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1. Additional Experimental Details 
 

Ligand-free Ln-NPs (Ln-NPs-LF). Ln-NPs-LF were obtained through acidic treatment of the OA-capped Ln-

NPs following a previously established protocol.1 In brief, approximately 150 mg of OA-capped Ln-NPs were 

dispersed in 15 mL of hexane and transferred to a 125 mL Erlenmeyer flask. To this suspension, 15 mL of 

an aqueous solution of HCl (pH = 1.5) was added, resulting in a 1:1 (v:v) ratio between the organic and 

aqueous phase and a 5 mg/mL NP concentration. The mixture was vigorously stirred at room temperature 

overnight. Subsequently, the bi-phasic system (acidic aqueous phase and organic hexane phase) was 

separated using a separation funnel. The organic phase was discarded, while the aqueous phase was 

transferred to a centrifuge tube, diluted with a 1:3 ratio of a water-to-acetone mixture, and centrifuged at 

9000 rpm for 20 min. This washing procedure was repeated twice after which the Ln-NPs-LF were stored 

in 5 mL of water for posterior characterizations. The Ln-NPs-LF were used as starting material for the 

synthesis of Gum Arabic-capped Ln-NPs (Ln-NPs-GA) and as one of the control samples for comparison 

with Ln-NPs-GA.   

Polyacrylic acid-capped Ln-NPs (Ln-NPs-PAA). Ln-NPs capped with polyacrylic acid (PAA) as control sample 

were obtained via a ligand exchange procedure, starting from as-synthesized Ln-NPs-OA.2 Briefly, 100 mg 

of OA-capped Ln-NPs were dispersed in 5 mL of chloroform, CHCl3, in a 25 mL round bottom flask and 

mixed with 120 mg of PAA previously dissolved in 10 mL of ethanol. The mixture was left under vigorous 

magnetic stirring at 35 °C for 48 h. Subsequently, the Ln-NPs-PAA were precipitated by the addition of 

acetone (8:1 ratio of acetone-to-Ln-NP suspension), followed by centrifugation at RCF = 8346 g for 10 min. 

The recovered pellet was dispersed in water and washed with acetone twice (5:1 ratio of acetone-to-

water). The final Ln-NPs-PAA were dispersed in 5 mL of water for further use.  
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2. Additional Structural Analysis by TEM, XRD, FT-IR, and TGA 
 

 
Figure S1. (A) Transmission electron microscopy (TEM) image of the oleate-capped core NaGdF4:Er3+/Yb3+ nanoparticles. Their 
size distribution and average size ± standard deviation is given in the inset. (B) XRD pattern of hexagonal (β-phase) core/shell 
Ln-NPs-OA. Reference pattern: β-NaGdF4 (PDF card no. 01-080- 8787).  

 

 

Figure S2. FT-IR spectra of Ln-NPs-GA (green line), Ln-NPs-LF (purple line), Ln-NPs-OA (grey line), and Ln-NPs-PAA (pink line) as 
well as pure PAA (rose line) and GA (dark green line) as references. 

 
FT-IR spectroscopy (Figure S2) of oleate-capped Ln-NPs (Ln-NPs-OA) unveiled two peaks at 1523 and 1436 cm-1 that 
are associated with the asymmetric and symmetric stretching vibrations of the carboxylic group (-COO-), 
respectively.3 In addition, two peaks at 2829 and 2902 cm-1 were assigned to the asymmetric and symmetric 
stretching vibrations, respectively, of methylene groups, which exists in the long alkyl chain of the oleic acid 
molecule. The disappearance of these characteristic peaks confirmed the removal of the oleate ligand from the Ln-
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NPs in Ln-NPs-LF. Upon capping with GA (Ln-NPs-GA), a band at ca. 1000 cm-1 arose, which can be ascribed to OH– 
(hydroxyl) groups, while a characteristic band for -COOH (carboxylic acid) was observed at 1600 cm1.4 These 
features are in good agreement with those observed in the FT-IR spectrum recorded on pure GA, providing strong 
evidence for the presence of GA on the surface of the Ln-NPs. Likewise, FT-IR spectra recorded on PAA and Ln-NPs-
PAA showed characteristic peaks for CH2 (methylene) groups at around 2800 cm-1, COO (carboxylate) groups at 
around 1800 cm-1, and CO (carbonyl) groups at around 1400 cm-1,5 confirming the presence of PAA at the Ln-NP 
surface.   

