
HAL Id: hal-03099455
https://hal.science/hal-03099455

Submitted on 6 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Autofluorescence-Free In Vivo Imaging Using
Polymer-Stabilized Nd 3+ -Doped YAG Nanocrystals

Alexandra Cantarano, Jingke Yao, Marija Matulionyte, José Lifante, Antonio
Benayas, Dirk Ortgies, Fiorenzo Vetrone, Alain Ibanez, Corine Gerardin,

Daniel Jaque, et al.

To cite this version:
Alexandra Cantarano, Jingke Yao, Marija Matulionyte, José Lifante, Antonio Benayas, et al..
Autofluorescence-Free In Vivo Imaging Using Polymer-Stabilized Nd 3+ -Doped YAG Nanocrystals.
ACS Applied Materials & Interfaces, 2020, 12 (46), pp.51273-51284. �10.1021/acsami.0c15514�. �hal-
03099455�

https://hal.science/hal-03099455
https://hal.archives-ouvertes.fr


 1 

Autofluorescence-free in vivo imaging using 

polymer-stabilized Nd3+-doped YAG nanocrystals 

Alexandra Cantarano,1 Jingke Yao,2 Marija Matulionyte,3 José Lifante,4,5 Antonio Benayas,2,5 

Dirk H. Ortgies,2,5 Fiorenzo Vetrone,3 Alain Ibanez,1 Corine Gérardin,6 Daniel Jaque, 2,5 

Géraldine Dantelle1* 

1 Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France 
2 Fluorescence Imaging Group, Departamento de Física de Materiales, Universidad Autónoma de 
Madrid, C/ Francisco Tomás y Valiente 7, 28049 Madrid, Spain 
3 Institut National de la Recherche Scientifique, Centre Énergie, Matériaux et 
Télécommunications, Université du Québec, 1650 Boul. Lionel-Boulet, Varennes (Québec) J3X 
1S2, Canada 
4 Fluorescence Imaging Group, Departamento de Fisiología, Facultad de Medicina, Universidad 
Autónoma de Madrid, Avda. Arzobispo Morcillo, 2; Madrid 28029, Spain;   
5 Nanobiology Group, Instituto Ramón y Cajal de Investigación Sanitaria IRYCIS, Ctra. Colmenar 
km. 9.100, 28034 Madrid, Spain 
6 ICGM, Univ. Montpellier, CNRS UMR 5253, ENSCM, 240 Avenue E. Jeanbrau, 34296 
Montpellier Cedex 5, France 

 

 

KEYWORDS: bio-imaging, YAG:Nd3+ nanoparticles, block copolymer, near-infrared 

fluorescence, autofluorescence removal, nanothermometry 

 



 2 

ABSTRACT Neodymium-doped yttrium aluminum garnet (YAG:Nd3+) has been widely 

developed during roughly the last sixty years and has been an outstanding fluorescent material. It 

has been considered as the gold standard among multipurpose solid-state lasers. Yet, the successful 

downsizing of this system into the nano regimen has been elusive, so far. Indeed, the synthesis of 

a garnet structure at the nanoscale, with enough crystalline quality for optical applications was 

found to be quite challenging. Here, we present an improved solvothermal synthesis method 

producing YAG:Nd3+ nanocrystals of remarkably good structural quality. Adequate surface 

functionalization using asymmetric double-hydrophilic block copolymers, constituted of a metal-

binding block and a neutral water soluble block, provides stabilized YAG:Nd3+ nanocrystals with 

a long term colloidal stability in aqueous suspensions. These newly stabilized nanoprobes offer 

spectroscopic quality (long lifetimes, narrow emission lines, and large Stokes shift) close to that 

of bulk YAG:Nd3+. The narrow emission lines of YAG:Nd3+ nanocrystals are exploited by 

differential infrared fluorescence imaging, thus achieving an autofluorescence-free in vivo readout. 

In addition, nanothermometry measurements, based on the ratiometric fluorescence of the 

stabilized YAG:Nd3+ nanocrystals, are demonstrated. The progress here reported paves the way 

for the implementation of this new stabilized YAG:Nd3+ system in the preclinical arena.  

 

1. Introduction 

Fluorescence-based imaging techniques are being used more frequently in biomedical research, 

for example in cytometry and bio-imaging.[1,2,3] This latter application allows for the visualization 

of cancerous cells prior to surgery, resulting in more optimal targeting of malignant cells and 

ultimately improving the prognosis of the patient.[4,5] The principle of bio-imaging is based on the 

injection of optical markers (fluorescent molecules or nanoprobes) that can be tracked in vivo 
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owing to their fluorescence properties. Fluorescent organic dyes, metallic and inorganic 

nanocrystals have been widely developed for this purpose.[6,7] However, their excitation and 

emission wavelength ranges are quite often in the visible range, i.e. where the absorption of 

biological tissues and hemoglobin is high and where light scattering is also strong, which 

significantly limits the detection of the fluorescence of markers. 

For the detection of early-stage cancerous cells or for the understanding of complex biological 

mechanisms, it is essential to develop new fluorescent probes whose spectroscopic properties lie 

in the so-called biological transparency windows (BWs).[8] The design of organic dyes and 

quantum dots exhibiting near-infrared (NIR) fluorescence in the first BW (from 680 nm to 950 

nm) has been, and still is, a very challenging task [9,10,11,12,13] as researchers face low fluorescence 

efficiency in the NIR range and a lack of photostability. More recently, nanoprobes with excitation 

and emission properties in the second BW (1000-1350 nm) have been proposed[14] and will allow 

for in-depth imaging and increased sensitivity as autofluorescence and light scattering are 

considerably lowered in this range.[15] Moreover, in the third BW situated between 1500 and 1800 

nm, the absorption of biological tissues and light scattering are further reduced. 

Aside from the factors explained above, background autofluorescence represents quite a 

challenging obstacle to overcome in the field of biomedical imaging. The background emission 

generated by some biological compounds complicates the visualization of the probes used as the 

contrast agents and lead to fluorescence images with poor signal-to-background contrast. Although 

different approaches are currently in use to minimize the autofluorescence, including time gating 

or spectral filtering,[16, 17] they are limited by the broad spectral fingerprint of the NIR probe (such 

as dyes and quantum dots) or suffer from a tradeoff between background removal and the intrinsic 

low intensity of the emitted signal. Therefore, the race is still very much on to develop new NIR 
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probes featuring intrinsic spectral properties, i.e. narrower emission lines, which may allow for a 

more complete suppression of autofluorescence in a simple and straightforward way, towards an 

effective filtering of the signal without paying a high toll in the process. Such spectral narrowing 

of emission lines should be achieved while maintaining high fluorescence brightness to ensure 

high contrast in fluorescence images without requiring neither high illumination intensities nor 

large administration doses.   

