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Abstract

:

Lanthanide (Ln3+)–doped upconversion nanoparticles (UCNPs) offer an ennormous future for a broad range of biological applications over the conventional downconversion fluorescent probes such as organic dyes or quantum dots. Unfortunately, the efficiency of the anti−Stokes upconversion luminescence (UCL) process is typically much weaker than that of the Stokes downconversion emission. Albeit recent development in the synthesis of UCNPs, it is still a major challenge to produce a high−efficiency UCL, meeting the urgent need for practical applications of enhanced markers in biology. The poor quantum yield efficiency of UCL of UCNPs is mainly due to the fol-lowing reasons: (i) the low absorption coefficient of Ln3+ dopants, the specific Ln3+ used here being ytterbium (Yb3+), (ii) UCL quenching by high−energy oscillators due to surface defects, impurities, ligands, and solvent molecules, and (iii) the insufficient local excitation intensity in broad-field il-lumination to generate a highly efficient UCL. In order to tackle the problem of low absorption cross-section of Ln3+ ions, we first incorporate a new type of neodymium (Nd3+) sensitizer into UCNPs to promote their absorption cross-section at 793 nm. To minimize the UCL quenching induced by surface defects and surface ligands, the Nd3+-sensitized UCNPs are then coated with an inactive shell of NaYF4. Finally, the excitation light intensity in the vicinity of UCNPs can be greatly enhanced using a waveguide grating structure thanks to the guided mode resonance. Through the synergy of these three approaches, we show that the UCL intensity of UCNPs can be boosted by a million−fold compared with conventional Yb3+–doped UCNPs.
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1. Introduction


Upconversion luminescence (UCL) of lanthanide (Ln3+)−doped upconversion nanoparticles (UCNPs) is a nonlinear optical process involving the sequential absorption of near-infrared (NIR) photons and/or energy transfer (ET) processes, followed by the emission of high−energy photons in ultraviolet (UV), visible (VIS), or NIR regions [1,2,3,4,5,6]. UCNPs have attracted enormous interest in the past few years because of their exceptional physicochemical properties such as narrow emission bandwidths, superior photostability, low background signal, long luminescence lifetime (≈ms), no blinking, as well as no photobleaching [7,8,9]. Furthermore, UCL emission can be generated with NIR excitation sources within the first biological window range of 750–950 nm, favoring their use as bioprobes for bioimaging applications. The excitation light with a wavelength inside the first biological window range permits a relatively large penetration depth in biotissues, low autofluorescence background, and minimal absorption of biomolecules, thus providing a high−contrast deep−tissue luminescence bioimage compared to the use of the conventional downshifting fluoroprobes [10,11,12].



For real useage in biological fields, an ideal fluoroprobe should generally meet several criteria, such as intense emission, monodispersity, small size, biocompatibility, and non−toxicity [13]. Recently, Ln3+−doped UCNPs are emerging as a booming material for biological applications [10,11,12,13,14,15,16]. Particularly with the development of facile and versatile strategies for surface modification [17], biocompatible and low biotoxicity UCNPs have opened a variety of applications in biomedical fields such as imaging [16,18,19], fluorescence assays [20], biosensing [21], molecular detection [22], drug delivery [23], and therapeutics [16,24]. Nevertheless, the UCL intensity of UCNPs is still incomparable with their bulk counterparts and single-photon excited nanomaterials, i.e., organic dyes or quantum dots [12,23,24]. In fact, one typical type of UCNP, i.e., ytterbium (Yb3+)−doped UCNPs, frequently suffer from extremely low quantum yields (typically < 1%) owing to the relatively low absorption coefficient of Yb3+ dopants [25,26]. The large surface-to-volume ratio in nanometer−size UCNPs results in non-radiative decay induced by the surface defects, diminishing UCL efficiency. Additionally, the existence of surface ligands or solvent molecules with high-energy vibrational modes, e.g., O−H, C−H, or N−H groups, matching with phonon modes of the host material can lead to non-radiative multiphonon relaxation. As is well−known, oleic acid, a common surfactant used in the synthetic process of UCNPs, possesses high vibrational energies and thus causes non-radiative energy losses in the UCL process. Another adverse factor for biocompatible UCNPs is the attainment of high water solubility. As hydrophilic UCNPs are dispersed into an aqueous environment for biomedical applications, the quenching effect induced by aqueous solution is even stronger compared to organic solutions, arising from the high−energy vibrations of hydroxyl groups [17]. Therefore, the utilization of UCNPs as fluoroprobe often needs a rather high excitation intensity and/or high concentration of nanoparticles, which may induce several detrimental side effects during diagnosis or treatment, such as overheating or poisoning issues. From this point of view, the Ln3+−doped UCNPs and particularly Yb3+−doped UCNPs are still not ready for biomedical applications and commercialization, thereby implying that it is particularly important and urgent to further improve the UCL efficiency of UCNPs.



