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Abstract 

The design of dual-mode fluorescence and Raman tags stimulates a growing interest for 

biomedical imaging and sensing applications as they offer the possibility to synergistically combine 

the versatility and velocity of fluorescence imaging with the specificity of Raman spectroscopy. 

Although lanthanide-doped fluoride nanoparticles (NPs) are among the most studied fluorescent 

nanoprobes, their use for the development of bimodal fluorescent-Raman probes has never been 

reported yet, to the best of our knowledge, probably due to the difficulty to functionalize them with 

Raman reporter groups. We fill this gap herein by proposing a fast and straightforward approach 

based on aryl diazonium salt chemistry to functionalize Eu
3+

 or Tb
3+

 doped CaF2 and LaF3 NPs by 

Raman scatters. The resulting surface-enhanced Raman spectroscopy (SERS)-encoded 

lanthanide-doped fluoride NPs retained their fluorescence labeling capacity and displayed efficient 

SERS activity for cell bioimaging. The potential of this new generation of bimodal nanoprobes was 

assessed through cell viability assays and intracellular fluorescence and Raman imaging, opening up 

unprecedented opportunities for biomedical applications. 

 

1. Introduction 

Dual-mode optical tags based on both fluorescence and Raman signals, gathered within a single 

probe, have attracted much attention in recent years as they hold great promise for biomedical imaging 

and sensing.
[1]

 Such tags offer a unique combination of (i) fluorescence properties allowing high 

spatial and temporal resolution spectroscopy as well as fast imaging speed on wide surface area
[2]

 and 

(ii) specific “fingerprint”-like Raman spectral signatures for multiplex Raman imaging.
[3]

 However, 

due to the intrinsic inefficiency of the Raman process, the Raman signals of bimodal 
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Raman-fluorescence tags are very weak, which limits their applicability for bioimaging. To overcome 

this shortcoming, the fluorescence and Raman labels have been attached on plasmonic nanoparticles 

(NPs), such as gold or silver NPs, in order to take advantage of the huge enhancement of the local 

fields offered by these optically resonant metal NPs when they are excited in their localized surface 

plasmon resonances (LSPR).
[1]

 This effect results in a strong amplification of (i) the Raman signal of 

scatterers located in the close vicinity of the metallic NPs surface, so-called surface-enhanced Raman 

scattering (SERS)
[4]

 and (ii) the fluorescence signal of emitters separated from the metallic surface 

using spacers (such as silica layers or large molecules) to minimize quenching, so-called 

metal-enhanced fluorescence.
[5]

 However, the design of such plasmon-based bimodal tags poses 

several practical challenges as it requires careful control over the distance between the fluorophore 

and the NPs surface to avoid non-radiative energy transfer.
[6]

 Besides, plasmonic NPs exhibit a 

photothermal effect due to ohmic loss under laser excitation of LSPR, inducing local heating of the 

surrounding medium, with potential unwanted side effects in biological environments.
[7]

 

Non-plasmonic SERS substrates, such as carbon, silicon, oxide or chalcogenide NPs, have been 

proposed recently as interesting alternatives to plasmonic SERS tags to extend the range and 

versatility of optical labels.
[8]

 In this case, the mechanism of Raman signal enhancement has been 

attributed to interfacial charge transfer between the NPs and the adsorbed scatters, called a chemical 

effect,
[9]

 in contrast to the electromagnetic effect provided by plasmonic NPs. Non-plasmonic SERS 

substrates offer several advantages including their low cost, high chemical stability and 

biocompatibility combined with a minimization of plasmon-based side effects, such as localized 

heating and photocatalytic side reactions. However, they have never been used for bimodal 

SERS-fluorescence imaging up to now, to the best of our knowledge, probably due to the difficulty of 
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combining intense and stable fluorescent probes with non-plasmonic SERS labels. We fill this gap 

herein by proposing a fast and straightforward approach to obtain innovative bimodal nanoprobes, 

based on the surface functionalization of fluorescent NPs by Raman scatters derived from aryl 

diazonium salts (see illustration in Figure 1). Fluoride NPs (CaF2 and LaF3) doped with europium and 

terbium lanthanide cations were selected for the fluorescent components of the bimodal nanoprobes 

due to their outstanding properties
[10]

 such as low cytotoxicity,
[11]

 tunable morphology and 

emission,
[12]

 long luminescence lifetime,
[13]

 large anti-stokes shift,
[14]

 low photobleaching,
[15]

 and high 

photostability.
[15-16]

 Moreover, doped nanofluorides were shown recently to act as innovative 

nanotracers for in vivo 
19

F MRI.
[17]

