Nanocrystals with Diverse Shapes through Controlled Fluorination in Solution Phase. Chem.-A Eur. J. 2007, 13, 2320–2332. [Google Scholar] [CrossRef] [PubMed]

	73. 
Zhang, T.; Lin, H.M.; Cui, L.; An, N.; Tong, R.H.; Chen, Y.H.; Yang, C.Y.; Li, X.; Liu, J.Y.; Qu, F.Y. Near Infrared Light Triggered Reactive Oxygen Species Responsive Upconversion Nanoplatform for Drug Delivery and Photodynamic Therapy. Eur. J. Inorg. Chem. 2016, 1206–1213. [Google Scholar] [CrossRef]

	74. 
Xiong, L.Q.; Yang, T.S.; Yang, Y.; Xu, C.J.; Li, F.Y. Long-Term In Vivo Biodistribution Imaging and Toxicity of Polyacrylic Acid-Coated Upconversion Nanophosphors. Biomaterials 2010, 31, 7078–7085. [Google Scholar] [CrossRef] [PubMed]

	75. 
Wang, C.; Cheng, L.A.; Liu, Z.A. Drug Delivery with Upconversion Nanoparticles for Multi-Functional Targeted Cancer Cell Imaging and Therapy. Biomaterials 2011, 32, 1110–1120. [Google Scholar] [CrossRef] [PubMed]

	76. 
Tian, G.; Gu, Z.J.; Zhou, L.J.; Yin, W.Y.; Liu, X.X.; Yan, L.; Jin, S.; Ren, W.L.; Xing, G.M.; Li, S.J.; et al. Mn2+ Dopant-Controlled Synthesis of NaYF4:Yb/Er Upconversion Nanoparticles for in vivo Imaging and Drug Delivery. Adv. Mater. 2012, 24, 1226–1231. [Google Scholar] [CrossRef] [PubMed]































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
= 0 minute 45 minute

PEG-UCNP+ IR





media/file4.png
(a)* (b)...
L - -
£y """ um 6WiCm® | =
U '--"""'F# nm m \E
(o] 1 ..r" 3
S 55. ‘/ S
£ ] ?{ §00nm 6 W/Cm' | Z°
= 50 =
- =
E 45+ ’ 980 nm 3 W/Cm' _;E
E- * ..l-—-.---l——.-—l—-l——l-—l—-l i
o g00nm 3 W/Cm'’ >
-
= 3
35.
0 100 200 300 400 500 600 0 0.67 118 _ 1.62

Time (s) Power density (W/cm?)






media/file18.png
Percentage survival (%)

120 +

(e)

100 [

e
a0

60 4

Time (day)





media/file3.jpg
N
®

=
[

Temperature (°C)

EEESR

T e w0 @ s &0
Time (s)

(b)...

Cell Viability (%)

o8 17 ton
Prysaptews)

o
Power density (Wicm?)





media/file19.jpg
DAPI

g

Top view Sideview b

00
250
o0
750
500

Gow!  Groupe

G4 Groupd

Grou Gop2  Gow3  Groupd

ITTY]

Group 1: UCN + lser
Group 2 UCN

Group 3 laser

Group 4: untreated

Time aftr treatment (¢)






media/file7.jpg





media/file14.png
105 pm

>
e;;f optical
i
A ’
1 mm 0, .
fefr =
. . Culture
dium
2 (@ / o O o me.
mm (&) O ical HelLa
0 90
. 2 . . cancer cells
— h—— —

t =0 minute






media/file6.png
980 nm Vi :

Nd3*
300 nm

720 - 0, '0,

e
870nm @






media/file15.jpg
PEG-SC, FA
—_—

o PEGSC

+5 &
%( 3 + Foeid
@ + 808 nm e
808 nh iaging)





nav.xhtml


  nanomaterials-08-00344


  
    		
      nanomaterials-08-00344
    


  




  





media/file11.png
.I_l"- 'th y - i
AT

i "rilll:. - ‘
51 TI'II{ﬂTE].'}' :

—
-
s

i

-
—_—
2
—
—
=
—_—

30 40
20 (degree)





media/file16.png
Ca
P

B = etowt ¥R rpsare
B =i Foem g
i .
'R W
| | &

Bri

Cell Viability (%%)

Upconversion

] 10 200 300 4[H) S0 i

- UCNPs-C _MA mn:r:nlrullun [||gf||'.lj

th

Memnzed

E
Mi [r

PAAm

. _} NHr— . —NH: %}
EDC, NHS
NI 1 l' \hih

MH:

A :—[ Thcrapy}

% UCNPs (YD, Er, Tm)

L% {5
PEG-SC, FA- 'f J'M IIT.-:‘ CaMA "T_. i)
£ - po
...\“11.;. + Folic acid
r"r‘
“~808 nm
[ lIT'.IdLI“L ] —s PEG-SC





media/file2.png
Wavelength

Photosensitizer
'lo%

UCNPs t *

Ti0,/Zn0 or Poroue Silica Shell

(k)





media/file20.png
O

TUNEL

DAPI

Merged Upconversion

Top view

Group 1:
UCN + laser

Group 2:

UCN

Side view

Group 1

Group 3:
laser

Group 2

Group 4:
untreated

—l— Group 1: UCN + laser

—@— Group 2: UCN
—&— Group 3: laser

1,500 { —¢— Group 4: untreated

1,250
1,000 A
750 -
500 A
250 -

Tumor volume (mm3)
4

<
A

-y
o-.b.

Time after treatment (d)

Apoptotic index (%)

12






media/file10.jpg
veNe UCNP@mSIO;/Ce6. UCNP@mSIOy Ce6-DOX

3

"'—&/
© ces °
¢ DOX

/™ Folic acid

A e AIAXAANAwrn





media/file5.jpg
10,
30,






media/file1.jpg
Wavelength

TIOZn0 or Porouc Silca Shell

(a) (b)





media/file12.png
UCNP UCNP@mSIOs/Ce6 UCNP@mSIOyCe6-DOX

2 o

¢ Ceé6
¢ DOX
_S/™ Folic acid

N\ .,...,,.f\/\,.j\/%f\},..fv\w_





media/file9.jpg





media/file0.png





media/file8.png
(A)

UCNP-based

theranostic micelles

UCNP core

A Photosensitive hydrophobic
segment: PNBMA
MWW Hydrophilic segment: PEG
A Active tumor targeting ligand
(i.e., KE108)
* Photosensitizer: Rose Bengal (RB)
®

Hydrophobic drug: AB3

‘ Imaging Endo somellvsow“‘e
(B) .
Q-G Piks
N
A m 980 nm

2

\

Hydrophobic

’

U4
'
Sié
zs-———’
(8]

-d'

R=KE108 or OCH,

Light-induced ]
hydrophobic-hydrophilic
transition

.

XX,

Hydrophilic

OHC CH,

O,N

CH;

NIR-controlled
chemotherapy

s

AV AAA“
_650 nm

s
102 44

NIR-controlled
PDT





media/file17.jpg





media/file21.png