Hence, one of the major driving forces and the main challenges for research in the realm of UCNPs technology is the improvement of UCL efficiency of UCNPs, as depicted above. Strategies to enhance the UCL efficiency of UNCPs can be classified into two broad categories: (a) nanoparticles engineering and (b) photonic engineering [27,28,29]. The techniques used for nanoparticles engineering typically involve host lattice manipulation, energy transfer modulation, surface passivation, and neodymium (Nd3+) sensitization. On the other hand, photonic engineering comprises two main approaches: plasmonic nanostructures and dielectric nanostructures [27,28,29].



In nanoparticle engineering, the absorption strength and emission rate of UCNPs can be tuned by varying the ingredients and synthesis conditions of UCNPs. Surface passivation, by coating a uniform shell around a core, is considered as a key approach to enhance UCL efficiency. In such core@shell (CS) structures, dopant Ln3+ ions are spatially distributed in the inner core of UCNPs to minimize and ideally block non−radiative ET from luminescent dopants to surface defects. This approach is particularly effective for nanometer-size UCNPs because of their high surface−to−volume ratio. A great deal of strategies have been developed for the synthesis of high−quality CS UCNPs, which can be categorized into three major types: amorphous, inactive, and active shells [30,31,32]. Recently, Nd3+ sensitization, with additional doping of Nd3+ ions in the shell layer of Yb3+−doped UC nanocrystals, appeared as an efficacious way to improve the UCL efficiency of UCNPs [19,33,34,35,36,37,38,39]. As is well known, the excitation wavelength can be tuned from 980 to 793 nm in the Nd3+−Yb3+ co−doped UC system, thanks to a combination of Nd3+ and Yb3+ in which Nd3+ serves as a sensitizer and Yb3+ acts as an energy mediator. Advantages for Nd3+ doping of the traditional Yb3+−sensitized UCNPs include (i) the use of a 793 nm NIR laser as the excitation source can settle the low penetration depth of tissue, as well as overheating issues of using the 980 nm excitation light [34,35,36], (ii) the absorption cross-section of Nd3+ (1.2 × 10−19 cm2 at 793 nm) is one order of magnitude higher than that of Yb3+ (1.2 × 10−20 cm2 at 980 nm) [19], (iii) the Nd3+−Yb3+ ET efficiency can be as high as 70%, depending on the percentage of Nd3+ ion experiencing ET among all excited Nd3+ ions, which thus facilitates the brightness of UCL emission [19]. The Nd3+ ions are often selectively doped in the shell layer to avoid the quenching of UCL emission caused by energy back transfer from activators (erbium (Er3+), thulium (Tm3+), and holmium (Ho3+)) to 4Ij manifolds of Nd3+ [39]. It is worth noting that a suitable concentration of Yb3+ also needs to be co-doped with Nd3+ in the shell layer to facilitate successive Nd3+→Yb3+→activator (Tm3+) ET processes. However, the surface luminescence quenching effect induced by Nd3+ and Yb3+ dopants in the shell layer is another significant constraint. Consequently, the more complex core@shell@shell (CSS) multilayer UCNPs were developed by adding a coating of an inactive shell layer (NaYF4) on the CS structure to passivate the surface defects [36].



The main concept of photonic engineering is to use plasmonic nanostructures or dielectric nanostructures to create a strong local field near UCNPs at their absorption wavelength, which enhances the absorption rate of UCNPs through the excitation resonance effect and thus dramatically increases the UCL intensity of UCNPs. For example, if a plasmonic nanostructure or dielectric nanostructure can increase the local field intensity about 10m-fold, this will promote the UCL intensity of UCNPs by     10   m n     times with n > 1. That is because the UCL process is a multiphoton process and it follows    I  U C L   =  I  e x c  n   , where IUCL, Iexc, and n are UCL intensity, excitation intensity, and the (effective) number of absorbed photons involved in the UCL process, respectively [28]. The other way in the photonic engineering category to improve the UCL efficiency of UCNPs is to use plasmonic nanostructures or dielectric nanostructures to increase the local photon density of states at the emission wavelength of UCNPs. This is the case of the so-called extraction resonance effect, in which the resonance wavelength of the nanostructures is tuned to match with the emission wavelength of UCNPs. The extraction resonance effect can increase the radiative decay rate of UCL through the Purcell effect [40]. However, the enhancement factor provided by the extraction resonance effect is typically much less than that offered by the excitation resonance effect, which is mostly because very strong Purcell effects (from photonic crystals, metal–insulator–metal sandwiches structures, etc.) arise only at a few scarce “hot spots” of minute volume where biological molecules have to be attracted by some means, whereas the directional excitation light already funneled in few optical modes (one ideally) can be enhanced in plane or surface geometries that are truly extended. Although the local field enhancement provided by dielectric nanostructures is typically smaller than that of plasmonic nanostructures, dielectric nanostructures do not suffer parasitic energy losses manifested by fluorescence quench caused by the metal’s electron gas through its many internal degrees of freedom (Joule losses). Through proper design of the structure, some dielectric nanostructures can enhance the UCL of UCNPs more than 100 times [28,41,42,43,44,45,46,47]. A variety of dielectric nanostructures, such as photonic crystals [28,41,42,43,44], and metasurfaces [45,46,47] have been employed to enhance the UCL of UCNPs. Recently, we demonstrated that the UCL of UCNPs can be enhanced more than 1000-fold by depositing UCNPs atop a resonant waveguide grating (RWG) structure, also termed 1D photonic crystal substrate, thanks to its guided mode resonance (GMR) to promote the local field of the excitation light atop the RWG [41,42].