 Aryl diazonium salts were selected as coupling agents for the 

attachment of Raman reporters on the fluorescent cores as they exhibit several advantages such as their 

ease of preparation, rapid grafting and large choice of reactive functional groups.
[18]

 It is noteworthy 

that aryl diazonium salts have never been used for the surface functionalization of fluoride NPs. This 

proof-of-concept study thus offers new breakthroughs both for the surface engineering of CaF2 and 

LaF3 NPs and for the design of non-plasmonic bimodal SERS-fluorescence tags. Two aryl diazonium 

salts with different para-substituents (-NO2, -C≡N) were used as Raman reporters. The choice of 

these diazonium salts was motivated by their characteristic spectral fingerprints (-C≡N stretching 

mode at ~ 2200 cm
-1

 in the Raman-silent region and intense -NO2 stretch peak at ~ 1330 cm
-1

). The 

resulting SERS-encoded lanthanide doped fluoride NPs were characterized by UV-vis and 

fluorescence spectroscopies, Transmission Electron Microscopy (TEM), X-ray Diffraction (XRD), 

Dynamic Light Scattering (DLS), X-ray photoelectron Spectroscopy (XPS) and SERS. Their potential 

for bimodal imaging was then assessed through cell viability assays and intracellular fluorescence and 

Raman microscopies, demonstrating cutting edge capacity for biomedical applications. 
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Figure 1. (a) Illustration of the elaboration and surface functionalization of lanthanide doped fluoride NPs 

(CaF2:Eu, CaF2:Tb, LaF3:Eu and LaF3:Tb) by aryl diazonium salts (with –NO2 or –CN groups) and (b) use of 

the resulting bimodal nanoprobes for Raman (left) and fluorescence (right) cell imaging. Created with 

BioRender.com. 

 

2. Results and Discussion 

2.1. Synthesis of the bimodal nanoprobes and characterization 

The synthesis of the bimodal nanoprobes was performed in two steps: (1) the elaboration of the 

nanoscale luminescent building blocks; (2) the immobilization of Raman reporters on their surface. In 

the first step, doped fluoride NPs were synthesized using a co-precipitation method slightly adapted 

from the literature
[19]

 (see details in the experimental section in supporting information), yielding CaF2 

and LaF3 NPs doped with either Eu or Tb and named CaF2:Eu, CaF2:Tb, LaF3:Eu and LaF3:Tb. The 

TEM images revealed the formation of NPs with mean sizes in the range 13-16 nm (see Figure 2, 

Figure S1 and Table 1).  
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Figure 2. TEM images of CaF2:Eu, CaF2:Tb, LaF3:Eu and LaF3:Tb NPs, before (pristine NPs) and after 

functionalization by aryl diazonium salts bearing either –CN (NPs@CN) or –NO2 (NPs@NO2) Raman reporter 

groups. Optical pictures of the NPs dispersions after washing are provided next to the TEM pictures of each 

sample together with the shape of the crystallites (in green) obtained from the MAUD software. It is noteworthy 

that the sizes of the crystallites in these images have been adjusted for the sake of clarity but they are not 

proportionate to the sizes deduced from the MAUD software. 

 

The XRD patterns recorded for all the calcium-based produced powders (Figure S2) were found to 

be similar one to another. The same feature was observed for the ones recorded for lanthanum-based 

NPs, the former matching very well with the expected fluorite (Fm3m space group) structure and the 

latter with the rhombohedral (P-3c1 space group) structure. Focusing on the position of the main peak 

of each pattern series, a net shift to higher 2θ values can be nevertheless observed in the pattern of the 

doped samples compared to non-doped ones, in agreement with the partial replacement of Ca
2+

 or La
3+

 

into the fluoride crystallographic lattices by the lanthanide Eu
3+

 and/or Tb
3+

 cations. Rietveld 
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refinements were performed, thanks to MAUD software
[20]

 on all the collected data and allowed to 

determine the shape and size of the crystallites for each phase. A cubic shape with 13-14 nm sides was 

obtained for CaF2 NPs. In contrast, the LaF3 NPs exhibit an anisotropic oblate shape characterized by 

a polar axe of ca. 4 nm in the (00l) crystallographic direction and an equatorial length of ca. 9 nm in 

the (h00) direction (see more details in Table 1). These values are in line with the average NPs sizes 

estimated by TEM for doped and non-doped CaF2 NPs. However, there is a discrepancy between the 

values obtained by XRD and TEM for LaF3 NPs, suggesting some degree of aggregation. The DLS 

data (Table 1) confirmed some degree of NPs aggregation, particularly for LaF3 NPs, with 

hydrodynamic diameters in water lying in the range 66-229 nm. 