In this context, rare earth doped inorganic nanocrystals, and especially neodymium (Nd3+)-doped 

nanocrystals, have emerged as very promising materials for in vivo bio-imaging. Indeed, when 

incorporated inside a matrix, Nd3+ presents several electronic transitions that lead to stable 

fluorescence in the different BWs under 800 nm excitation. An additional advantage of Nd3+-doped 

materials is their ability to exhibit emission peaks whose intensity is temperature-dependent in the 

physiological temperature range.[18,19] Several types of Nd3+ doped nanocrystals (SrF2,[20], LaF3,[21] 

NaGdF4,[22] CaF2,[23] and NaHoF4 [24]) have been indeed used for in vivo imaging. In a recent paper, 

B. Del Rosal et al. compared different host matrices [25] and concluded that Nd3+-doped Y3Al5O12 

(YAG:Nd3+) nanocrystals are good candidates as they can be easily excited by commercially 

available diodes (at 808 nm). They present narrow emission lines, which are a competitive 

advantage for autofluorescence removal. However, it is not an easy task to prepare YAG:Nd3+ 

nanocrystals with controlled size and high crystal quality, a strong requirement to obtain high 

fluorescence signal, explaining why YAG nanocrystals are not very often encountered in the 

literature, on the contrary to fluorides. In addition, to use Nd3+-doped nanocrystals in bio-imaging, 

it is essential to develop nanocrystals with controlled size (targeted size < 100 nm for efficient 

blood circulation and cell uptake). The latter is especially relevant since the presence of volume 
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and surface defects strongly damage the fluorescence properties, by favoring non-radiative de-

excitations at the expense of the radiative emission.  

We recently reported the modified solvothermal synthesis of YAG nanocrystals.[26] By combining 

high temperature with steady high pressure, we managed to control the nucleation and growth 

mechanisms of YAG nanocrystals and obtained well-crystallized Ce3+-doped nanocrystals 

exhibiting internal quantum yields, around 50 %, twice higher than reported in previous work.[26, 

27] When doped with Nd3+, such nanocrystals exhibit a temperature-dependent fluorescence with a 

thermal sensitivity identical to the one of YAG:Nd3+ crystals obtained by combustion.[28,29] 

Moreover, the crucial advantage of the solvothermal route is the formation of stable colloidal 

suspensions of YAG:Nd3+ nanocrystals in ethanol, on the contrary to most of the other reported 

syntheses that lead to severe nanocrystal agglomeration induced by thermal treatments. [28,29] The 

challenge was still to transfer these nanocrystals into aqueous solutions for potential biological 

applications. Several strategies were reported in the literature, in the case of YAG nanocrystals, 

such as polyethylene glycol (PEG)-grafting,[30] silanization,[31] use of a co-solvent during the 

synthesis to modify the nature of surface groups [32] or mesoporous silica coating.[33] However, 

none of these papers report in vivo bio-imaging and only the latter reports in vivo toxicity 

evaluation.   

Meanwhile, a very efficient route has been developed to directly prepare highly stable aqueous 

suspensions of inorganic nanoparticles under soft conditions: it relies on the co-precipitation of 

metal precursors in the presence of double-hydrophilic block copolymers (DHBC) constituted of 

a metal-complexing block, typically poly(acrylic acid) (PAA) and a highly water soluble block 

such as polyacrylamide (PAM) or PEG. Those polymers have shown to be very efficient in the 

growth control and the stabilization of inorganic nanoparticles including metal (Al, La, Cu) 
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hydroxides,[34,35] and double-hydroxides (Mg-Al, Cu-Al Layered Double Hydroxides), [36,37] 

oxides (CuO), phosphates (AlPO4) and sulfides (ZnS).[38] In these cases, the nanoparticle size can 

be controlled directly in aqueous solution at temperatures below 100 °C. The colloidal stability of 

the obtained nanoparticles was shown to be outstanding, even in the presence of a high amount of 

salt [34] and their biocompatibility also proved to be excellent.[39,40] However, DHBC have not yet 

been used to stabilize nanoparticles that were previously prepared under more severe conditions, 

i.e. high temperature and high pressure, which is the case of YAG nanocrystals. 

Here, we report the solvothermal synthesis and morphological characterizations of Nd3+-doped 

YAG nanocrystals and, more specifically, their stabilization in aqueous solution by poly(acrylic 

acid)-b-polyacrylamide (PAA-b-PAM) copolymers. Subsequently, we assessed the optical 

properties of these polymer-stabilized YAG:Nd3+ nanocrystals, demonstrate their 

nanothermometry properties, and their strong potential for in vivo imaging.  

 

2. Experimental Section 

Synthesis of Y2.94Nd0.06Al5O12 nanocrystals. Yttrium acetate tetrahydrate (1.88 mmol), neodymium 

acetate hydrate (0.04 mmol) and aluminum isopropoxide (3.20 mmol), all purchased from Sigma 

Aldrich (purity > 99.9 %) were dispersed in 18 mL of 1,4-butanediol (purity of 99%, Alfa Aesar) 

and stirred for 48 h at room temperature. 0.5 mL of this mixture was transferred into a sapphire 

tube and placed in-between two pistons that will deliver the pressure onto the solution. The vessel 

was introduced into a home-made autoclave, described in [41]. The pressure, controlled by He gas 

and transferred to the solution via the two pistons, was set at 200 bar. Then, the temperature was 

increased to 400 °C, with a heating ramp of 50 °C/min and maintained constant during 2.5 h of 



 7 

synthesis. After cooling down, the solution was retrieved and washed by successive centrifugations 

in ethanol. Finally, the nanocrystals were dispersed in ethanol with a typical concentration of 10 

g/L. Note that the Nd3+ doping concentration was set at 2 mol.%, based on previous studies on 

YAG:Nd3+ ceramics, demonstrating that Nd3+ segregation occurred for concentrations between 1 

and 3 mol.%[42,43] and that fluorescence intensity decreases for concentrations larger than 3 

mol.%.[43] However, as the incorporation rate and spatial distribution of the doping ions depends 

on the synthesis process, it would be interesting in future work to optimize the Nd3+ concentration 

in the nanocrystals produced by this reported solvothermal method.  