In this work, we combined both nanoparticles and photonic engineering approaches to tackle the low UCL efficiency problem of Yb3+−doped UCNPs. In the nanoparticle engineering aspect, Nd3+ ions were incorporated into the UCNP lattice to serve as sensitizers to promote the excitation light absorption of UCNPs at 793 nm wavelength. Furthermore, the outer surface of UCNPs was coated with an inactive shell of NaYF4 to reduce UCL quench from surface defects and surface−associated ligands (see Figure 1a,b). For the photonic engineering, a low refractive index (low−n) RWG structure (Figure 1c), which offers a favorable guided mode profile, was employed to enhance the absorption rate of UCNPs through the excitation resonance effect and the radiative decay rate of UCL via the extraction resonance effect, thanks to the GMR effect offered by the low-n RWG structure. Combining these three approaches, the UCL intensity of UCNPs was eventually enhanced over a million−fold compared with conventional Yb3+−doped UCNPs.



Figure 1b shows the design of NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+@NaYF4 CSS UCNPs, where β−phase sodium yttrium fluoride (β−NaYF4) nanocrystals were chosen as the host material because of their good chemical stability and low phonon cutoff energy (350 cm−1), which can lower the non−radiative relaxation and yield higher UCL efficiency [8]. Experimentally, β−NaYF4−based nanocrystals were co−doped with 20% Yb3+ sensitizers and 2% Tm3+ activators, acting as the luminescence core (see Figure 1b), with the same procedure as reported in Ref. [42]. In the active shell layer, we then doped two sensitizers, i.e., Nd3+ and Yb3+ dopants, into the NaYF4 nanocrystal lattice, aiming to switch the excitation wavelength from 980 to 793 nm. The Nd3+ sensitizers were doped at a high ratio (40%) in the active shell layer to harvest excitation photons at 793 nm wavelength. A relatively high doping ratio of Yb3+ ions was intentionally incorporated in both the core (20%) and the active shell (10%), acting as the energy migrator, to extract the absorbed energy from the Nd3+ sensitizers, then transferring interfacial energy through the Yb3+ sub−lattice and finally sensitizing the activator ions (Tm3+) in the core, as illustrated in Figure 1a. The outermost inactive shell was used to reduce the UCL deleterious effect of the Nd3+ and Yb3+ sensitizers at the surface of the active shell layer to improve the UCL intensity.




2. Materials and Methods


2.1. Chemicals


Yttrium(III) chloride (YCl3, anhydrous powder, 99.99%), ytterbium(III) chloride (YbCl3, anhydrous powder, 99.9%), thulium(III) chloride (TmCl3, anhydrous powder, 99.9%), neodymium (III) chloride (NdCl3, anhydrous powder, 99.99%), and ammonium fluoride (NH4F, anhydrous 99,99%) were purchased from Sigma−Aldrich and kept in a dry box. Sodium oleate (97%) was brought from TCI America. Oleic acid (OA, technical grade, 90%), 1−octadecene (ODE, technical grade, 90%), and tetraethyl orthosilicate (TEOS, 98%) were purchased from Sigma-Aldrich.




2.2. Synthesis of NaYF4:Yb3+,Tm3+ Core UCNPs


The monodispersed β-phase NaYF4:Yb3+,Tm3+ UCNPs were synthesized using a similar protocol in Ref. [42]. A typical procedure is as follows: 0.78 mmol of YCl3, 0.2 mmol of YbCl3, 0.02 mmol of TmCl3 was mixed 6 mL of OA, and 15 mL of ODE in a reaction flask. Under a continuous flow of nitrogen gas, the reaction mixture was heated to 160 °C and continuously stirred to get a transparent yellowish solution. Next, the solution was placed into a vacuum oven and degassed at 110 °C for 1 h. After cooling down to ≈60 °C, 10 mL of methanol solution dissolving 4.0 mmol of NH4F and 2.5 mmol of NaOH was injected dropwise into the flask, followed by stirring for another 30 min. Afterward, the methanol in the reaction mixture was filtered out by evaporation, followed by heating the obtained solution to 110 °C under a vacuum ambient for 1 h. The solution was further heated at 300 °C and reacted for 45 min under nitrogen protection. After taking out the isomantle, the reaction solution was rapidly cooled by blowing a nitrogen stream from the outside and then poured into the centrifuge tubes. The as−synthesized nanoparticles were subsequently precipitated at the bottom of the centrifuge tube by rotating at 6000 r.p.m for 10 min. Finally, these UCNPs were washed with cyclohexane/ethanol (1:1 v/v) two more times, followed by redispersing and storing in cyclohexane for further use.