 

Table 1. Summary of the NPs and crystallite sizes determined from TEM, DLS and XRD. The given errors 

represent standard deviations.  

Samples 
Mean particle size 

from TEM (nm) 

Hydrodynamic size 

from DLS (nm)
 
 

PDI 
a
 

 

Crystallite size from 

XRD (nm) 

CaF2:Eu 13 ± 1 86  34 0.15 Cube of 13 nm side 

CaF2:Tb 15 ± 1 66  18 0.07 Cube of 14 nm side 

LaF3:Eu 13 ± 2 166  74 0.20 Oblate 4 x 9 nm 

LaF3:Tb 15 ± 2 131  58 0.19 Oblate 4 x 9 nm 

CaF2:Eu@CN 16 ± 2 66  24 0.13 18 nm average 

CaF2:Eu@NO2 16 ± 2 88  42 0.20 18 nm average 

CaF2:Tb@CN 16 ± 2 72  28 0.16 19 nm average 

CaF2:Tb@NO2 16 ± 2 76  20 0.07 17 nm average 

LaF3:Eu@CN 16 ± 2 78  18 0.05 Oblate 11 x 16 nm 

LaF3:Eu@NO2 16 ± 2 80  22 0.07 Oblate 11 x 15 nm 

LaF3:Tb@CN 16 ± 2 76  34 0.19 Oblate 11 x 15 nm 

LaF3:Tb@NO2 16 ± 2 72  26 0.12 Oblate 11 x 15 nm 

a 
PDI (polydispersity index) obtained from DLS 
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The aryl diazonium salts (4-nitrobenzenediazonium tetrafluoroborate or 4-cyanobenzenediazonium 

tetrafluoroborate, final concentration 10
-2

 mol.L
-1

) were first synthesized (see details in SI) and then 

added to the aqueous NPs colloidal solution ([NPs] = 1 mg·mL
-1

) in the presence of a reducing agent 

(NaBH4, 2.4×10
-2

 mol·L
-1

). The reaction was carried out at room temperature during 2 h. The 

obtained yellow and brown dispersions were washed by 3 cycles of centrifugation/redispersion in 

water, and the resulting NPs were named CaF2:Eu@CN, CaF2:Tb@CN, CaF2:Eu@NO2, 

CaF2:Tb@NO2, LaF3:Eu@CN, LaF3:Tb@CN, LaF3:Eu@NO2, or LaF3:Tb@NO2 depending on the 

lanthanide dopant (Eu or Tb) and functional group (-CN or –NO2) carried by the diazonium salt used 

for the reaction. The TEM images didn’t reveal any significant modification of the NPs shape, 

structure and size after functionalization (Figure 2 and Figure S2). However, the diffraction patterns 

revealed a slight increase in the crystallite sizes (see Table 1) after functionalization and some 

modifications of their shapes, particularly for the CaF2 based particles which become nearly-spherical 

with a blunt cube shape, suggesting partial dissolution and recrystallization in a kind of a ripening. In 

contrast, the DLS analysis indicated a general decrease of the hydrodynamic diameters of LaF3 NPs, 

which could be explained by a disintegration of the pre-existing clusters, improving the colloidal 

stability of the primary particles after functionalization by the aryl diazonium salts. The surface 

chemistry of the fluoride NPs was analyzed by XPS. As observed in Figure 3, the XPS survey spectra 

of the pristine NPs display intense peaks related to Ca 2p (at ca. 348 eV) for CaF2, La 3d (at ca. 836 eV) 

for LaF3 and F 1s (at ca. 685 eV) for both NPs. 
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Figure 3. XPS survey spectra of the pristine doped fluoride NPs (CaF2:Eu, CaF2:Tb, LaF3:Eu and LaF3:Tb) and 

the NPs functionalized by the two diazonium salts, bearing either –NO2 or CN moieties. It is noteworthy that the 

intense peaks detected at 84 and 336 eV for CaF2:Tb@CN are due to the underlying gold surface on which the 

powders were deposited. 

 

The relative intensities of these peaks are in good agreement with the CaF2 and LaF3 structures, with 

twice F content (54-56 %) compared to Ca (27.-28 %) for CaF2, and around three times more F 

(57-64 %) compared to La (17-21 %) for LaF3 NPs. The Eu and Tb dopants could also be detected at 

ca. 1150 eV (Eu 3d signal) and 1250 eV (Tb 3d signal). However, as XPS is a surface sensitive 

technique, the intensity of these signals is very low (less than 1 at.%) due to their loading within the NP 

cores. The surface elemental compositions of all samples are summarized in Table 2. Interestingly, 

important modifications were observed on the survey spectra after functionalization by the diazonium 

salts, with a strong attenuation of the Ca/La and F signals while the carbon, nitrogen and oxygen 

contents sharply increased. These evolutions of the surface elemental compositions confirm the 

coating of the fluoride NPs by organic layers. 
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Table 2. Surface chemical composition (atom%) of doped CaF2 and LaF3 NPs before and after functionalization 

by the diazonium salts bearing either NO2 or CN groups, as determined by XPS analysis. 