Functionalization by poly(acrylic acid)-b-polyacrylamide DHBC. The used poly(acrylic acid)-b-

poly(acrylamide) (PAA-b-PAM) DHBC is composed of a PAA metal-binding block which is 

smaller than the PAM neutral block. The number-averaged molecular weights (Mn) of the PAA 

and PAM blocks are 2000 and 20 000 g/mol, respectively, and are indicated close to each block 

name: PAA2k-b-PAM20k. In the text, for sake of conciseness, the copolymer is named: PAA-b-

PAM. It was prepared according to a well-established sequential polymerization of acrylic acid 

and acrylamide (Sigma Aldrich) performed in a hydroalcoholic medium in the presence of a 

xanthate RAFT/MADIX transfer agent (Rhodia).[44] A PAA-b-PAM solution was prepared by 

dissolving 40 mg of copolymer in deionized water (c = 5 g/L). 10 mL of the copolymer was added 

to 10 mL of the nanocrystal alcoholic solution (c = 1 g/L) and the mixture was sonicated in an 

ultrasonic bath for 4 h at 45 °C. After centrifugation, the obtained nanocrystals were dispersed in 

deionized water (pH = 7) or PBS, with a typical concentration of 1 mg/mL. 

Structural characterization. Transmission electron microscopy (TEM) images of YAG:Nd3+ 

nanocrystals were recorded using a Philips CM300 microscope, operating at 300 kV and equipped 

with a TemCam F416 TVIPS camera. The sample preparation consisted of evaporating droplets 
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of nanocrystals strongly dispersed in ethanol onto carbon grids. Fourier-transform infrared (FTIR) 

spectroscopy was performed using a Nicolet iN10 spectrometer on dried powder samples, mixed 

with KBr powder in a 1:75 weight ratio and shaped into pellets. The measurements were performed 

under vacuum to avoid parasite peaks from air, especially N2 gas. 

Optical measurements. Fluorescence of water dispersed YAG:Nd3+ nanocrystals (1 mg/mL) 

excited under 793 nm laser excitation was recorded using NIR detector (Shamrock 500i 

monochromator, iDus InGaAs 1.7 NIR camera). A 830LP filter (Semrock Inc.) was used to remove 

scattered excitation light. The temperature induced change of fluorescence was recorded within 

the 20-45 °C range, considering that traditional hyperthermia treatments increases the temperature 

in the area of interest to 41-48 °C to kill the cancer cells and to protect surrounding healthy tissue. 

The fluorescence intensity ratio (FIR) for each temperature value was estimated from the ratio of 

the integrated fluorescence intensities (I1 and I2) of the two temperature sensitive Nd3+ emission 

bands at around 950 nm (corresponding to the 4F3/2 ® 4I9/2 transition). Fluorescence decays were 

recorded using an Optical Parametric Oscillator (OPO Lotis TII LT-2214) pumped by the third 

harmonic of a 10 ns Nd:YAG Q-Switched laser. The OPO provides 10 ns pulses of 808 nm 

wavelength. Pulse energy and repetition rates were 4mJ and 10 Hz, respectively. The 808 nm 

wavelength beam was focused into the colloidal suspension of YAG:Nd3+ nanocrystals by using a 

simple 10 cm focal lens. The emitted radiation was collected by an optical system and coupled to 

a compact monochromator (Kymera 193i from Andor) tuned to 1060 nm passing radiation at this 

wavelength on to an infrared photomultiplier (Hamamatsu Photonics). The decay curve was 

registered and averaged with a digital oscilloscope (LeCroy Waverunner 6050A).     

In vivo experiments. 
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Animal studies: 1 CD1 3-month-old mouse was employed in this study. All animal experiments 

were approved by the Animal Ethics Committee of the Universidad Autónoma de Madrid and 

conducted in accordance with the European Union directive 63/2010UE and the Spanish regulation 

RD 53/2013. The injection of 150 µl of a dispersion (1 mg/mL) of YAG:Nd3+-(PAA-b-PAM) 

nanocrystals in PBS directly into the stomach of the animals was performed with a bulb-tipped 

gastric gavage needle by mouth. Anesthesia was performed via isoflurane inhalation (4-5% 

induction, 2% maintenance). After the experiment, the mouse was euthanized and the freshly 

dissected organs analyzed. 

Hyperspectral imaging (HSI): An 808 nm fiber-coupled diode laser (LIMO) was employed to 

excite freshly excised organs through the 808 nm fiber placed next to the camera objective lens 

with the power and distance adjusted to achieve an illumination intensity of 50 mW/cm2. All 

hyperspectral imaging studies selected 20 s exposure time and 10 nm spectral resolution. A short-

pass filter (Thorlabs FES0850) was placed directly in front of the laser fiber to minimize specular 

and diffuse reflection effects. The scattered light from the sample was passed through two 

continuous long-pass filters (Thorlabs FL0850) to suppress the signal from the laser. Using tubular 

and short-wave infrared (SWIR) lenses as relays, a fluorescence image is created on the Bragg 

tunable filter (BTF), allowing the selection of specific wavelengths of incident light. After the 

second tube lens is focused, the filtered infrared camera (ZephIRTM 1.7) produces a 

monochromatic image, and the non-filtered light follows a different optical path. In order to cover 

a specific spectral range, each monochrome image needs to be acquired and stored in the computer, 

while setting the angle of the BTF rotating stage to the next wavelength. Angle tuning allowed to 

build the HSI cube, which is a three-dimensional spatial map of spectral changes: the first two 

dimensions provide spatial information, and the third dimension is responsible for spectral 
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information. The intensity values of specific pixels in its cube characterize its unique spectral 

fingerprint. 

 

3. Results 

3.1. Stabilization of YAG:Nd3+ by the PAA-b-PAM copolymer 

YAG:Nd3+ nanocrystals (2 mol%, Y2.94Nd0.06Al5O12) were synthesized by a modified-

solvothermal process, involving the application of steady high pressure (200 bar) and high 

temperature (400 °C). The synthesis procedure, reported in the Experimental Section, was adapted 

from [26]. The nanocrystal morphology was studied by transmission electron microscopy (TEM) 

and shown in Figure 1. In addition, a size histogram was plotted by analyzing over 120 

nanocrystals in the TEM images (Figure 1d) leading to an average nanocrystal size of 85 ± 25 nm. 