2.3. Synthesis of NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+ Core@Shell UCNPs


The optimal content of sensitizers (40% of Nd3+ and 10% of Yb3+) co−doped in the active shell layer was reported in ref. [39], which was chosen as the guideline for the synthesis of Nd3+−doped multilayer UCNPs in this study. The shell precursor containing 0.25 mmol of YCl3, 0.05 mmol of YbCl3, and 0.2 mmol of NdCl3 was mixed with 6 mL of OA and 15 mL of ODE in a reaction flask, followed by heating to 160 °C under a nitrogen atmosphere to form a clear solution. After cooling down to ≈60 °C, the stock solution of the NaYF4:Yb3+,Tm3+ core nanoparticles in cyclohexane (20 mL) was added along with the methanol solution (10 mL) containing NH4F (2.0 mmol) and NaOH (1.25 mmol). The as-obtained solution was stirred for another 40 min and then heated to 110 °C to extract cyclohexane and methanol. Subsequently, the solution was heated to 290 °C and maintained for 1 h under the nitrogen atmosphere, followed by cooling down to room temperature. The resulting nanoparticles were washed and collected with a similar process as described for the UCNP cores and then stored in cyclohexane.




2.4. Synthesis of NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+@NaYF4 Core@Shell@Shell UCNPs


First, the mixture containing 0.5 mmol of YCl3, 6 mL of oleic acid and 15 mL of 1−octadecene was vigorously stirred under nitrogen atmosphere at 160 °C until the solution became transparent. After cooling down naturally to ≈60 °C, 10 mL of the NaYF4:Yb3+,Tm3+@ NaYF4:Yb3+,Nd3+ core–shell nanoparticles in cyclohexane were added into the reaction along with a fresh methanol solution (10 mL) containing NH4F (2 mmol) and NaOH (1.25 mmol). To extract the low boiling point solvents (cyclohexane and methanol), the reaction was allowed to degas to 110 °C and then stirred for another 40 min. Under the nitrogen ambient, the solution was heated to 290 °C and kept for 1 h, which was followed by cooling down to room temperature. Next, the resulting CSS-structured nanoparticles were washed and collected with a similar process. Finally, the as−prepared CSS UCNPs were stored in cyclohexane for further experiment.




2.5. Fabrication of UCNPs Deposited Low-n RWG Structure


The low-n RWG structure, with 3 μm thick of low-n mesoporous silica film, was initially fabricated using a process sequence involving multiple coating, interference lithography, molding, imprinting and electron-beam deposition, as presented in our previous study [42,48,49,50,51]. Afterward, the NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+@NaYF4 CSS UCNPs dispersed into cyclohexane were dip−coated on the top surface of the low-n RWG structure. To evaporate the residual cyclohexane, the dip−coated sample was subsequently baked at 80 °C for 1 h on a hot plate. Finally, an aqueous solution was flooded onto the top of the UCNPs deposited low-n RWG structure, which was followed by encapsulating with a cover glass slide, as shown in Figure 1c.




2.6. UCL and Lifetime Measurement


The optical measurements were performed using a home−built system, similar to that reported in ref. [42]. The excitation light source for both UCL and lifetime measurements was either a 976 nm continuous-wave diode laser (BL976-PAG900, Thorlabs, Newton, NJ, US) or a 793 nm Ti:sapphire laser, depending on which excitation wavelength was chosen. The desired excitation power was adjusted using a variable attenuator, which was intrinsically the combination of a polarizer and a half−wave plate (λ/2). A red filter glass (RG) was used to block the undesired ambient light in the UV−VIS range, and it allows only the NIR light to excite the UCNP samples. The UCL signal was collected by a pair of lenses and delivered to an Andor Shamrock spectrometer (SR-500i, Oxford Instruments, Oxfordshire, UK) through an optical fiber. Noting also that an IR filter (KG3) was inserted directly in front of the optical fiber to block out the NIR excitation light. To measure the UCL lifetime, we inserted a mechanical chopper to modulate the intensity of the excitation laser light, and then the emitted UCL signal was acquired by a photomultiplier tube (PMT). To precisely assess the lifetime of the 450 nm emission, a 450 nm interference filter was inserted before the PMT.




2.7. Simulations


Rigorous coupled-wave analysis (RCWA) modal was employed to determine resonance wavelength and local electric−field intensity distribution in the RWG structure. For simplicity’s sake, we calculated the GMR effect for a unit cell, which was defined as one period of the low−n RWG structure (as illustrated in the dashed rectangle in Figure 1c). The incident light was transverse electric (TE) polarized and propagated along the (xz)-plane from the top surface of the cover glass (see Figure 1c). The harmonics were retained at 25 in the plane wave truncation, in both directions of x- and z-axis, for all the simulations.




