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Abstract 

Hyperspectral microscopy is an intriguing technique combining spectroscopy with optical microscopy 

that can be used to simultaneously obtain spectral and spatial information. The relevance of 

hyperspectral imaging in biomedical applications such as the monitoring of bioimaging agents, the 

identification of pathogens and cancerous cells, and the cellular uptake of nanoparticles has emerged 

recently, due to recent advances in optical reconstruction. The location and tracking of particles 

within the cell structure have been analyzed by 2D hyperspectral imaging of non-fluorescence 

objects, being examples of 3D localization uncommon. Here, we report the synthesis of Yb3+/Er3+-

codoped Gd2O3 nanoparticles, their structural and luminescence characterization, and their 

biocompatibility assessments in Human melanoma (MNT-1 and A375) cell lines. The internalization of 

the particles by MNT-1 cells and their 3D localization in a fixed configuration are addressed through 

2D optical images acquired in different planes along with the cell culture depth. 2D hyperspectral 

imaging is used to unequivocally identify the nuclei and the nanoparticles. The results indicate that 

the particles are distributed in distinct planes deep in the cell volume in the cytoplasmic and 

perinuclear regions. Furthermore, the emission signature of the nanoparticles enabled the 

determination of the intracellular temperature. 
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1. Introduction 

Hyperspectral microscopy is a well-known technique combining imaging and spectroscopy [1, 2]. The 

technique generates a three-dimensional (3D) dataset of spatial and spectral information, known as 

hypercube, by collecting spectral information at each pixel of a two-dimensional (2D) detector array 

[3, 4]. Originated from remote sensing [1], hyperspectral imaging has been found, however, 

applications in other areas, such as food quality control [5, 6], safety [6], and materials science [7]. 

Due to recent advances in optical re-construction, hyperspectral images combined with optical 

microscopy emerged in recent years as a promising and powerful optical technology for biomedical 

applications [3, 8], namely for spatial-scanning analysis of single-cell and complex biological systems 

[9-11]. For instance, spatially resolved spectral imaging provided diagnostic information about tissue 

physiology, morphology, composition [3], and metabolic activity [8, 12]. Moreover, as the method is 

sensitive to subtle spectral changes it can be used to discriminate chemical or biological entities,[11] 

to localize and track nanoparticles in cells [7, 10, 13-21], or to identify pathogens and cancer cells [3, 

22-25]. 

In the great majority of the examples reported so far, the cellular uptake of nanoparticles, and their 

location and tracking within the cell structure, was studied through 2D hyperspectral images of non-

fluorescence objects. Exceptions concerning 3D imaging are the mappings of Ag and CeO2 

nanoparticles internalized in cells of the green alga [26], CD44-targeted PEGylated Au nanoparticles 

in fixed cell preparations [27], Ag and Au nanoparticles labeling live-cell organelles [28], and the 

transmembrane process of cell-penetrating peptide modified Au nanoparticles[29]. There are no 

reports of 3D imaging of luminescent nanoparticles; as far as we know, there are only examples of 

detection of fluorescent dyes at depth in tissue-mimicking phantoms [30]. 

Here we report the synthesis of Yb3+/Er3+-codoped Gd2O3 nanoparticles (as an illustrative example), 

their structural characterization, photoluminescence features, and their cytotoxicity assessments in 

Human melanoma MNT-1 and A375 cell lines. To discuss the internalization of the particles by MNT-1 

cells and their 3D localization, 2D optical images are acquired in different planes along with the cell 

culture depth. Hyperspectral images of the same areas permit the unequivocal identification of the 

nuclei of the cells and nanoparticles. The incubated Yb3+/Er3+-codoped Gd2O3 nanoparticles particles 

are distributed in the cytoplasmic and perinuclear regions of the fixed MNT-1 cells in distinct planes 

deep in the cell volume. Moreover, as an added benefit, the emission fingerprint of the internalized 

nanoparticles enables the determination of the MNT-1 intracellular temperature. 