High-magnification TEM images demonstrated high crystallinity as atomic planes running across 

the whole nanocrystals, up to the edges, are visible (Figures 1b and 1c). Fourier transform analysis 

(inset of Figure 1b) and homogeneous contrast on the TEM images also confirm the high crystal 

quality. The atomic planes observed, (220) and (420), (Figure 1c), confirm the garnet-type crystal 

structure of the synthesized nanocrystals, in agreement with the X-ray diffraction (XRD) pattern 

(Figure S1, ESI). It is essentially the use of high temperature (400 °C) coupled with a pressure of 

up to 200 bar during solvothermal synthesis that has made possible to obtain individual 

nanocrystals of high crystalline quality, as earlier tests carried out at lower synthesis temperatures 

and lower pressure led to poor crystallinity (Figure S2, ESI).[26]  
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Figure 1. (a), (b), (c) TEM images of YAG:Nd3+ nanocrystals at different magnifications. In the 

inset of (b) is shown a Fourier transform of the nanocrystal. (c) Atomic planes (220) and (420) of 

the nanocrystal. (d) Nanocrystal size histogram obtained from the analysis of TEM images. 

 

After synthesis, successive washings and centrifugations, the pristine YAG:Nd3+ nanocrystals 

were easily dispersed in ethanol owing to their capping layer of butanediol molecules, Figure 2a, 

left.[45] However, YAG nanocrystals are not colloidally stable in aqueous solutions with their 

butanediol molecular corona. Therefore, to ensure their colloidal stability after transfer from 

ethanol to water, a stabilization by double hydrophilic block copolymers (DHBC) was performed. 
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Poly(acrylic acid)-b-polyacrylamide DHBC, with block molecular weights of respectively n = 

2000 and m = 20 000 (PAA2k-b-PAM20k), further labelled PAA-b-PAM, were chosen for their 

capacity to complex metal ions and their high solubility in water. The role of the PAA block is to 

anchor on the inorganic nanocrystal, while the longer PAM chain provides colloidal stability in 

water thanks to steric effect.[46,47] 

 

  

Figure 2. (a) Scheme of the stabilization of pristine YAG:Nd3+ nanocrystals with PAA-b-PAM 

copolymer. (b) Photographs of colloidal suspensions of stabilized YAG:Nd3+ nanocrystals in water 

(left) and a loss of colloidal stability of stabilized YAG:Nd3+ nanocrystals in a mixture of water 

and dioxane (1:2, v/v) inducing a strong nanocrystal precipitation at the bottom of the cuvette 

(right). 

 

The stabilization was performed by dispersing pristine YAG:Nd3+ nanocrystals and PAA-b-PAM 

in a water and ethanol solution (1:1, v/v), in an ultra-sonic bath for 4 hours at 45 °C as illustrated 

in Figure 2a. More details regarding the nanocrystal and copolymer concentration are given in the 

Experimental Section. The solution was then centrifuged to remove the supernatant and the 

obtained nanocrystals were then easily redispersed in pure water (pH = 7).  
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The presence of copolymers anchored at the nanocrystal surface is further assessed by different 

techniques, the first one being the addition of dioxane. Figure 2b, left, shows a photograph of a 

cuvette containing YAG:Nd3+ nanocrystals well-dispersed in water after the copolymer treatment 

(c = 0.5 mg/mL). In stark contrast, in a water and dioxane mixture solution (1:2, v/v), the 

nanocrystals precipitate (c = 0.5 mg/mL, Figure 2b, right) and the supernatant becomes clear, as 

dioxane is known to be a bad solvent for the polyacrylamide block.[48] Thus, this direct observation 

indicates that the polyacrylamide chains are present at the surface of the nanocrystals and shrink 

in the presence of dioxane leading to a loss of steric nanocrystal stabilization and therefore, to a 

loss of colloidal stability.  

Fourier-transform infrared (FTIR) characterization was also performed on the as-grown pristine 

YAG:Nd3+ nanocrystals (further labelled YAG:Nd3+), on the copolymer-stabilized YAG:Nd3+ 

nanocrystals (YAG:Nd3+-(PAA-b-PAM)), and on the PAA-b-PAM copolymer itself (Figure 3a). 

The FTIR spectrum of the YAG:Nd3+ nanocrystals (Figure 3a, pink curve) exhibit typical low 

frequency peaks, resulting from the YAG structure, with the peaks at 440 and 565 cm-1 

corresponding to AlO6 octahedra, the peaks at 690 and 790 cm-1 to AlO4 tetrahedra and the peak 

at 725 cm-1 to Y-O bonding.[30,49] In addition, the peak at 1060 cm-1, corresponding to the stretching 

mode of C-O, indicates the presence of alcohol groups at the surface of the YAG nanocrystals, in 

agreement with the capping layer of 1,4-butanediol, which is the solvent involved in the 

solvothermal process.[45] In the spectrum of YAG:Nd3+-(PAA-b-PAM) nanocrystals (Figure 3 a, 

blue curve and Table S1), in addition to the peaks attributed to YAG, peaks corresponding to 

organic groups are visible, such as 1460 cm-1 (-CH2), 1570 cm-1 (COO), 1675 cm-1 (amide), 2930 

cm-1 (-CH2) and 3190 cm-1 peaks (amide) (black lines on Figure 3a),[50,51] confirming the presence 

of the copolymer. Moreover, in comparison with the spectrum of the YAG:Nd3+ nanocrystals, one 
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can notice the presence of peaks attributed to primary alcohol (1060 cm-1 and 3630 cm-1), attesting 

the presence of remaining butanediol chains. 

  

Figure 3. (a) FTIR characterization of the pristine YAG:Nd3+ nanocrystals, of YAG:Nd3+ 

nanocrystals stabilized with the PAA-b-PAM block copolymer and of the pure copolymer. The 

main peak differences are highlighted by the black lines. (b) Temporal evolution of normalized 

integrated emission intensity (1061-1075 nm) of pristine YAG:Nd3+ and stabilized YAG:Nd3+-

(PAA-b-PAM) nanocrystals in water. 

 

Finally, the YAG:Nd3+ and YAG:Nd3+-(PAA-b-PAM) nanocrystals were dispersed in water and 

the fluorescence intensity of these solutions at 1060 nm was measured over time, under a 793 nm 

excitation in the upper part of solutions (Figure 3b). The integrated fluorescence intensity (1061-

1075 nm) of the YAG:Nd3+-(PAA-b-PAM) nanocrystals remain perfectly stable for one hour, 

while that of the YAG:Nd3+ nanocrystals quickly decreases due to their sedimentation, with a 
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reduction of 60 % over 10 min. It proves that the copolymers are indeed anchored at the surface 

of the nanocrystals, giving them a very good colloidal stability in water. 