 

 

Figure S3. TGA profiles of (A) Ln-NPs-LF, Ln-NPs-PAA, and Ln-NPs-GA. (B) TGA profile of pure GA as a reference. 

 

TG analysis was performed to provided further evidence for the presence of GA at the surface of the Ln-NPs (Figure 

S3). Irrespective of the surface chemistry, all samples, Ln-NPs-GA, Ln-NPs-PAA, and Ln-NPs-LF, exhibited an initial 

mass loss of less than 5% at ca. 100 °C, which can be ascribed to residual water (Figure S3A). As expected, Ln-NPs-

LF (purple line) did not experience any further mass loss upon further temperature treatment. In contrast, Ln-NPs-

PAA (pink line) showed a weight loss of ca. 8%, which was completed at ca. 500 °C, indicating the loss of PAA groups. 

The most significant mass loss of ca. 14% was observed for Ln-NPs-GA (green line). Moreover, the recorded TGA 

profile indicated a two-step mass loss. The fist mass loss took place between 200 and 400 °C, followed by a second 

mass loss at temperatures above 400 °C. This two-step mass loss is in good agreement with the TGA profile obtained 

for pure GA (Figure S3B), hence, can be ascribed to the decomposition of GA attached to the surface of the Ln-NPs.  
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Figure S4. Upconversion emission spectra of Ln-NPs-GA, Ln-NPs-PAA, and Ln-NPs-LF dispersed in water under 980 nm 

excitation (laser power density: 6.7 W/cm2, particle concentration: 4 mg/mL). 
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3. Colloidal and Optical Stability of Ln-NPs-LF and Ln-NPs-PAA 
 

 

 

Figure S5. Analysis of the colloidal and optical stability of Ln-NPs-LF dispersed in water (blue), cell culture medium (orange), 

and FBS (teal). (A) TEM images of Ln-NPs-LF recorded on freshly dispersed Ln-NPs-LF (day 1), after 24 h (day 2), and 48 h (day 

3); scale bars: 50 nm. (B) DLS curves of Ln-NPs-LF dispersed in water, cell culture medium, and FBS, respectively, recorded at 

days 1, 2, and 3 of storage in the respective media. DLS data revealed a change in hydrodynamic diameters of Ln-NPs-LF from 

ca. 90 to 1100 nm in water (PDI: 0.43), ca. 60 to 340 nm in cell culture medium (PDI: 0.55), and ca. 50 to 460 nm in FBS (PDI: 

0.98). (C) Zeta potential of Ln-NPs-LF dispersed in water, cell culture medium, and FBS, respectively, recorded at days 1, 2, 

and 3 of storage in the respective media. All zeta potential data are presented as mean value ± standard deviation based on 

triplicate measurements taken for each sample in each of the three solvents at each time point. Error bars, representing the 

standard deviation, derived from these triplicate measurements. (D) Change in the overall upconversion emission intensity 

of the Ln-NPs-LF as a function of storage in water, cell culture medium, and FBS. Data represent the integrated intensity in 

the 510 to 695 nm spectral range (spectra are shown in Figure S7). 
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Figure S6. Analysis of the colloidal and optical stability of Ln-NPs-PAA dispersed in water (blue), cell culture medium (orange), 

and FBS (teal). (A) TEM images of Ln-NPs-PAA recorded on freshly prepared Ln-NPs-PAA (day 1) as well as after incubation for 

24 h (day 2) and 48 h (day 3); scale bars: 50 nm. (B) DLS curves of Ln-NPs-LF dispersed in water, cell culture medium, and FBS, 

respectively, recorded at days 1, 2, and 3 of storage in the respective media. DLS data revealed an increase in hydrodynamic 

diameters of Ln-NPs-PAA from ca. 50 to 360 nm in water (PDI: 0.64), ca. 70 to 190 nm in cell culture medium (PDI: 0.49), and 

ca. 50 to 140 nm in FBS (PDI: 0.58). (C) Zeta potential of Ln-NPs-PAA dispersed in water, cell culture medium, and FBS, 

respectively, recorded at days 1, 2, and 3 of storage in the respective media. All zeta potential data are presented as mean 

value ± standard deviation based on triplicate measurements taken for each sample in each of the three solvents at each time 