 

2. Experimental 

2.1. Synthesis 

(Gd,Yb,Er)2O3 nanoparticles: Spherical (Gd,Yb,Er)2O3 nanoparticles were synthesized following a 

procedure [17] modified from a previously established methodology [31]. In a typical procedure, 

aqueous solutions of Gd(NO3)3 (2.94 mL, 0.4 M), Yb(NO3)3 (0.030 mL, 0.4 M), and Er(NO3)3 (0.120 mL, 

0.1 M) were mixed in distilled water (200 mL). Urea (2.7 g) and hexadecyltrimethylammonium 

bromide (CTAB) (0.6 g) were dissolved in this solution under ultrasonication and magnetic stirring. 

The mixture was heated up at 358 K and the reaction was refluxed for 3 h. The final product was 

washed with distilled water and ethanol several times, collected via centrifugation (600 rpm, 25 min), 



and dried at 348 K for 24 h. To obtain crystalline (Gd0.97Yb0.02Er0.01)2O3 nanoparticles (where the 

concentrations are the nominal molar concentrations) the dried powder was calcined at 1073 K for 3 

h. 

 

2.2. Methods 

Powder X-ray diffraction: Diffraction patterns were collected on a powder X-ray diffractometer 

(PANalytical Empyrean) using Cu-Kα1 radiation (0.1540 nm, 45 kV, 40 mA) in the reflection spinning 

scan mode in the range 15.00 – 50.00° (2θ) with a 0.04 degrees step and 1.8 s acquisition time per 

step. 

Electronic microscopy: The morphology of the samples was analyzed on a Hitachi H9000 transmission 

electron microscope (TEM) operated at 200 kV. 

Photoluminescence: The upconversion emission spectra were recorded at room temperature on a 

Fluorolog®-3 Horiba Scientific (Model FL3-2T) spectroscopy, with a TRIAX 320 single-emission 

monochromator (fitted with a 1200 grooves mm−1 grating blazed at 500 nm, reciprocal linear density 

of 2.6 nm mm−1), coupled to an R928 Hamamatsu photomultiplier, using the lateral face acquisition 

mode. The excitation source was a 980 nm continuous wave laser diode (Thorlabs LDM21 mount, 

LDC220 laser diode controller, and TED200 temperature controller) focused using a C230TM-B 

aspheric lens (Thorlabs). The emission spectra were corrected for the detection and optical spectral 

response of the spectrofluorometer using a photodiode reference. The laser power on the sample 

was measured using a FieldMaxII-TOP Laser Power and Energy Meter (Coherent Inc.) coupled with a 

neutral density filter (NE10B-B, Thorlabs) to avoid saturation of the power meter at high laser power. 

The average diameter of the spot area on the sample is 406 µm. 

Cell lines and culture conditions. Human melanoma MNT-1 cells were kindly provided by Manuela 

Gaspar (iMed.ULisboa, Portugal). A375 cell line was purchased from the European Collection of 

Authenticated Cell Cultures (ECACC) and supplied by Sigma-Aldrich (Spain). MNT-1 and A375 cells 

were aseptically grown in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% 

FBS, 2 mM l-glutamine, 100 U/mL penicillin–100 μgmL−1 streptomycin, and 2.5 μgmL−1 fungizone in 

a humidified incubator at 310 K and 5% CO2. 

Viability assessment. The effect of the nanoparticles on cell viability was determined by the 

colorimetric MTT assay, which measures the formation of purple formazan in viable cells [32]. MNT-1 

and A375 cells were seeded in 96 wells plates with four technical replicates in each assay of 24 h and 

48 h. MNT-1 were seeded at 3500 and 2000 cells per well for 24 and 48 h exposure, respectively, 

while A375 were seeded at 3500 and 2500 cells per well for 24 and 48 h exposure, respectively. After 

adhesion, cells were incubated for 24 and 48 h with (Gd0.97Yb0.02Er0.01)2O3 nanoparticles at 0, 12.5, 25, 

50, 100, and 200 µg·mL−1. Control cells were incubated with a culture medium. At the end of the 

incubation time, the wells were emptied, washed with the phosphate-buffered saline (PBS) solution 

to remove the remaining particles, and a fresh medium (100 µL) was placed in each well. After that, 

50 μL of MTT (1 mg. mL−1 in PBS) was added to each well and incubated for 4 h at 310 K in a 5% CO2 

humidified atmosphere. Thereafter, the culture medium with MTT was removed and replaced by 150 