2.8. Characterizations


The crystalline structure of nanoparticles was determined by powder X−ray diffraction pattern using a diffractometer (Bruker APEX, Billerica, Massachusetts, USA). The size and morphology of the as−synthesized UCNPs were examined with TEM (JEOL−JEM 2010) and high-resolution TEM (HR−TEM, JEM-2100, JEOL, Tokyo, Japan). Quantitative analysis of elements in UCNPs was examined with energy−dispersive X-ray (EDX) spectroscopy of the FESEM (JSM−6500F, JEOL, Tokyo, Japan). UV−Vis−NIR absorption spectra of UCNPs in the wavelength range of 400–1100 nm were obtained by a UV−VIS−NIR spectrometer (Varian Cary 50, Agilent, Santa Clara, California, USA). The transmission spectra of the UCNPs-deposited low−n RWG were characterized with an Andor Shamrock spectrometer (SR-500i, Oxford Instruments, Oxfordshire, UK).





3. Results and Discussions


3.1. Characterization of UCNPs


Figure 2 presents the morphologies and sizes of as−prepared (a) core (C), (b) core@shell (CS), and (c) core@shell@shell (CSS) UCNPs characterized by TEM. As shown in Figure 2a, the NaYF4:Yb3+,Tm3+ core UCNPs are highly uniform and monodispersed with an average diameter of 30±1 nm. Figure 2b,c display the TEM images of NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+ CS and NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+@NaYF4 CSS UCNPs. The average particle size was increased to 35 ± 1.4 nm when a NaYF4:Yb3+,Nd3+ active shell was grown onto the core of NaYF4:Yb3+,Tm3+. Since the active shell and core were comprised of similar crystalline structures and compositions, diffraction contrast from Ln3+ dopant ions could not directly be observed, as witnessed by the TEM images. With the further inclusion of an inactive NaYF4 shell, the average diameter of the nanoparticles was up to 40 ± 1.9 nm, indicating the coating of the thin inactive shell with a thickness of 2.5 nm (Figure 2c). Figure 2d displays the HR−TEM image of a single CSS nanoparticle revealing a lattice fringe with the d−spacing of 0.518 nm, which is associated with the (100) lattice planes of the β−phase NaYF4.



The high-purity β−phase of the C, CS, and CSS UCNPs were examined using XRD measurement (see Figure S1, in supplementary materials). The XRD analysis clearly indicates that all three types of the UCNPs had identical diffraction peaks to those of the pure β−phase NaYF4, according to the standard data of JCPDS 16−0334. The result reveals that the growth of the active and inactive shell layers did not affect the β-phase structure of NaYF4 nanocrystals: all characteristic diffraction peaks of β−phase NaYF4 crystal still remained. The EDX spectroscopy was also used to identify the elemental composition of the NaYF4:Yb3+,Tm3+ core and NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+ CS UCNPs. As shown in Figure S2a,b, the results confirmed the basic elements such as Na, F, Y, Yb, and Tm in both samples. The Nd3+ ions only presented in the CS nanoparticles (see Figure S2b), which reveals the successful synthesis of the Nd3+−doped multilayered UCNPs, allowing the generation of UCL emission under the excitation at 793 nm.




3.2. Nanoparticles Engineering for Enhancing UCL Intensity


To further confirm the presence of the sensitizing ions (Yb3+ and Nd3+) in the as−prepared UCNPs, the absorption spectra of the C and CS UCNPs were taken. As presented in Figure 3a, the absorption band at 976 nm in both spectra is assigned to the 2F7/2→2F5/2 transition of Yb3+ ions. The multiple absorption bands at 863, 793, 742, 575, and 521 (nm) in the absorption spectra of the CS UCNPs pertaining to the transitions of Nd3+ ions from 4I9/2 to 4F3/2, 4F5/2, 4F7/2, 4G5/2, and 4G7/2, respectively, thereby indicating the formation of the Nd3+-sensitized active shell layer surrounding the NaYF4:Yb3+,Tm3+ core. Moreover, these spectra clearly shows that the absorption coefficient at 793 nm of Nd3+ is much larger than that at 976 nm of Yb3+, allowing a dramatic increase in the photon-harvesting efficiency of the Nd3+-sensitized upconversion process.