Samples Ca La Eu Tb F C O N 

 Eu and Tb doped CaF2 NPs 

CaF2:Eu 28.1 - 1.0 - 56.4 8.5 5.4 0.6 

CaF2:Tb 27.2 - - 0.9 54.5 11.4 5.6 0.4 

CaF2:Eu@CN 19.5 - 0.5 - 36.6 33.1 4.0 6.3 

CaF2:Tb@CN 20.8  - 0.6 40.8 30.1 5.5 2.2 

CaF2:Eu@NO2 1.4 - - - 2.5 62.9 16.4 16.8 

CaF2:Tb@NO2 0.2 - - - 0.5 64.6 17.1 17.6 

                            Eu and Tb doped LaF3 NPs 

LaF3:Eu - 20.8 1.1 - 63.7 10.6 3.7 - 

LaF3:Tb - 17.6 - - 57.1 19.1 6.2 - 

LaF3:Eu@CN - 8.3 - - 29.8 42.8 10.0 9.0 

LaF3:Tb@CN - 13.0 - - 40.5 30.5 10.9 5.1 

LaF3:Eu@NO2  15.6   49.2 24.2 9.4 1.6 

LaF3:Tb@NO2  4.2   14.1 49.6 18.3 13.9 

 

It is noteworthy that the oxygen signal of the bare fluoride NPs displays two peaks, one at 531.5 eV, 

assigned to some O
2−

 species, and the other one at 533.2 eV that is associated to some surface OH
−
 

groups, as already described elsewhere.
[21]

 Surprisingly, the nitrogen content appears superior to the 

value expected for pure nitro or cyano-polyaryl layers. Based on the high resolution N 1s spectra (see 

Figure 4 for CaF2 NPs), it appears that 2 components can actually be detected: for CaF2:Ln@NO2, a 

peak is observed at 405.4 eV, which is related to the NO2 groups while for CaF2:Ln@CN, a peak is 

observed at 399.0 eV, related to C≡N groups. In addition to these characteristic signals, another 

component is detected in both types of samples, at 400 eV, which can be attributed to the presence of 
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azo groups (N=N) 
[22]

. The presence of this component suggests that surface functionalization occurs, 

at least partly, via azophenyl radical pathways, as already reported in other studies.
[22a, 23]

 These XPS 

data thus indicate that the polyaryl coating around the NPs contains both Ar-Ar and Ar-N=N-Ar 

bonds.  

 

Figure 4. XPS high resolution N 1s spectra of the pristine doped CaF2 NPs (CaF2:Eu, CaF2:Tb) and the NPs 

functionalized by the two aryl diazonium salts, bearing either –NO2 or CN moieties. 

 

The fluoride NPs were also examined by ATR-FTIR. The strong peak observed at  3250-3260 cm
-1

 in 

the IR spectra of the unmodified NPs (see IR spectrum of CaF2:Eu in Figure S3) confirmed the 

presence of OH surface groups, in agreement with the XPS analysis. Some residual NH4F was also 

detected between ~1000 and 1600 cm
-1

. After reaction with the diazonium salt bearing CN moieties, 

the IR spectra was strongly modified with the appearance of the characteristic vibrations of the 

aromatic ring at 1600 cm
-1

 and the CN group at 2227 cm
-1

. All together, these spectra confirm the 

expected functionalization of the NPs.  
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2.2 Optical properties of the bimodal nanoprobes 

The optical properties of the bimodal nanoprobes were studied using fluorescence and Raman 

spectroscopies. The photoluminescence of Eu doped fluoride NPs (Figure 5) exhibits distinct 

emission peaks at 597 nm, 620 nm and 701 nm, related to 
5
D0 → 

7
Fj (j = 1, 2, 4) transitions, 

characteristic of Eu doping in CaF2 and LaF3 lattices.
[24]

  

 

Figure 5. (a) Photoluminescence spectra of aqueous dispersions of Eu and Tb-doped fluoride NPs (at 5 mg 

mL
-1

), λex = 420 nm for Tb and 395 nm for Eu.  
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For Tb doped NPs, the emission peaks appear at 497 nm, 551 nm, 592 nm and 629 nm, related to 