 

3.2. Optical properties of stabilized YAG:Nd3+ nanocrystals 

The fluorescence of both YAG:Nd3+ and YAG:Nd3+-(PAA-b-PAM) nanocrystal aqueous colloidal 

solutions were recorded over a wide spectral range (850-1500 nm) under 793 nm excitation and 

indicated no difference in terms of spectral shape. The fluorescence spectra are typical of that of 

Nd3+, with emission bands around 900 nm, 1.1 µm and 1.3 µm, corresponding to the 4F3/2 ® 4I9/2, 

4F3/2 ® 4I11/2 and 4F3/2 ® 4I13/2 electronic transitions, respectively (Figure 4a).  

The most intense emission peak is observed at 1066 nm, with a full width at half maximum 

(FHWM) of 5 nm, obtained by a Gaussian fit. This value is larger than the one measured on 

YAG:Nd3+ nanopowder, obtained through heat-treatment (combustion, annealing, etc) (~ 2 

nm).[25,52] However, the observation of a sub-structure is a good indicator of the high crystal quality 

of these nanocrystals as already characterized by XRD and TEM. For reference, in Nd3+-doped 

glasses, where Nd3+ is an amorphous environment, leading to a large inhomogeneous broadening, 

the FWHM is of the order of ~ 25 nm.[53] The narrow emission line at 1066 nm, combined with 

good colloidal properties in water, is thus favorable for in vivo detection in the second biological 

window. 
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Figure 4. (a) Fluorescence spectrum of stabilized YAG:Nd3+-(PAA-b-PAM) nanocrystals in 

aqueous solution. (b) Fluorescence decay at 1060 nm of YAG:Nd3+-(PAA-b-PAM) nanocrystals in 

PBS solution, with the bi-exponential fit, leading to two characteristics decays: τ1 = 42 µs and τ2 

= 168 µs. 

The fluorescence lifetime of the 4F3/2 metastable excited state of Nd3+ in YAG:Nd3+-(PAA-b-PAM) 

nanocrystals measured under 808 nm pulsed excitation (Figure 4b) revealed a bi-exponential 

decay, leading to two characteristic decay times: τ1 = 42 µs and τ2 = 168 µs, in equivalent 

proportions (average lifetime, τ ~ 105 µs – details regarding its calculation are given in SI). The 

bi-exponential decay indicates the presence of two types of Nd3+ ions in YAG:Nd3+-(PAA-b-PAM) 

nanocrystals: one, characterized by a short τ1, most likely corresponds to Nd3+ ions at the surface 

of the nanocrystals, whereas the other, characterized by a much longer τ2, corresponds to Nd3+ ions 

in the core of the nanocrystals. In comparison, the lifetime of this state in bulk YAG:Nd3+ single 

crystals or ceramics is longer ( ~ 250 µs).[54] The shortening of the lifetime in nanocrystals in 

aqueous solution is generally observed and is explained by the presence of the solvent (water) and 
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of the molecules at their surface. [55,56] In the present case, both water and copolymers, in particular 

the PAA block anchored to the nanocrystal, in close vicinity to the Nd3+ situated at the surface, are 

responsible for non-radiative de-excitations due to their large phonon energy (~ 3000 cm-1 as 

assessed by FTIR, Figure 3a). Taking this phenomenon into account, the average lifetime 

measured in these stabilized YAG:Nd3+ nanocrystals is relatively long, with respect to the values 

found in other Nd3+-doped YAG nanocrystals. For example, the reported lifetime of the 4F3/2 state 

in YAG:Nd3+ nanocrystals synthesized by conventional co-precipitation is 75 µs.[57] Despite the 

presence of organic groups at the surface of the nanocrystals (Table S1), the good crystal quality 

of the nanocrystals minimizes the non-radiative de-excitations due to crystal defects and ensures a 

relatively long lifetime. 

Hence, the optical properties of the YAG:Nd3+-(PAA-b-PAM) nanocrystals are very promising for 

in vivo bio-imaging, which is investigated hereafter. Beforehand, these nanocrystals were 

transferred to a cell-compatible medium, such as a phosphate-buffered saline (PBS) solution. To 

ensure the colloidal stability in this environment, dynamic light scattering (DLS) measurements 

were performed on the YAG:Nd3+-(PAA-b-PAM) nanocrystals dispersed in water at 25 °C and in 

PBS at 37 °C (Figure 5). Under these different conditions the nanocrystal size remains similar, 

around 120 nm, while the colloidal stability is perfectly preserved. The slight difference between 

the diameter values obtained in water at 25 °C and in PBS at 37 °C could be explained by the 

interactions between the copolymer and the different ions present in PBS.  
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Figure 5. Normalized intensity autocorrelation functions (IACF) of the YAG:Nd3+-(PAA-b-PAM) 

nanocrystal colloidal solutions in water at 25 °C and in PBS at 37 °C. A fitting of the IACF, 

performed following the well-known method of cumulants,[58 ] allows access the values of the mean 

time-decay τc, which is associated to the hydrodynamic diameter of the nanocrystals and that of 

the polydispersity index (PDI), related to the width of the diameter distribution. Inset: graph 

showing the diameter of the YAG:Nd3+-(PAA-b-PAM) nanocrystals in water at 25 °C and in PBS 

at 37 °C. 

 

3.3. Bio-imaging 

In order to demonstrate the potential of YAG:Nd3+ nanocrystals as fluorescent probes for in vivo 

imaging, 150 µl of a solution of YAG:Nd3+-(PAA-b-PAM) nanocrystals in PBS (1 mg/mL) were 

orally administrated to a CD1 mouse. After administration the mouse was anesthetized and placed 

in a NIR-II hyperspectral imaging setup. Optical excitation was performed with an 808 nm fiber 

coupled laser diode. The spot size at the animal´s location was 10 cm2 and the on-target laser power 
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was varied between 1 and 5 W. In these experiments, 800 nm wavelength radiation was selected 

as it leads to a minimum excitation of autofluorescence and, simultaneously, to a minimum thermal 

loading caused by parasitic tissue absorption.[59,60] Figure 6 summarizes the results obtained from 

the hyperspectral imaging experiments. The hyperspectral imaging set-up enables the acquisition 

of the fluorescence images of the mice at different wavelengths ranging from 900 to 1700 nm. The 

analysis of the hyperspectral cube thereby allows the acquisition of pixel-by-pixel fluorescence 

spectra. Figure 6a includes the autofluorescence spectra as obtained from a control CD1 mouse. 