μL of DMSO to dissolve the formazan crystals. The absorbance was measured with a plate reader 



(Synergy HT Multi-Mode, BioTeK, Winooski, VT) at 570 nm with blank corrections. The cell viability 

(V) was calculated, with respect to the control cells, using: 

 

𝑉 (%) =
𝐴𝑠 − 𝐴𝐷𝑀𝑆𝑂

𝐴𝑐 − 𝐴𝐷𝑀𝑆𝑂
× 100%,  ( 1 ) 

 

where 𝐴𝑠, 𝐴𝐷𝑀𝑆𝑂 and 𝐴𝑐 stand for the absorbance values of the sample, DMSO, and control, 

respectively. 

Microscopy sample preparation. MNT-1 cells were grown on glass coverslips and cultured in the 

presence of the (Gd0.97Yb0.02Er0.01)2O3 nanoparticles at 25 and 100 µg·mL−1 dispersed in culture 

medium, for 24 h. After that, cells were fixed with 4% paraformaldehyde in PBS for 10 min. Following 

washes with PBS and deionized water, coverslips were mounted onto glass slides with 4’,6-

diamidino-2-phenylindole (DAPI)-containing Vectashield mounting medium (Vector Labs). 

Optical Microscopy. The optical microscopy images were recorded using an Olympus BX51 

microscope (50 and 100 objectives), equipped with a color (Retiga 4000R, QImaging) and a 

monochrome (01-QI825-M-16-C, QImaging) digital CCD cameras. The bright-field images (in 

transmission and reflection modes) were acquired under white light (DC regulated illuminator, DC-

950, Fiber-Lite), UV (LED light, LLS-365, Ocean Optics, emission at 365 ± 25 nm), or NIR (CW 980 nm 

laser diode, PSU-H-LED, CNI Lasers) irradiations. A scheme of the setup is presented in Figure 1a. The 

laser power density (0.25 ± 0.02 W.cm−2) is homogeneous in the analyzed area, as previously 

reported [33] (Figure S1 in Supporting Information). 

Hyperspectral Microscopy: The hyperspectral microscope images were performed with a digital 

camera (IPX-2M30, Imperx) coupled to a spectrograph (V10E 2/3″, Specim, 30 μm slit, nominal 

spectral range of 400–1000 nm, and nominal spectral resolution of 2.73 nm). Each pixel field-of-view 

of the hyperspectral images recording with the 100 objective corresponds to 129×129 nm2, on the 

plane of the samples. The hyperspectral scanning is performed line-by-line, with a total of 696 lines 

using an exposure time of 3.0 s per line. All the hyperspectral data were acquired and analyzed using 

the ENVI 4.8 software. 

3D imaging system. The 3D images were created using the custom CytoViva Acquisition Software by 

acquiring 320 optical microscopy images (2D optical sections), with the monochrome digital CCD 

camera, at different surface depths using an automatic piezo-driven z-axis stage (Nano-Z Series, Mad 

City Labs) and a distance between optical sections (∆z) of 200 nm (Figure 1b,c). For the nuclei of the 

cells, the 2D optical sections were recorded in bright field reflection mode under UV irradiation. The 

images were obtained by deconvolution assuming that the optical path through the instrument is 

optically perfect, and convoluted with a point spread function (PSF), i.e., a mathematical function 

describing the distortion of the optical path by a point source of light through the instrument. The 

used PSF is based on the numerical aperture and index of refraction of the objective, the index of 

refraction of the media, and the DAPI emission wavelength. For the nanoparticles, the 2D optical 

sections were recorded in dark-field transmission mode using the CytoViva enhanced dark-field 

illumination system (CytoViva, Auburn, AL, USA), under red light illumination. The irradiation band 

(552-592 nm, peak at 580 nm) was achieved by filtering the white light from the illuminator (Lumen 

200, Prior) by a dual-mode fluorescence module. The location of the nanoparticles uses their 



scattering intensity since the regions where the nanoparticles are located are those presenting 

higher scattering intensity (Figure S3). The positions of the particles are detected searching along 

each column of pixels - that result from the stacking of the images acquired along the z dimension - 

the localization of the object with the highest scattering intensity. The pixel with the highest intensity 

is considered as the location of the center of the nanoparticle and is represented in the 3D image by 

a sphere. Only the pixels with intensity above a certain threshold were considered to eliminate the 

contribution of the background signal. 