5
D4 → 

7
Fj (j = 6, 5, 4, 3) transitions. As evident from Figure 5, the fluorescence intensity of doped 

fluoride NPs slightly decreases after surface functionalization. This quenching effect can be explained 

by some non-radiative decay caused by multi-phonon relaxation processes and vibrational 

deactivation from surface-bound ligands, as already reported in the literature.
[25]

 Indeed, compared to 

their bulk counterparts, lanthanide-doped NPs generally undergo stronger surface quenching effects 

due to their high surface-to-volume ratio, which favors the presence of a large portion of dopant ions 

on the outermost layer of the NPs, leading to surface-related energy-loss mechanism. Moreover, the 

polyaryl coating exhibits an absorption band around 400 nm (see Figure S4), coinciding with the 

excitation wavelength (λex = 420 nm), which may also contribute to the fluorescence intensity 

decrease. However, the fluorescence intensity of the functionalized NPs remains high enough to 

enable fluorescent labeling of cells, as detailed later.  

The SERS signals of the functionalized fluoride NPs were recorded on dried drops at 638 nm laser 

excitation and compared to the Raman spectra of the free diazonium salt powders (Figure 6). The 

characteristic N≡N stretching peak of the diazonium salt powders, detected at ca. 2280-2300 cm
−1

 

(yellow cage in Figure 6), vanishes after the functionalization of the fluoride NPs. This observation is 

in agreement with the grafting reaction mechanism based on the formation of aryl radicals by 

reduction of the aryl diazonium salts and loss of -N2
+
. The formed aryl radicals are very reactive and 

are thus expected to bind to the fluoride NPs surface and to the already grafted aromatic groups via 

homolytic aromatic substitution, leading to polyaryl coatings.
[26]

 The SERS spectra of the 

functionalized fluoride NPs confirm this mechanism with the appearance of the characteristic 

signature of phenyl-derivatives stemming from diazonium salts, including peaks at ca. 1580-1595 
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cm
−1

 (ortho-meta C=C stretching mode) and 1135 cm
-1

 (CH in plane bending).
[18g, 22b, 26-27]

 In addition, 

the stretching modes of the Raman reporter groups (-NO2 and -CN) are well detected at 1330 cm
−1

 and 

2220 cm
−1

, respectively. It is noteworthy that the bare unfunctionalized doped fluoride NPs exhibited 

no Raman signature in the spectral region 500-2500 cm
-1

 (see Figure S5).
  

Figure 6. SERS spectra of doped fluoride NPs functionalized with the diazonium salts bearing (a) -CN groups 

and (b) -NO2 groups. The Raman signals of the parent aryl diazonium salts (pure powders) are also provided for 

the sake of comparison, with intensity  2. The blue, green, pink and red cages refer to the vibrational modes of 

aryl, -N=N-, N2
+
 and Raman tags (CN or NO2), respectively. The excitation wavelength λ was 638 nm and 

exposure time 2s.  

 

Interestingly, new peaks related to the presence of diazenyl groups within the polyaryl coating were 

also clearly detected at ca. 1395, 1450 and 1480 cm
-1

.
[28]

 This observation confirms that azo coupling 

reactions, based on the electrophilic attack of the diazonium cation on the already grafted aromatic 

rings, are also involved in the growth of the polyaryl layers at the surface of the fluoride NPs, through 

−Ph−N=N−Ph−R linkages, in line with G. Deniau et al.
[22a]

 These results demonstrate that diazonium 

salt chemistry offers an easy means to functionalize fluoride NPs. The NO2- and CN-coated NPs 
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showed strong and uniform Raman response. The similarity of the SERS signals obtained on the 

different types of fluoride NPs emphasizes the high specificity of the functional polyaryl Raman 

signature, which is completely independent of the chemical nature of the cores (CaF2 or LaF3, Eu or 

Tb dopants). This specificity is a key feature for the design of SERS tags for cellular imaging 

applications. The chemical stability of the polyaryl-coated doped fluoride NPs was evaluated by 

monitoring the fluorescence and SERS signals in aqueous solutions of CaF2:Tb@CN and 

CaF2:Tb@NO2 NPs over a period of up to 5 days, starting from just after their synthesis. Within this 

timeframe, slight aggregation of the NPs was noticed through DLS, leading to intensity fluctuations in 

both fluorescence and SERS signal intensity over time. Nevertheless, it is noteworthy that the overall 

spectral profile of the nanoprobes remained unaltered (as depicted in Figure S6), providing evidence 

of the chemical robustness of the polyaryl-coated doped fluoride NPs. 