It is evidenced that the endogenous pigments of both skin and internal organs lead to a broad 

autofluorescence tail ranging from 900 to 1200 nm. The autofluorescence spectrum also accounts 

for a sharp peak at around l1 » 1050 nm that has been recently attributed to the endogenous 

autofluorescence of lipids.[61] For the sake of comparison, Figure 6a also includes the fluorescence 

spectrum as obtained in the same hyperspectral imager from a solution containing only the 

YAG:Nd3+-(PAA-b-PAM) nanocrystals. The three bands originating from the 4F3/2 metastable 

state are observed with the maximum fluorescence intensity generated at l2 » 1070 nm 

corresponding to the peak emission from the 4F3/2 ® 4I11/2 transition. The difference to the above 

measured 1066 nm emission stems from the spectral resolution of the hyperspectral system which 

is 5 nm (so the emission line of YAG:Nd3+-(PAA-b-PAM) nanocrystals from the 4F3/2 ® 4I11/2 is 

detected by our hyperspectral system at 1070 nm). From Figure 6a, it is evident that a large overlap 

between autofluorescence and YAG:Nd3+-(PAA-b-PAM) fluorescence does exist but the fact that 

they present two sharp peaks opens the possibility of selective imaging of YAG:Nd3+-(PAA-b-

PAM) nanocrystals by differential imaging. Figure 6b shows the fluorescence image as obtained 

for a fluorescence emission wavelength l1 » 1050 nm of the mouse after oral administration of 

YAG:Nd3+-(PAA-b-PAM) nanocrystals. A clear fluorescence signal originates from the abdomen 
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and is mainly attributed to the autofluorescence generated by the liver and digestive apparatus. 

Figure 6c shows a fluorescence image of the same mouse as in Figure 6b but obtained for an 

emission wavelength of l2 » 1070 nm. At first glance, both images are virtually identical although 

some additional signal on the left flank of the animal is detected that can be attributed to the 

presence of YAG:Nd3+-(PAA-b-PAM) nanocrystals. Differential imaging consists in the 

subtraction of two fluorescence images obtained at two different but close wavelengths. In 

particular, the fluorescence signal stemming only from YAG:Nd3+-(PAA-b-PAM) nanocrystals 

can be isolated by subtracting the fluorescence image at l1 » 1050 nm (autofluorescence 

background) from the fluorescence image obtained for l2 » 1070 nm. The resulting fluorescence 

image is shown in Figure 6d. The autofluorescence background has been substantially removed 

and it is clear now that the fluorescence signal is only detected at the stomach and upper area of 

intestine. This was, indeed, expected as the YAG:Nd3+-(PAA-b-PAM) nanocrystals were 

administrated orally, but this result is a perfect illustration of the potential of these nanocrystals to 

mostly remove the parasitic background thanks to their narrow emission lines.  
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Figure 6. Differential hyperspectral fluorescence in vivo imaging with stabilized YAG:Nd3+ -

(PAA-b-PAM) nanocrystals. (a) Emission spectra of the whole body autofluorescence as obtained 

from a control CD1 mouse. Emission spectrum generated by a colloidal solution of YAG:Nd3+-

(PAA-b-PAM) nanocrystals in PBS. The two emission wavelengths used in this work for 

differential fluorescence imaging are indicated as λ1 (autofluorescence) and λ2 (emission of 

YAG:Nd3+-(PAA-b-PAM) nanocrystals). (b) In vivo fluorescence image of a CD1 mouse after oral 

administration of YAG:Nd3+-(PAA-b-PAM) nanocrystals as obtained for an emission wavelength 

of l1 » 1050 nm. (c) In vivo fluorescence image of a CD1 mouse after oral administration of 

YAG:Nd3+-(PAA-b-PAM) nanocrystals as obtained for an emission wavelength of l2 » 1070 nm. 

(d) In vivo differential (l2-l1) fluorescence image of the mouse after oral administration of 

YAG:Nd3+-(PAA-b-PAM) nanocrystals. (e) Ex vivo fluorescence spectra generated from different 

organs extracted from a CD1 mouse after oral administration of YAG:Nd3+-(PAA-b-PAM) 
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nanocrystals. (f) Ex vivo fluorescence images of different organs extracted of a CD1 mouse after 

oral administration of YAG:Nd3+-(PAA-b-PAM) nanocrystals as obtained for an emission 

wavelength of l1 » 1050 nm. (g) Ex vivo fluorescence images of different organs extracted of the 

mouse after oral administration of YAG:Nd3+  nanocrystals as obtained for an emission 

wavelength of l2 » 1070 nm. (h) In vivo differential (l2-l1) fluorescence image of the organs 

extracted from the mouse after oral administration of YAG:Nd3+ nanocrystals. In (f), (g) and (h), 

the numbers from 1 to 13 denote 1: intestine [1], 2: intestine [2], 3: stomach, 4: ribs + intercostal 

muscles, 5: lungs, 6: heart, 7: pancreas, 8: kidney, 9 skull, 10 brain, 11: spleen, 12: thymus, and 

13: liver. 

 

After these in vivo images and to go further in this proof of concept, the animal was sacrificed and 

the organs were analyzed. Figure 6e shows the PL spectra obtained for the liver, stomach and the 

entrance of the intestine and the center of the organ. Note that in all cases, the autofluorescence 

tail is dominant. The presence of the emission peak at 1070 nm, indicator of the presence of 

YAG:Nd3+-(PAA-b-PAM) nanocrystals, is only observed in the stomach and, in some extent, in 

the intestine. In order to further confirm the presence of YAG:Nd3+-(PAA-b-PAM) nanocrystals 

in the stomach and intestine, differential fluorescence imaging was also applied to the ex vivo 

fluorescence images of all the organs. Figures 6f and 6g include the fluorescence images of all the 

organs as obtained at 1050 and 1070 nm emission wavelength, respectively. Figure 6h shows the 

differential fluorescence of all the organs where the presence of YAG:Nd3+-(PAA-b-PAM) 

nanocrystals is only observed in the stomach and first sections of the intestine as expected upon 

oral administration. 
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3.4. Nanothermometry 

In addition to the need for nanoprobes for bio-imaging, NIR fluorescence contrast agents with 

integrated optical temperature sensing are in high demand for various biomedical applications. 