Statistical analysis of cellular viability. The statistical significance of disparities between control and 

exposed cells was evaluated by one-way ANOVA, followed by Dunnett’s test using the Sigma Plot 

12.5 software (Systat Software Inc.). A value of p<0.05 was considered statistically significant. 

3. Results and Discussion 

3.1. Structural characterization 

Figure 2a,b shows TEM micrographs of the calcined (Gd0.97Yb0.02Er0.01)2O3 nanoparticles displaying 

uniform spherical morphology with a particle size of 60 ± 4 nm and a typical rougher surface. The 

nanoparticles present a diffraction pattern compatible with that of the undoped Gd2O3 cubic phase 

reference (Figure 2c). Moreover, in Figure 2b the distance between adjacent lattice fringes, 0.312 ± 

0.002 nm, matches the respective d222 value (0.31 nm) of the cubic Gd2O3 structure (JCPDS No. 04-

003-4699). The uncertainty of the lattice fringes was obtained using the standard deviation from the 

lattice fringes distance distribution. 

The (Gd0.97Yb0.02Er0.01)2O3 nanoparticles are moderately dispersible in water presenting a zeta-

potential of 10 ± 4 mV and a hydrodynamic size distribution cantered at 156 ± 52 nm (Figure S2 in 

Supporting Information).  

When NPs are delivered into cell culture media, their colloidal and chemical properties can be  

altered due to the presence of proteins and the high ion content. Several reports (e.g., J. Mater. 

Chem., 2010,20, 6176-6181; J. Mater. Chem., 2010,20, 512-518; Materials 2021, 14, 1657) have 

demonstrated that serum proteins at a typical concentration of 10% can improve the colloidal 

stability due to extra electrosteric repulsion provided by proteins adsorbed on the particle surface. 

Therefore, we expect that serum proteins present in culture medium may have increased the 

stability of (Gd0.97Yb0.02Er0.01)2O3 nanoparticles resulting in the formation of smaller agglomerates. 

 

 

3.2. Upconversion emission 

The emission spectra of the (Gd0.97Yb0.02Er0.01)2O3 nanoparticles display the characteristic 2H11/2→4I15/2 

and 4S3/2→4I15/2 transitions (in the green spectral region, Figure 3a, and the 4F9/2→4I15/2 line (in the red 

spectral region, not shown). The dependence of the emission spectra with the laser power density 

(PD) shows a relative decrease of the 4S3/2→4I15/2 transition as PD increases, a clear sign of 

temperature augmentation induced by the 980 nm laser irradiation [34, 35]. This is evident in Figure 

3b that displays the PD dependence of the ratio between the integrated intensities of the 



2H11/2→4I15/2 (IH) and 4S3/2→4I15/2 (IS) transitions, define as the so-called thermometric parameter  = 

IH/IS. 

 

3.3. Cell viability 

Figure 4 shows the in vitro cell viability of MNT-1 and A375 melanoma cells treated with 

(Gd0.97Yb0.02Er0.01)2O3 nanoparticles for 24 and 48 h. The nanoparticles decreased the viability of MNT-

1 cells only at the concentration of 200 µg·mL−1. For exposure periods of 24 and 48 h the cell viability 

above the 70% threshold (according to the norm ISO 10993-5:20099(en) [43]) is similar, 82.4±1.2 % 

and 86.6±11.2 %, respectively. Regarding the effects on A375 cells, the nanoparticles did not affect 

the cell viability at 24 h but induced a decrease in cell viability for the highest concentrations 

(87.7±## % for 100 µg·mL−1 and 82.5±## %% for 200 µg·mL−1) after 48 h. Nevertheless, the viability of 

both cell lines is above the 70% threshold [43] and the (Gd0.97Yb0.02Er0.01)2O3 nanoparticles can be 

considered non-cytotoxic, at the range of tested concentrations. These results concur with our 

previous study with the exposure of (Gd0.98Nd0.02)2O3 nanoparticles to MNT-1 cells, which did not 

induce toxicity by 24 h exposure for concentrations up to 400 µg·mL−1 [44]. 