point. Error bars, representing the standard deviation, derived from these triplicate measurements. (D) Change in the overall 

upconversion emission intensity of the Ln-NPs-PAA as a function of storage in water, cell culture medium, and FBS. Data 

represent the integrated intensity in the 510 to 695 nm spectral range (spectra are shown in Figure S7). 
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Figure S7. Time-dependent upconversion emission intensity of (A) Ln-NPs-GA, (B) Ln-NPs-LF, and (C) Ln-NPs-PAA dispersed in 

water (blue), cell culture medium (orange), and FBS (teal). Ln-NP concentrations in the respective aqueous media as 

determined by ICP: Ln-NPs-GA: 0.4 mg/mL, Ln-NPs-LF: 0.8 mg/mL, and Ln-NPs-PAA: 0.8 mg/mL. The weak peak at 490 nm – 

marked with * – stems from the 980 nm excitation laser. Laser power density: 13.33 W/cm2. Noteworthy, emission intensities 

in the same order of magnitude were obtained for all Ln-NPs, despite the significantly lower concentration of Ln-NPs-GA. This 

suggests that GA provided good protection from solvent quenching effects, allowing for strong upconversion emission. 
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4. NIR Emission Spectra 
 

 

 

Figure S8. NIR emission spectra of (A) Ln-NPs-GA, Ln-NPs-LF, and Ln-NPs-PAA (dispersed in water) and (B) OA-capped Ln-NPs 

(dispersed in toluene). λex = 980 nm. Laser power density: 38.7 W/cm². Ln-NP concentration: ca. 4 mg/mL. 

 
Similar to trends observed for the upconversion emission, the surface capping played a crucial role in maintaining 
the stability of Ln-NPs under physiological conditions. Gum Arabic, being an excellent stabilizing agent, efficiently 
prevented agglomeration, thereby preserving the optical properties of the nanoparticles more effectively than PAA 
or in the absence of any capping agent (Ln-NPs-LF) (Figure S8A). Moreover, the sterically bulky GA molecules may 
offer better passivation from interaction of the optically active Ln3+ with water molecules, reducing non-radiative 
losses in aqueous environments. As expected, the NIR emission of Ln-NPs-OA was significantly higher in toluene 
than in water due to quenching by water molecules (Figure S8B). Still, the observed NIR emission in water renders 
Ln-NPs-GA promising probes operating in the NIR-III transparency window. 
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5. Cellular and Zebrafish Uptake 
 
 
5.1 Cellular uptake: number of Ln-NPs per cell 

To estimate the degree of Ln-NP uptake, the number of Ln-NPs per cell was calculated based on ICP-MS and TEM 

analyses. ICP-MS was used to quantify the total amount of gadolinium (Gd³⁺) in one million cells. TEM was employed 

to determine the average size and volume of the spherical Ln-NPs. Moreover, crystallographic data for β-NaGdF4 

were used as reported in the literature.  

NaGdF4 NPs synthesized in this study crystallized in the hexagonal crystalline phase. Hence, the volume of one unit 

cell of β-NaGdF4 can be determined following Equation S1:6  

𝑉ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙 =
2√3

4
 𝑎ℎ 

2 𝑐ℎ   Eq. S1 

With ah and ch being the lattice parameters describing the hexagonal unit cells (ah = 6.0304 Å, ch = 3.6111 Å; PDF 

reference card: 01-080-8787). 

A spherical morphology for the Ln-NPs was assumed based on TEM analysis, which allowed to calculate the volume 

of one Ln-NP using Equation S2: 

𝑉𝑁𝑃 =
4

3
𝜋 (

𝑑

2
)

3
    Eq. S2 

With d being the diameter of the Ln-NPs as determined by TEM. 

Using Equations S1 and S2, the number of Gd3+ ions per Ln-NP was obtained by Equation S3: 

𝑁𝐺𝑑/𝑁𝑃  =
𝑉𝑁𝑃

𝑉ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙
× 𝑍 × 𝑁𝐺𝑑/𝑓𝑜𝑟𝑚𝑢𝑙𝑎 Eq. S3 

With NGd/formula being the number of Gd3+ ions per stoichiometric formula, and Z being the number of formulas per 

unit cell (Z = 1 for the hexagonal NaGdF4 lattice). 