We next turn to the examination of UCL spectra of the three kinds of UCNPs (C, CS, CSS) under both excitation wavelengths of 976 and 793 nm with 20 W/cm2 intensity. Excited with a 976 nm CW laser light emitted from a diode laser, the CSS UCNPs produced the highest UCL intensity, which was two to four times higher than those emitted from the CS and C UCNPs (see Figure 3b and its inset). After growing the active and inactive shells, the UCL peak positions did not have any obvious shift, supporting the assumption that the energy levels of Tm3+ ions remained unchanged. Figure 3c displays the UCL spectra of the C, CS, and CSS UCNPs excited with the CW Ti:sapphire laser at the wavelength of 793 nm. Since the NaYF4:Yb3+,Tm3+ core UCNPs have no absorption at 793 nm as seen in Figure 3a, UCL emission was not observed from this sample. As clearly displayed in Figure 3c and its inset, the intensities of all the UCL emission bands of the CSS UCNPs were enhanced by four to eight times, compared to those emitted from the CS counterparts. It implies that the NaYF4 inactive outer shell can protect the NaYF4:Yb3+,Nd3+ active shell, reaching its goal of inhibiting the UCL quenching induced by the organic impurities, ligands, and solvents on the surface of the active shell. Figure 3d and its inset show a compararison of the UCL emission intensities of the CSS UCNPs obtained under the excitations at 793 nm and 976 nm with the same excitation intensity. It is clear that UCL intensities excited with a 793 nm laser beam are about six to nine times higher than those excited with a 976 nm laser beam, which is an enhancement ascribed to the larger absorption cross-section of Nd3+ at 793 nm. The inset shows a photograph of the UCL emissions from the CSS UCNPs sample under the excitation of two parallel narrow laser beams at NIR wavelengths of 793 and 976 nm of equal incident power. Here, we clearly demonstrated that by structural engineering of the UCNPs, the UCL intensites are improved by a factor of up to nine.




3.3. Photonic Engineering for Enhancing UCL Intensity


In order to further improve the UCL intensity of the as−prepared UCNPs, we deposited the CSS UCNPs (NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+@NaYF4) atop a low-n RWG structure (see Figure 1c). The RCWA simulation was used to search the optimal structure and the correspoding excitation resonance conditions for enhancing UCL intensity through calculating the electric field intensity (|E|2) distribution atop the low-n RWG structure. The simulated RWG structure is composed of a cover glass slide, an aqueous solution layer, a TiO2 waveguide layer, a low-n mesoporous silica grating layer treated as an effective medium, and a glass substrate, as shown in Figure 1c. The overall structure parameters of the low-n RWG in this design are as follows: the TiO2 thickness (TTiO2) = 60 nm, the low-n mesoporous silica thickness (Tmp-silica) = 3 μm, the modulation depth (Dm) = 100 nm, and the grating period (Λ) = 550 nm. The refractive indices at the VIS-near IR wavelength range of materials in the low-n RWG sample are as follows: cover glass slide ncover glass = 1.5, aqueous solution naq = 1.33, TiO2 nTiO2 = 2.06, mesoporous silica nmp-silica = 1.22 [42], and glass nglass = 1.5. Figure 4a presents the measured and simulated TE transmission spectra of the low−n RWG sample. To attain the GMR for the excitation wavelength of UCNPs at 793 nm, the incident angle was tuned to θ = 1.5°. Both experimental (black curve) and simulation (red curve) results indicate that a transmission dip, i.e., a GMR, appears at 793 nm (the experiment is not as contrasted as the prediction, which is probably because of effects such as finite beam size, etc.). Under this condition, i.e., λ = 793 nm and θ = 1.5°, which we refer to as a resonant excitation condition, a strong local field can be produced upon the TiO2 surface as a consequence of the evanescent field of the guided mode that concentrates a large fraction of the incident beam power in the GMR effect (see Figure 4b). This large field indicates that the low−n RWG structure is suitable for enhancing the UCL of Nd3+−sensitized CSS UCNPs in an aqueous solution. Therefore, we deposited the CSS UCNPs on the low-n RWG sample and illuminated the sample with a collimated Ti:sapphire laser beam at 793 nm wavelength with 5 W/cm2 intensity under resonant and non-resonant excitation conditions. Figure 4c depicts the UCL spectra of the low-n RWG deposited with CSS UCNPs obtained at θ = 1.5° (on−resonance), θ = 2.0° (off−resonance), and non-RWG (planar) area of the sample. It clearly shows that the UCL intensities from all emission peaks were dramatically increased as the sample was illuminated under resonant condition, i.e., θ = 1.5° compared to those obtained at other angles, for example at θ = 2.0°, and non−RWG area thanks to the strong interaction between the local field built up atop of the low−n RWG and UCNPs.