 

3.4. Hyperspectral microscopy and 3D localization 

Figure 5a displays a bright-field optical image of DAPI-marked MNT-1 cells exposed to 

(Gd0.97Yb0.02Er0.01)2O3 nanoparticles in a fixed cell preparation. Nanoparticles clusters of different sizes 

and degrees of aggregation are visible as dark spots and the nuclei delimitations were detected 

under UV light illumination by the DAPI staining (fluorescence in the blue spectral range, peaking at 

460 nm), Figure 5b, showing overlaid cells due to the density used during the culturing process. 

The blue rectangle shown in Figure 5 is magnified in Figure 6a corresponding to the selected area to 

study the internalization and localization of the Yb3+/Er3+-codoped Gd3O2 nanoparticles combining 2D 

optical and hyperspectral images. Under 980 nm irradiation, the optical images of the DAPI-marked 

MNT-1 cells treated with (Gd0.97Yb0.02Er0.01)2O3 nanoparticles reveal bright spots with distinct 

intensities displaying red (clusters II and IV) and yellow (clusters I and III) colors, Figure 6b. As the 

biological medium has very low absorption at 980 nm, cell autofluorescence is negligible improving, 

thus, the detection of the upconverting emission. The emission spectra recorded in the hyperspectral 

image of Figure 6c, (that corresponds to the same region depicted in Figure 6a,b), display the 
2H11/2→4I15/2 and 4S3/2→4I15/2 transitions, Figure 6d, demonstrating unequivocally that the bright spots 

correspond to (Gd0.97Yb0.02Er0.01)2O3 clustering. 

The emission spectra shown in Figure 6d also point out that the distinct colors of the bright spots in 

Figure 6b are due to distinct intensity ratios between the emissions in the green 

(2H11/2→4I15/2/4S3/2→4I15/2) and red (4F9/2→4I15/2) spectral regions. The spatial variation of the red-to-

green (R/G) intensity ratio has already been reported for confocal [45] and hyperspectral [7] 

microscopy imaging of single Yb3+/Er3+-codoped LiYF4 microparticles. In the first example, the R/G 

intensity ratio varies twofold depending on if the collected emission arises from the apex, an arris, or 

a face of the single microcrystals [45], while in the other work the variation (also twofold) is linked to 



the spatial microparticle orientation (difference in the probed emission direction relative to the optic 

axes of the particles) [7]. Furthermore, the R/G intensity ratio is also dependent on the collection 

area in the hyperspectral images, as shown in Figure S4 in Supporting Information for region IV. This 

was also reported for β-NaYF4:Yb3+/Er3+ nanoparticles dispersed in polydimethylsiloxane-based 

organic-inorganic hybrids [46] and Yb3+/Er3+-codoped GeO2-Ta2O5 particles dispersed in poly(methyl 

methacrylate) [33]. 

Heterogeneous Yb3+/Er3+ dopant distribution, a difference in the crystal field strength experienced by 

dopant ions occupying different crystallographic sites within the lattice of the particle, uneven 

surface-ligand coverage[7], and distinct surface/volume ratios of the particles (or corresponding 

clusters) [33, 46], have been all suggested as tentative explanations for the observed R/G intensity 

ratio variation. Although for the uniaxially birefringent crystalline LiYF4 host, single-particle polarized 

emission spectroscopy confirmed that the spatial emission intensity variation exhibited during 

hyperspectral imaging is due to direction-dependent polarized emission [7], for other examples (as 

the one reported here) a comprehensive explanation is still needed. 

In what follows, we use the 3D location of the nanoparticles in Figure 6c to explain their different 

brightness. The creation of the 3D image with the representation of the location of nanoparticles 

requires the ability to collect a signature signal [10]. Here, we used the scattering of the 

(Gd0.97Yb0.02Er0.01)2O3 nanoparticles as the signature signal because is a well-established method for 

the detection and location of nanoparticles, especially when using the CytoViva enhanced dark-field 

illumination system [10, 20, 26, 47], as it is the case here. Moreover, although the upconversion 

emission signal can also be used as an alternative signature signal, as, for example, reported in 

reference [7], the hyperspectral images of Figure S3 in Supporting Information show that the pixels 

where the emission of the nanoparticles is detected correspond exactly to those pixels where the 

scattering intensity is higher. 