Solely Nd3+ doped luminescent nanothermometers have shown proficiency for temperature 

readout through any of the three main Nd3+ NIR transitions.[18,21,62,63,64]. To date, the most 

intensively studied single band Nd3+ nanothermometers typically employ the 4F3/2 ® 4I9/2 emission 

and the fluorescence intensity ratio (FIR) is determined from the intensities of the selected R1, R2 

- Zi,j (where i and j can be equal) transitions between the sublevels of the split electronic 

states.[28,29,65] The emission peaks corresponding to the R1, R2 ® Z5 transitions (Figure 7a) are 

better spectrally separated than others, making them more compliant for ratiometric temperature 

evaluation. 

Here, ratiometric fluorescence nanothermometry measurements of YAG:Nd3+-(PAA-b-PAM) 

nanocrystals were implemented through two emission peaks at around 941 and 949 nm, which 

correspond to emission from the thermally coupled R1 and R2 Stark sublevels of the 4F3/2 state to 

the 4I9/2 state. The normalized emission spectra showed a relative decrease in the intensity of the 

lower energy transition (R1 ® Z5) in the YAG:Nd3+-(PAA-b-PAM) nanocrystals (Figure 7b), 

associated to a change in the population of the R1 and R2 sublevels as the temperature increases, 

which is ruled by the Boltzmann distribution.[66] The FIR of the two emission peaks of the 

YAG:Nd3+-(PAA-b-PAM) nanocrystals was calculated as a ratio of integrated intensities I2 (938.7-

943.7 nm) and I1 (947.1-952.1 nm). FIR increased with increasing ambient temperature in the 20–

45 °C range (Figure 7c) leading to the relative thermal sensitivity (Sr) of 0.20 % °C-1 at 20 °C, 

calculated as Sr=1/LIR*δLIR/δT (Figure 7e). Very similar Sr values (0.19 % °C -1 at 20 °C) were 

calculated for pristine YAG:Nd3+ nanocrystals showing that the copolymer coating does not affect 
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thermal sensitivity of the nanocrystals. The FIR of stabilized YAG:Nd3+-(PAA-b-PAM) 

nanocrystals recorded in 9 heating-cooling temperature cycles show the repeatability of around 

99.7 % (Figure 7d). Further calculations revealed that temperature uncertainty δT of YAG:Nd3+-

(PAA-b-PAM) nanocrystals is ~2.1 °C at 20 °C and ~2.3°C at 35 °C, which is comparable with 

data published on Nd3+ doped single-band nanothermometers with different host materials.[18,21,67] 

These are promising results demonstrating their capability for temperature sensing and further 

evaluation in different tissues, at different pH values, and for different excitation power densities 

will allow to determine whether these nanocrystals could also be employed as reliable in vivo 

nanothermometers.[68] 
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Figure 7. Nanothermometry of stabilized YAG:Nd3+-(PAA-b-PAM) nanocrystals. (a) Energy level 

diagram of Nd3+, showing the electronic transitions of interest for the fluorescence 

nanothermometry measurements. (b) Fluorescence spectra corresponding to R1, R2 ® Z5 

transitions of Nd3+, recorded at 20 °C and 45 °C, upon 793 nm excitation. The shaded segments 

depict integration ranges used for calculations of fluorescence intensity ratios and relative thermal 

sensitivity. (c) Fluorescence intensity ratio over 20-45 °C temperature range. (d) Repeatability of 

FIR over 9 cycles between 20 and 45 °C. (e) Relative thermal sensitivity over 20-45 °C temperature 

range. 

 

Discussion 

Previous works on YAG:Nd3+ featured nanocrystals of irregular, inhomogeneous shape and 

size,[29] making their surface functionalization very difficult. That relevant pitfall greatly hampered 

proper engineering towards improving their eventual biodistribution, or attaching functional 

groups to them for a target-based application. Even a higher limitation of such early attempts was 

the short-lived water dispersibility of such nanocrystals, which limited their scope to ex vivo proof-

of-concept. For all the aspects above, directly linked to the structural properties of any given 

nanocrystal, our YAG:Nd3+ nanocrystals presented in this work possess much better assets (size 

below 100 nm and high crystal quality), as corroborated by the data shown in Figure 1. The 

potential for surface modification of the nanocrystals is solidly proven by the successful 

functionalization (Figure 2 and Table S1) through PAA-b-PAM copolymer grafting that we 

performed on the YAG:Nd3+ nanocrystals - a process described in the previous section. This 
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coating provides them with a high degree of colloidal stability (Figures 3a and 5), an asset of 

paramount importance for a gamut of in vivo application of these nanoprobes.   

One of the expectable advantages, from the optical point of view, of using an oxide-based 

luminescent material (namely a garnet) as a host, is narrower emission lines compared with the 

widely reported fluoride hosts, such as NaYF4, NaGdF4, CaF2, LaF3 etc. Meanwhile, the 

YAG:Nd3+ nanocrystals we reported here feature a much sharper spectral profile than those other 

families of Nd3+-doped nanocrystals. Subsequently, the measured FWHM of the main emission 

peak centered at ~ 1070 nm (NIR-II) of our YAG:Nd3+ nanocrystals is 5 nm, that is a 2-3 fold 

narrower emission band compared to their fluoride competitors.[25,69] Therefore, YAG:Nd3+ 

nanocrystals have profound implications for applications as nanoprobes for NIR-II bioimaging as 

well as NIR-I thermal imaging. As described in the previous section, for the in vivo imaging we 

employed a hyperspectral imager that allows us to record signal from a spectral range as reduced 

as low as 5 nm. This equipment allows for the acquisition of hyperspectral cubes containing whole 

body fluorescence images obtained in the 900-1700 nm spectral range. The characteristic sharp 

emission line of YAG:Nd3+ nanocrystals at ~1070 nm does not overlap with the main 

autofluorescence line at 1050 nm attributed to lipids.[61] This allows for efficient filtering, although 

partial, of the autofluorescence background by applying the differential fluorescence imaging 

procedure. Although this is not a real-time imaging technique, it still allows for fast in vivo 

imaging, featuring time resolutions in the order of seconds, which, for in vivo applications, 

constitutes a time resolution enough to measure most of thermal processes such as tissue relaxation 

dynamics.[70] Depending on the selected wavelength range and filters, this can be optimized to 

imaging times in the range of the integration times necessary for the images (seconds). This direct 

removal of autofluorescence, demonstrated for the first time in this work, has been proven to be of 
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high efficiency in decreasing the autofluorescence background and makes it possible to accurately 

localize in vivo YAG:Nd3+-(PAA-b-PAM) nanocrystals in mice after oral administration. 