In addition to the excitation resonance effect, the extraction resonance effect was employed to further enhance the UCL intensity of CSS UCNPs on the low−n RWG structure by collecting the emission of UCNPs at the GMR condition corresponding to the peak wavelengths of the UCL of the CSS UCNPs deposited on the low−n RWG sample. This was achieved by illuminating the sample at the resonant excitation condition and scanning the detection angle (φ) from 17° to 62° for optimal UCL intensities. Figure 4d displays the UCL intensities of the characteristic emission peaks (450, 480, 645 nm) as a function of the collection angle (φ−angles). It is clear that the UCL emission of these peaks were promoted two to four times at φ = 22°, 46°, and 53°, which satisfied the GMR (i.e., emission resonance) conditions for 645, 480, and 450 nm emission wavelengths, respectively. These enhancements occurred when the GMR peaks of the low−n RWG deposited with CSS UCNPs (see Figure S3a–c) coincide with the corresponding emission wavelengths of UCNPs. In such conditions, the upconversion light, of spontaneous nature in terms of coherence, is largely extracted, since the large fraction of emitted photons initially coupled in the guided mode are scattered out at the specific extraction angles given above. Figure S4 presents the UCL decay curve at the 450 nm emission peak, which is measured at the non-RWG area and the RWG area under excitation resonance + extraction resonance. It is clear that the lifetime of the non−RWG sample is longer (567 µs) than that of the RWG sample under excitation resonance + extraction resonance (449 µs), suggesting that the RWG sample under excitation resonance + extraction resonance can increase the radiative decay rate of the 450 nm emission, thanks to various factors, including the Purcell effect.



To compare the UCL enhancement factors obtained from the photonic engineering approach with two different incident wavelengths 793 and 976 nm, we measured the UCL spectra of the CSS UCNPs deposited low−n RWG sample under excitation resonances at 793 and 976 nm with the same excitation intensity, i.e., 5 W/cm2. First, the sample was tuned to the resonant angle for each case, i.e., θ = 1.5° for 793 nm and θ = 21° for 976 nm (see Figure 4a and Figure S3d). As displayed in Figure 5a, the UCL emissions of the characteristic peaks (450, 480, and 650 nm) obtained with the 793 nm excitation were three to six times higher than those obtained with the 976 nm excitation. We found that the local electric field enhancement factors relative to the field atop of the TiO2 surface for both excitation resonance conditions are quite close (Figure 4b and Figure S5), so that the higher UCL intensities obtained with the 793 nm excitation configuration were attributed to the larger absorption cross−section of Nd3+ at 793 nm. The use of 793 nm laser excitation not only can greatly improve the UCL efficiency of UCNPs but also can overcome the problems associated with overheating and low penetration, which are frequently faced and incur penalties in many biological applications.



Figure 5b–d show the logarithmic plot of three UCL intensities versus the excitation intensity in the range of 0.4–2.5 W/cm2 under conditions of excitation resonance, excitation resonance + extraction resonance, and non-RWG area, respectively. As revealed in Figure 5b–d, UCL intensities of all emission peaks generated under all three cases increased with the excitation intensity. To quantitatively assess the UCL enhancement factors under the GMR conditions, we compared the UCL intensities obtained at 2.5 W/cm2 (vertical dash lines marked in Figure 5b–d) for both RWG and non−RWG samples. From Figure 5b,d, the enhancement factors for emission wavelengths (λe) at 450, 480, and 645 nm under excitation resonance were determined to be 7.2 × 103, 5.5 × 103, and 6.9 × 102, respectively. Furthermore, these enhancement factors were further increased by 3.4, 3.5, and 2.4 folds, respectively, after adding the extraction resonance to the excitation resonance, as indicated in Figure 5b,c.




3.4. Overall Enhancement Factor of All the Strategies Combined


Table 1 summarizes the overall UCL enhancement factors of three main UCL peaks offered by all strategies adopted in this study, i.e., surface passivation, Nd3+ doping for the nanoparticle engineering and excitation resonance + extraction resonance provided by the low−n RWG structure for the photonic engineering. Let us remind the origins of each of the three factors: the UCL enhancement factors through surface passivation were determined by comparing the UCL intensities of two samples, i.e., the C and CSS UCNPs, under 976 nm excitation, as displayed in Figure 3b. With the coating of the active and inactive shells, the UCL emissions of the characteristic peaks at 450, 480, and 645 nm were enhanced 4.9, 2.7, and 2.8 times, respectively. To get the UCL enhancement factors offered by the Nd3+ doping strategy, the UCL intensities of CSS UCNPs under excitations at 793 and 976 nm were compared, as presented in Figure 3d. The enhancement factors at these three aforementioned emission wavelengths were found to be 9.2, 6.1, and 6.1, respectively. Together with the emission enhancement factors obtained from the excitation resonance + extraction resonance provided by the low−n RWG structure, the total enhancement factor of the UCL emission at 450 nm was up to 1.1 × 106 fold. The huge enhancement of UCL intensity provided by the combination of the presented approaches is extremely useful for the applications of UCNPs in the biosensing and bioimaging field. It can greatly assist in considering UCNP markers for these applications on a similar footing with downconversion classical ones, balancing the remaining discrepancy in luminescence level with the known drawbacks of downconversion (bleaching, heating, etc.) that are absent in UCNPs.