 

2.3. Cytotoxicity assessment of the bimodal nanoprobes 

The cytotoxicity of the bimodal nanoprobes was assessed on HeLa cell lines, using an AlamarBlue 

assay. As observed in Figure 7a-d, 24 hours of incubation with NPs in complete culture medium did 

not affect the cell viability of HeLa cells even at the higher concentration (200 µg/ml) demonstrating 

the good biocompatibility of the bimodal nanoprobes. 
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Figure 7. Cell viability assessment using AlamarBlue assay : HeLa cells were incubated for 24 hours with the 

pristine and functionalized fluoride NPs, at 7 different concentrations (from 0 to 200 g.mL
-1

) for 24 h. (a) 

CaF2:Eu, CaF2:Eu@CN, CaF2:Eu@NO2; (b) CaF2:Tb, CaF2:Tb@CN, CaF2:Tb@NO2; (c) LaF3:Eu, 

LaF3:Eu@CN, LaF3:Eu@NO2; (d) LaF3:Tb, LaF3:Tb@CN, LaF3:Tb@NO2. 

    

2.4 Fluorescence imaging of HeLa cells after uptake of the bimodal nanoprobes 

The fluorescent properties of the bimodal nanoprobes were exploited for cell fluorescence imaging 

experiments. HeLa cells were incubated for 24 hours with the various NPs, washed three times and 

fixed before confocal imaging with a CellInsight CX7
TM

 high content analysis microscopy platform. 

As observed in Figure 8, the Eu and Tb fluorescence signals are distributed as bright spots in the 

cytoplasm of cells, likely corresponding to vesicular, endosomal and lysosomal compartment 

localization of the NPs.  

https://scholar.google.fr/scholar_url?url=https://www.sciencedirect.com/science/article/pii/S0887233314001878&hl=fr&sa=X&ei=jCWDY9iQFbnGsQKDq4fABg&scisig=AAGBfm3gPgGew5OfA5bNAYrFqi9-Ght4aA&oi=scholarr
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Figure 8. Brightfield, fluorescence and merge images of HeLa cells stained with DAPI 

(4’,6-diamidino-2-phenylindole, blue fluorescence) after incubation for 24h (or not for the control) with the 

bimodal nanoprobes (a) Eu-doped fluoride NPs and (b) Tb-doped fluoride NPs. Scale bar = 50 µm.   
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2.5 Raman imaging of HeLa cells after uptake of the bimodal nanoprobes  

The bimodal nanoprobes were then used for Raman imaging experiments on HeLa cells. The NPs 

were first introduced in the cell culture medium, and after 6 h incubation, the free NPs were removed 

by gently washing the cells with media. The HeLa cells were then fixed, rinsed, and dried on a sample 

holder (glass slide) before analysis using Raman confocal microscope. As shown in Figure 9, the 

SERS signals of the nanoprobes (red and blue spots for –CN and –NO2 labelled NPs, respectively) 

were not evenly distributed throughout the entire cells and could be easily distinguished from that of 

cells (green region) and sample holder (black area).  

 

Figure 9. Bright field, Raman and merged optical/Raman images of HeLa cells after incubation with the 

bimodal NPs for 6 h. Scale bar = 5µm. The chosen color code for Raman imaging is the following: green for the 

Raman signal of cells, black for the sample holder (glass slide), red for the NPs@CN, and blue for the 

NPs@NO2. Classical least square (CLS) fitting was employed for Raman maps, using average spectra collected 

from cell area, sample holder and nanoprobes as references (see Figure S7). The yellow arrows in sample 

CaF2:Tb@CN refer to the signals of NPs detected outside the cells. 
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The average spectra of the red, blue, green and black regions observed on the Raman map are shown 

in Figure S7. The green one was assigned to the cell signals due to the lipid peaks observed in the 

2800-3000 cm
-1 

region while the black region, with no detectable Raman signal was related to the 

sample holder. The spectrum profile of the red and blue regions is dominated by the signals of the 

Raman probes (-CN and –NO2 respectively) but the peaks from the cell lipids are also visible. 

Interestingly, the cell Raman maps (in green) after NPs uptake (blue or red colors) can be perfectly 

overlaid with the cell optical images (see merged channel in Figure 9a), enabling the localization of 

NPs within the cells and around. In most cases, NPs seem located inside the cells but occasionally, red 

and blue signals are detected outside the cells (see yellow arrows in Figure 9). The Raman spectra 

emanating from these nanoprobes detected outside the cells (refer to Figure S8) exhibit distinct 

signals characteristic of both the nanoparticles and the cells (notably lipid peaks), implying that they 

are probably located within cell fragments from deceased cells that have adhered to the substrate. It is 

noteworthy that the Raman signals of the presumably intracellular NPs are very similar to the Raman 

signal of the free or extracellular NPs (see Figure S9), emphasizing the high stability of the polyaryl 

coating derived from the diazonium salts around the NPs, even in the intracellular compartments after 

6h uptake. 