Moreover, the relative thermal sensitivity of 0.20 % °C-1 of YAG:Nd3+-(PAA-b-PAM) 

nanocrystals achieved here is higher than previously reported ones (~0.14 % °C-1) that were also 

evaluated through R1, R2 ® Z5 transitions of 4F3/2 ® 4I9/2 single band emission.[28,29] It has been 

widely reported that nanothermometry parameters such as FIR and Sr are strongly dependent on 

the physical and chemical properties of the host. Thus, size, shape, and crystalline phase are just a 

few characteristics of many that can significantly modify the performance of the 

nanothermometer.[71,72,73,74] Furthermore, in our previous publication on nanothermometry of 

Nd3+-doped GSAG (Gd3Sc2Al3O12) nanocrystals, we have shown that higher temperatures during 

solvothermal synthesis result in higher crystallinity of garnet nanocrystals of the same 

composition, and, consequently, higher relative thermal sensitivity.[28] Thus, substantially 

improved Sr values of YAG:Nd3+ nanocrystals reported here suggest higher crystallinity achieved 

possibly due to higher synthesis temperature (400 °C) used compared to the previously reported 

protocol (350 °C). 

Finally, in a prospective manner oriented towards the future, we must point to the versatility of the 

copolymer stabilization process used here for the YAG:Nd3+ nanocrystals after their solvothermal 

synthesis. A strategy could be to replace the PAA-b-PAM DHBC by a copolymer whose water-

soluble neutral block presents a comb-type architecture, such as a poly(acrylate methoxy 

poly(ethyleneoxide)) (PAMPEO).[75] For the same molecular weight as the linear neutral chain, a 

comb-type copolymer is denser and should provide the same stability in water while keeping the 

overall nanocrystal hydrodynamic diameter smaller. It is also important to note that, in view of the 

recent reports on standardization of the requirements of luminescent thermometers for in vivo 
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temperature imaging applications, [68] future works we are planning on our YAG:Nd3+ nanocrystals 

will further elaborate on their reliability as nanothermometers, in particular, to provide some 

additional data such as the quantum yield as measured by absolute methods, and also the necessary 

evaluation of the self-absorption of the YAG:Nd3+ emission lines used for thermal sensing.  

Additionally, our YAG:Nd3+-(PAA-b-PAM) nanocrystals as probes for biomedical imaging can 

and should still be developed further. It must be pointed out that the two emission lines proposed 

for thermal readout show a large overlap with the infrared autofluorescence of tissues. Moreover, 

those lines intensity could be sometimes of a similar level as the autofluorescence background, as 

it is the case of our measurements. In such conditions, in vivo thermal reading by means of 

YAG:Nd3+ nanocrystals would be difficult, requiring a more sophisticated approach than just the 

spectral analysis of fluorescence images. In particular, the autofluorescence background must be 

removed, and for such purpose additional techniques have to be employed. YAG:Nd3+-(PAA-b-

PAM) nanocrystals emission lifetimes are long, i.e. several tens of µs (Figure 4b) - orders of 

magnitude longer than autofluorescence lifetime-, which makes them very attractive candidates 

for time-gated imaging.[76,77] In fact, the potential use of these YAG:Nd3+-(PAA-b-PAM) 

nanocrystals for time-gating would put to work their characteristic narrow emission allowing 

differential imaging together with the drastic removal of residual autofluorescence typical of time-

gating, hence the synergy of both techniques converting such nanocrystals into the ultimate 

autofluorescence-free NIR-II in vivo fluorescent sensors, which would also allow to employ them 

for in vivo nanothermometry. Moreover, the well-demonstrated temperature-dependence of Nd3+ 

emission lifetimes, in different crystalline hosts, offers an attractive additional route for developing 

in vivo nanothermometry - additional to the ratiometric approach shown in this work.  
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Conclusions  

This work presents the spectral characteristics of the YAG:Nd3+ fluorescent nanomaterial, cleverly 

synthesized through a novel solvothermal route and functionalized with a biocompatible block 

copolymer. The emphasis of our findings is not on those spectral assets per se, though. In fact, our 

imaging results undoubtedly demonstrate how the intrinsically narrow emission lines of 

YAG:Nd3+ nanocrystals are key to bringing forward differential imaging, reported for the first time 

in vivo. Such an innovative approach to autofluorescence removal enables us to get rid of the 

useless optical background by means of a relatively fast and straightforward subtraction between 

two images, each of them taken at close spectral range. Though much has been reported about 

fluoride-based Ln3+-doped nanocrystals, the need for narrower emission lines in order to achieve 

an almost complete removal of fluorescence indicated the convenience to turn attention towards 

oxide hosts. Based on the results of this publication, future works dealing with YAG:Nd3+ 

nanocrystals will target the careful tailoring of doping concentration, also trying more diverse 

surface functionalization of the nanocrystals, in order to expand the portfolio of available 

applications: i.e. certain specific organs or systems to image in animal models, and tackling 

molecular imaging as well. 

The impact of the results reported are not only restricted to in vivo imaging. The nanothermometry 

performance also discussed here constitutes a real opportunity to factor together such measures as 

thermal sensitivity in the NIR-I together with the advantages for bioimaging mentioned above. 

Future steps for these solvothermally synthesized nanocrystals to feasibly increase their potential 

as preclinical agents should be a two-pronged approach. One way, a further optimization of the 

brightness of the YAG:Nd3+ nanocrystals emission should be carried out, a goal that, for instance, 

can be implemented by way of YAG:Nd3+/YAG core-shell architecture.[78] On the other hand, it 
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would be desirable to extend the nanothermometry range of these new YAG:Nd3+ nanocrystals 

beyond 1000 nm, (i.e. NIR-II nanothermometry). That foreseeable synergy between 

autofluorescence free imaging and temperature sensing, both within NIR-II range, suggests 

profound future of the YAG:Nd3+ multifunctional nanoplatform. 
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BRIEFS  

Stabilization of well-crystallized YAG:Nd3+ nanocrystals by a double hydrophilic block 

copolymer allows for the achievement of stable aqueous colloidal solutions used for 

autofluorescence-free in vivo readout.  
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