Figure 6e shows a 3D image with the colocalization of the nuclei of the cells and nanoparticles. The 

image was created by overlay one 3D image of the cell nuclei and one 3D image representing the 

localization of the nanoparticles. Each 3D image was obtained by processing sets of optical 

microscopy images obtained along the spatial dimension z. The image of the nuclei of the cells was 

obtained from the deconvoluted images recorded under UV irradiation. Deconvolution is the process 

of reversing the optical distortion that takes place in an optical microscope to create clear images 

[48]. The image with the representation of the position of the nanoparticles was obtained by 

analyzing the scattering signal observed in the optical images in dark field mode. 3D images show 

clearly that the (Gd0.97Yb0.02Er0.01)2O3 nanoparticles are distributed in a distinct plane deep in the cell 

volume in the cytoplasmic and perinuclear regions. This result undoubtedly proves the cell 

internalization of the nanoparticles. The fact that the clusters of the nanoparticles are in different 

planes along the z-axis (Figure 6e) explains the differences in the brightness of the distinct clusters 

observed in Figure 6b. It is the case of clusters II and III that are located in a plane closer to the top 

surface of the cell culture, at z9 m, their emissions are brighter than that of cluster IV that 

corresponds to particles located much deeper within the analyzed cell culture volume at z‒8 m. 

The fact that the clusters are positioned at distinct z coordinates means that when we obtain a single 

2D optical image, like the one in Figure 6b, we are getting emission signals from clusters of 

nanoparticles located at distinct z coordinates and, thus, at distinct distances from the focal plane of 

the objective. Clusters of nanoparticles located at a larger distance of the focal plane of the objective 



will appear in the 2D optical image with less intensity (i.e., less brightness). The size and the shape of 

the clusters also impact their brightness on the 2D optical images. For example, if two clusters are 

situated at the same z plane but with distinct sizes, the larger one presents higher intensity (since it 

has more nanoparticles at/near the focal plane). The collection of several 2D images along with the z-

axis, i.e. by moving the phocal plane of the objective along the z-axis, allows the creation of a 3D 

image that can give information not only about the spatial position of the clusters along with the z-

axis but also about the shape and size of the clusters, as shown in Figure 6e. 

Finally, using the concept of primary thermometers applied to the thermally-coupled 2H11/2 and 4S3/2 

Er3+ electronic levels, introduced by some of us in 2017, we can write the absolute temperature (T) as 

[49]: 

 

1

𝑇
=

1

𝑇0
−

𝑘𝐵

Δ𝐸
ln (

Δ

Δ0
) ,  ( 2 ) 

 

where T0 is the room temperature, E is the energetic separation between the barycenters of the 
2H11/2 and 4S3/2 levels, kB is the Boltzmann constant, and 0 is the value of  at T0. This innovative 

concept to predict the temperature does not require a conventional calibration procedure and is 

used in what follows to determine the temperature of the culture medium imaged in Figure 5 and 

Figure 6. Considering 0 = 0.28 ± 0.01 (Figure 3b), E = 762 cm−1 [17], T0 = 298 ± 1 K (the temperature 

in the microscope room), and the   values calculated from the emission spectra recorded by the 

hyperspectral system in regions I (0.28 ± 0.01) and II (0.28 ± 0.02), Figure 6a-c, the absolute 

temperature calculated from Eq. 2 is 298 ± 1 and 298 ± 2 K, for regions I and II, respectively. Whereas 

the uncertainty in the  values are calculated accordingly to Eq. S3 in Supporting Information, error 

propagation in Eq. 2 yields the temperature uncertainty. 

As expected, these values match the registered room temperature since the cells under observation 

are in a fixed configuration. Moreover, the agreement between the temperature values calculated 

for the two regions confirms that despite their distinct R/G intensity ratios there are no temperature 

gradients within the cell culture, as it is obviously expected for fixed cells [50, 51]. 