 

The 3D distribution of the bimodal NPs inside the cell was examined with high-resolution confocal 

Raman microscopy focusing on obtaining spatial information in x, y, and z directions in order to 

confirm their intracellular localization (see Figure 10a recorded after uptake of CaF2: Eu@CN). One 

cell was scanned over a volume of 43 × 55× 8 μm
3
 (scan step of 0.6 × 0.6 × 1 μm

3
) with an acquisition 

time of 1 s per step (objective 100 x, 638 nm laser, 2 mW) and a series of slices (in z-direction) was 
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imaged (see Figure 10a). For the top layer of the cell, the SERS signal mainly arises from the cell lipid 

peaks (green area) with almost no signal from the nanoprobes. Interestingly, the intensity of the 

nanoprobe signal (red signal) gradually increased for the deeper layers (towards the bottom of the cell, 

which is adherent to the substrate), confirming their internalization within the cell in line with 

intracellular Eu and Tb fluorescence detection. It is noteworthy that the signal of the nanoprobe was 

not found to be affected by their internalization, as their spectral fingerprint in the cell remained very 

similar to that of the nanoprobe before incubation (see Figure 10b). The 3D reconstruction image 

displayed in Figure 10c evidences the presence of the nanoprobes (red signal) within the cell (green 

signal), emphasizing the excellent cell uptake and Raman contrast ability of the diazonium 

salt-functionalized nanoprobes. 
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Figure 10. 3D confocal Raman imaging of a HeLa cell after incubation with CaF2: Eu@CN nanoprobes. (a) 

Z-stack from the top to the bottom of the cell (analyzed by CLS fitting, see reference spectra in b), showing the 

distribution of the nanoprobes within the cell. The corresponding merged optical/Raman images are displayed 

on the right-hand side. Scale bar = 10 µm. (b) Representative SERS spectra of the nanoprobe within the cell (red 

curve) and comparison with the signal recorded outside the cell (grey curve). The typical spectra collected in 

cell (green curve, amplified by 2-fold) and background (sample holder, amplified by 2-fold) were also presented. 

(c) 3D reconstruction image based on the Z-stack scans. 
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3. Discussion 

The key advantages of this surface functionalization strategy based on aryl diazonium salts are its 

simplicity, rapidity, and the use of environmentally friendly reaction conditions, i.e. in water at room 

temperature and in the presence of air. Regarding the mechanism of surface grafting on the fluoride 

NPs, some assumptions can be made. First, as fluoride is monovalent, attachment of the polyaryl 

layers to the NPs via the surface F atoms can be ruled out. Second, if the aryl radicals formed by the 

addition of the reducing agent (NaBH4) reacted on CaF2 or LaF3 NPs by halogen atom abstraction,
[29]

 

one should obtain Ca or La-C6H4-NO2/CN. In this case, the XPS data should exhibit a C1s 

contribution at low energy (around 283-284 eV) as the electronegativity of Ca (EN = 1.0) and La (EN 

= 1.1) are much lower than that of carbon (EN = 2.5). As such a peak is absent from the C1s signal of 

the functionalized NPs, this possibility can be also ruled out. Another possibility would be the 

abstraction of a F atom by the aryl radicals to give F-C6H4-NO2/CN that would remain adsorbed on the 

NPs surface. In this case, the XPS C1s component would be characterized by a distinct component at 

ca. 288 eV,
[30]

 which is not observed in the XPS spectra of the functionalized NPs. As the analysis of 

the pristine fluoride NPs by XPS and ATR-FTIR reveals the presence of surface OH groups (XPS 

O1s component at ca. 534 eV
[21]

 and IR peak at  3250 cm
-1

), we propose that the attachment of the 

aryl radicals takes place on these OH groups, as already observed on other types of oxidized surfaces, 

such as CuO,
[31]

 CeO2, MnO2 and Fe2O3.
[32]  In this case, the bonding would rely on Ca/La-O-C 

bonds and the signature of C-O bonds should be present in the XPS spectra; a contribution is indeed 

observed at ~286 eV in the spectra of the functionalized NPs that could be related to the C-O 

components. It is noteworthy that this component is also associated with the presence of C-N bonds 

in the coating. The proposed grafting mechanism is summarized in Figure 11. NaBH4, known for its 
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ability to provide hydride ions, reduces the diazonium salt resulting in the formation of the 

corresponding aryl radical
[33]

. This aryl radical then abstracts a hydrogen atom from one of the OH 

groups present on the CaF2 or LaF3 NP surface generating an oxygen radical; coupling of the aryl 

radical with the oxygen radical terminates the reaction to give the aryl substituted nanoparticles
[32a, c]