4. Conclusions


Through the synergy approach presented in this work, we showed that the UCL intensity of Tm3+-doped UCNPs was remarkably enhanced more than 106−fold, which is particularly valuable for practical applications in bioimaging and biosensing. First, Tm3+−doped core UCNPs were coated with two engineered shells for two different purposes. The inclusion of the active middle shell serves to additionally dope Nd3+ sensitizers capable of blue−shifting the excitation wavelength from 976 to 793 nm, which has been deemed as a suitable excitation wavelength with negligible risk for bio−tissues. The outer inactive shell was further grown to reduce the surface quenching associated with Nd3+ and Yb3+ sensitizers by shielding them from the aqueous environment. The UCL intensity of the Nd3+-doped CSS UCNPs is more than one order of magnitude higher than that of the conventional Yb3+−doped core UCNPs, showing the role of surface passivation and Nd3+ sensitizing for enhancing UCL emission intensity. To achieve the desired UCL intensity for biological application on demand, we deposited these CSS UCNPs on top of the low−n RWG structure. Thanks to the excitation resonance offered by the low−n RWG, a strong local field could be built upon its top surface, which dramatically enhanced UCL intensity about 104 times. In addition, the UCL intensity of the UCNPs was further increased two to three times under excitation resonance + extraction resonance (reminiscent of earlier attempts in DNA biochips [52]). Combining all these effects together, the UCL intensity of CCS UCNPs was enhanced more than 106 times compared to Yb3+−doped core UCNPs on planar substrates. We believe that the extraordinary enhanced UCL emission generated by the 793 nm excitation light source opens up great prospects for the applications of UCNPs in the bioimaging and biosensing field.
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Figure 1. (a) Illustration of the proposed energy−level diagram describing the proposed UCL processes for Nd3+, Yb3+, and Tm3+ ions. The full, zigzag, curved, and dashed arrows denote excitation, multiphonon relaxation, energy transfer, and emission processes, respectively. (b) Design of the core@shell@shell UCNPs. (c) Schematic of the UCNPs−deposited low−n RWG structure, in which the core@shell@shell UCNPs were deposited on the top surface of the low-n RWG structure by dip-coating method, followed by covering with aqueous solution. θ and ϕi (i = 1, 2, 3) denote the angles of the excitation light and the emission light with respect to the surface normal, respectively. Λ denotes the grating period. The dashed rectangular indicates one unit cell for calculating the electric field intensity distribution in the RWG structure at resonance wavelegth. 
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Figure 2. TEM images of: (a) C (b) CS, (c) CSS UCNPs. (d) HRTEM image of a single CSS UCNP. 
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Figure 3. (a) UV−VIS−NIR absorption spectra of C and CS UCNPs dispersed into cyclohexane at a concentration of 0.1 mmol/mL. UCL spectra of as−synthesized samples (C, CS, CSS) in the wavelength range of 400–750 nm under (b) 976 nm excitation and (c) 793 nm excitation. Insets show UCL emission spectra of these samples in the wavelength range of 440–460 nm. (d) UCL emission spectra of the CSS sample under the excitation at 793 and 976 nm, inset shows its enlarged view in the wavelength range of 440–460 nm and a photograph of the CSS sample under the excitation of two parallel narrow beams at 793 and 976 nm. 
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Figure 4. (a) Measured and simulated transmission spectra of the low−n RWG structure at the incident angle of 1.5°. (b)Simulated TE mode electric−field intensities (|E|2) under resonant excitation condition (λ = 793 nm, θ = 1.5°) of the low−n RWG flooded with aqueous solution. (c) UCL spectra measured at the RWG area of the low−n RWG deposited with CSS UCNPs under on−resonance (θ = 1.5°) and off−resonance (θ = 2.0°) and that measured at the non−RWG area of the sample. (d) UCL emission intensities at the characteristic emission peaks of the CSS UCNPs deposited on the top surface of the low−n RWG sample versus the detection angle (ϕ) under resonant excitation condition (θ = 1.5°). 
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Figure 5. (a) UCL spectra of the CSS UCNPs deposited on the top surface of the low−n RWG structures under excitation resonances with two different incident wavelengths at λ = 793 nm (θ = 1.5°) and λ = 976 nm (θ = 21.0°). Excitation intensity dependences of three main UCL peak intensities obtained from the CSS UCNPs deposited on the low−n RWG sample under (b) excitation resonance, (c) excitation resonance + extraction resonance, and (d) the UCL obtained from a non−RWG area. 
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Table 1. Comparison of enhancement factors obtained at the emission wavelengths (λe) 450, 480, and 645 nm of the Tm3+−doped UCNPs using the different strategies reported in this work.






Table 1. Comparison of enhancement factors obtained at the emission wavelengths (λe) 450, 480, and 645 nm of the Tm3+−doped UCNPs using the different strategies reported in this work.











	
	
	Enhancement Factor
	





	λe (nm)
	450
	480
	645



	Surface passivation
	4.9
	2.7
	2.8



	Nd3+ doping
	9.2
	6.1
	6.1



	Excitation resonance
	7.2 × 103
	5.5 × 103
	6.9 × 102



	Extraction resonance
	3.4
	3.5
	2.4



	Total
	1.1 × 106
	3.2 × 105
	2.8 × 104
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