 

4. Conclusion 

(Gd0.97Yb0.02Er0.01)2O3 nanoparticles were prepared with uniform spherical morphology, displaying an 

average size of 60 ± 4 nm, a typical rougher surface, and moderately dispersibility in water. Their 

emission spectra under 980 nm excitation present the characteristic 2H11/2→4I15/2, 4S3/2→4I15/2, and 
4F9/2→4I15/2 Er3+ transitions whose intensity depends on the laser power density and temperature. In 

particular, the dependence of the ratio between the integrated intensities of the former two lines on 

the temperature, the so-called thermometric parameter  = IH/IS. 

The (Gd0.97Yb0.02Er0.01)2O3 nanoparticles showed no cytotoxicity (at the range of concentrations 

tested) to the melanoma MNT-1 and A375 cell lines and were successfully internalized by the former 

cells. The 3D sub-cellular localization of the nanoparticles in MNT-1 cells in a fixed configuration was 



achieved processing sets of optical microscopy images obtained along with the spatial dimension z. 

The corresponding 2D hyperspectral images are used to unequivocally identify the nuclei and the 

nanoparticles. The results pinpoint the upconverting nanoparticles relatively to the nuclei of the cells 

distributed in distinct planes deep in the cell volume in the cytoplasmic and perinuclear regions. As a 

proof-of-concept experiment, the intracellular temperature was calculated using the emission 

spectra recorded at fixed cells, recovering a temperature value that is compatible with the room 

temperature. As far as we know, this is the first time that this strategy is applied to luminescent 

nanoparticles and can be used in real-time providing new avenues in the spatio-temporal 

characterization and detection of bio-analytes. 
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Figures 

 

 

Figure 1. (a) Scheme of the used hyperspectral microscope. (b) Single optical section of the cell 
culture, recorded by the digital cameras and the corresponding hyperspectral image comprising one 
emission or scattering spectrum per pixel. (c) Construction of the 3D image by the composition of the 

optical sections acquired in distinct z planes, separated by z. 

  



 

 

Figure 2. Representative TEM images of (Gd0.97Yb0.02Er0.01)2O3 at (a) low and (b) high 
magnification. In (b) the interplanar spacing between adjacent (222) planes of cubic 
Gd2O3 is depicted. (c) Powder XRD patterns of the nanoparticles showing reflections 
of the reference cubic Gd2O3 (PDF-4+ code: 04-003-4699). (d) Size distribution 
calculated from the TEM images using 100 representative nanoparticles. The solid line 
is the best fit to the experimental data using a log-normal distribution (r2 > 0.95).  



 

 

Figure 3. (a) Upconversion emission spectra of powdered (Gd0.97Yb0.02Er0.01)2O3 at 
room temperature under distinct 980 nm excitation power densities. (b) Dependence 
of the thermometric parameter with the laser power density. 
  



 

 

Figure 4. Cell viability of (a) MNT-1 and (b) A375 cell lines exposed to 
(Gd0.97Yb0.02Er0.01)2O3 nanoparticles for 24 and 48 h. Results are expressed as mean 

± SD (standard deviation); the symbols * and  indicate a significant difference (p<0.05) 
between control, respectively at 24 and 48 h exposures. 
  



 

 
Figure 5. Bright-field optical images of DAPI-marked MNT-1 cells incubated with (Gd0.97Yb0.02Er0.01)2O3 
nanoparticles in a fixed configuration acquired with the monochrome camera under (a) white-light 
illumination (transmission mode) and (b) UV irradiation (365 nm, reflection mode). The dashed lines 
delimitate the cell nucleus and the arrows mark nanoparticle clusters of different dimensions, visible 
as dark spots. The blue rectangle indicates the region analyzed in Figure 6. 

  



 

Figure 6. Bright-field 2D optical images of the region delimited by the blue rectangle in 
Figure 5 recorded at the 𝒛 = 𝟎 plane under (a) white-light illumination (transmission 
mode, monochrome camera) and (b) 980 nm irradiation (reflection mode, color 
camera). (c) Hyperspectral image of the same region shown in (a) and (b). The color 
scale is based on the emission intensity at 662 nm (d) Emission spectra recorded in 

the selected regions (1010 pixels2) of the hyperspectral image shown in (c). (e) False-
color 3D images showing the localization of the MNT-1 cancer cells nuclei (in blue) and 
(Gd0.97Yb0.02Er0.01)2O3 clusters in regions II, III, and IV (in red) within the cell culture 
volume. 