 

 

 

Figure 11. (a) Illustration of surface functionalization of fluoride NPs by aryl diazonium salts. The 

experimental results support the formation of Ca/La-O-C bonds on the NPs surface instead of direct grafting via 

F-C or Ca/La-C bonding. Created with Biorender. (b) Summary of the proposed grafting mechanism based on 

the reduction of the diazonium salts by NaBH4 to give the corresponding aryl radicals. The formed radical 

abstracts a hydrogen atom from one of the OH groups of the CaF2 or LaF3 NPs to give an oxygen radical, which 

further reacts with an aryl radical to give the aryl substituted nanoparticles. 
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Regarding the optical properties of the functionalized doped nanoprobes, they demonstrate efficient 

labeling capacity for cell fluorescence imaging, despite a small decrease in the fluorescence intensity 

due to some quenching effect induced by the surface-bound ligands. The nanotags could also be used 

for cell Raman imaging with intense SERS signals. Remarkably, the spectral fingerprint remained 

very similar after internalization within the cell to that before incubation, demonstrating the high 

stability of the polyaryl coating attached to the NPs’ surface in a biological environment. An 

estimation of the SERS Enhancement Factor (EF) provided by the immobilization of the Raman 

reporter groups on the NPs surface was performed by comparing their Raman signal intensities in the 

presence or absence of the fluoride NPs (see details of the experiments in SI, as well as Figure S10). 

The calculation of EF was performed only on fluoride NPs@CN nanoprobes as the nitro signal of 

NPs@NO2 was found unstable under the experimental conditions used for the determination of EF, 

probably due to some photodegradation reactions. The obtained EF was found in the range 2-70 

(Figure 12), depending on the peak considered for the calculation (aryl at ca. 1590 cm
−1

 or CN at 2220 

cm
−1

) and the initial diazonium salt concentration. Higher diazonium salt concentrations were 

associated with lower EF, which can be explained by the presence of thick polyaryl coatings around 

the NPs, minimizing the surface enhancement contribution in the overall Raman signal. In contrast, in 

the presence of thin polyaryl layers (obtained at low initial concentrations of diazonium salts), the 

surface enhancement effect is predominant in the Raman signal. Such Raman EF combined with the 

fluorescent characteristics of the nanoprobes appears as a valuable feature for cell bimodal imaging 

experiments. 
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Figure 12. SERS enhancement factors (EF) calculated on doped fluoride NPs@CN, using the –CN or –aryl 

peak intensities compared to the parent polyaryl layers (in absence of NPs). The EF values were calculated 

using various initial concentrations of aryl diazonium salt (0.05, 0.1 and 1 mM). 

 

 

4. Conclusion 

In summary, the surface functionalization of lanthanide-doped fluoride NPs by aryl diazonium 

salts bearing Raman labels appears promising to obtain a new generation of bimodal SERS 

encoded-fluorescent nanoparticles. As a proof of concept, Eu and Tb doped CaF2 and LaF3 NPs were 

functionalized by aryl diazonium salts bearing -NO2 and -CN groups, using a fast and 

straightforward protocol based on environmentally friendly reaction conditions, i.e. in water at room 

temperature and in the presence of air. Although a slight decrease of the fluorescence intensity of the 

lanthanide-doped fluoride cores was observed after functionalization, probably due to some 

quenching effect induced by the surface-bound ligands, the bimodal nanoprobes retain intense 

fluorescence while exhibiting strong SERS signature from the polyaryl shell. Interestingly, the 

fluorescent and SERS properties of the nanoprobes could be used to track their uptake by cells 

opening promising prospects for cell labeling and bioimaging applications. Aryl diazonium salt 
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chemistry thus appears as a valuable strategy for the surface functionalization of doped fluoride NPs 

and the design of bimodal SERS-fluorescence encoded tags. 

 

Supporting Information 

The Supporting Information is available: materials, instrumentation, experimental details of 

synthesis and characterization of different fluoride nanocrystals, functionalization of REDF NPs by 

aryl diazonium salts, cell culture, cytotoxicity, fluorescence imaging, Raman spectroscopy and 

imaging and statistical analysis. 
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Table of contents entry  

 

Owing to their outstanding photoluminescent properties, lanthanide-doped fluoride nanoparticles 

such as Eu
3+

 or Tb
3+

 doped CaF2 and LaF3 nanoparticles hold huge promise in bioimaging. Herein, 

these nanoparticles are used for the first time as bimodal fluorescent-Raman probes, thanks to their 

functionalization by Raman tags using diazonium salts. The resulting bimodal nanoprobes offer 

unprecedented opportunities for intracellular fluorescence and Raman imaging. 
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