To determine the total number of Ln-NPs in the sample (i.e., cells incubated with Ln-NPs), first, the total molar 

amount of Gd³⁺, CGd, was calculated based on the mass concentration, Cmass, of Gd3+ as determined by ICP-MS 

(Equation S4):  

𝐶𝐺𝑑(𝑚𝑚𝑜𝑙/𝐿) =
𝐶𝑚𝑎𝑠𝑠

𝑀𝐺𝑑
            Eq. S4 

With MGd being the molar mass of Gd3+, i.e., 157.25 g/mol. 

Using the total molar amount of Gd3+ (Equation S4), the total number of Gd3+ ions in the sample, NGd, was 

determined following Equation S5:  

                         NGd = CGd × NA
     Eq. S5 

With NA = 6.022 × 1023 mol-1. 
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The total number of Ln-NPs in the sample was then determined by dividing the total number of Gd3+ ions, NGd, 

(Equation S5) by the number of Gd3+ ions per particle, NGd/NP (Equation S3): 

 𝑁𝑁𝑃 =
𝑁𝐺𝑑

𝑁𝐺𝑑/𝑁𝑃
   Eq. S6 

To determine the average number of Ln-NPs per cell, the total number of Ln-NPs obtained by Equation S6 was 

divided by one million, i.e., the number of cells subjected to ICP analysis (Equation S7): 

𝑁𝑃𝑠 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 =
𝑁𝑁𝑃

106    Eq. S7 

The results obtained as a function of Ln-NP surface chemistry and cell line are summarized in Table S1. 

 

Table S1. Number of Ln-NPs per cell (results were rounded to the nearest whole number).  
 

Ln-NPs 
Number of NPs per Cell 

HepG2 U-87 MG J774A.1 

Ln-NPs-GA 135,847 815,084 3,849,008 

Ln-NPs-LF 2,626,382 2,852,794 12,407,391 

Ln-NPs-PAA 5,615,023 1,2497,955 32,648,645 

 
 
 
 
 

5.2 Uptake of Ln-NPs by zebrafish 

 
Table S2. The average amount of Ln3+ ions [ppm] as determined by ICP-OES analysis and the corresponding average uptake [%] 
of Ln-NPs by zebrafish 1 and 5 dpf. Added [Ln3+]: 125 ppm. The values are average amounts and ± represent the standard 
deviation based on three measurements. 

 

Time Point Ln-NPs 
Ln3+ in Zebrafish 

[ppm] 

Uptake 

[%] 

1 dpf 

Ln-NPs-GA 0.280.02 0.2 

Ln-NPs-LF 1.760.22 1.4 

Ln-NPs-PAA 0.430.01 0.3 

5 dpf 

Ln-NPs-GA 0.480.03 0.4 

Ln-NPs-LF 1.390.03 1.1 

Ln-NPs-PAA 100% mortality 100% mortality 
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6. Hyperspectral Imaging of Zebrafish 
 

 

Figure S9. Bright field optical microscopy images of zebrafish 1 dpf exposed to 0.125, 0.25, and 0.5 mg/mL of (A1/3/5) Ln-NPs-
GA, (B1/3/5) Ln-NPs-LF, and (C1/3/5) Ln-NPs-PAA, respectively. The images show comparable parts of zebrafish embryos as 
highlighted by the ROI-marked region in the light microscope image shown in the bottom left. Images were taken using a 20x 
objective. Scale bars are 100 µm. Hyperspectral images taken on the regions highlighted by the white rectangles labelled “HSI” 
of zebrafish exposed to (A2/4/6) Ln-NPs-GA, (B2/4/6) Ln-NPs-LF, and (C2/4/6) Ln-NPs-PAA. Scale bars are 5 µm. (D1–3) Spectral 
profiles of the areas mapped by HSI, showing the green emission spectral signature (510–568 nm) specific to the Er3+ dopant 
ions.   



Supporting Information – H. Mirmajidi et al. 

 S13 

7. Zebrafish Deformity 
 

  

Figure S10. Visual assessment of zebrafish deformity by light microscopy. Images were taken 5 dpf on zebrafish embryos 
exposed to (A) no Ln-NPs (control), (B) Ln-NPs-GA, (C) Ln-NPs-LF, and (D) Ln-NPs-PAA, respectively. Ln-NP concentration: 
0.5 mg/mL. “normal” indicates zebrafish that were exposed to Ln-NPs but did not show any deformities. 
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