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Novel fluorinated ligands for gold nanoparticle labelling with 

application in 
19

F-MRI. 
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Novel fluorinated ligands for gold nanoparticle labelling have been 

designed and synthesised. Several types of gold nanoparticles 

have been prepared in the presence of these fluorinated ligands 

alone, or in combination with non-fluorinated ligands. Their 

colloidal stability in water and other solvents was tested and the 

magnetic resonance properties of the so-obtained nanoparticles 

was also assessed in detail. 
1
H and 

19
F-NMR spectra were 

evaluated and MRI phantoms of the most promising nanoparticles 

were succesfully measured in 
19

F-MRI. The MRI signal to noise 

ratio was related to the fluorine concentration and compared with 

ICP-MS data to correlate the real concentration of fluorine grafted 

on the nanoparticles with the actually active fluorine in MRI. 

Non-invasive imaging techniques are key tools in medicine for 

early detection and screening of severe pathologies, such as 

cancer or cardiovascular diseases. In particular, magnetic 

resonance imaging (MRI) is an interesting modality because of 

its good spatial resolution, average contrast agent sensitivity 

and lack of radiation risk. Fluorine 19 (
19

F) based MRI is a re-

emerging field with interesting features which complement 

proton-based MRI. Indeed, the applications of 
19

F magnetic 

resonance are steadily growing in clinical and biomedical 

research.
1
 The 

19
F isotope has a 100% of natural abundance 

and its signal to noise ratio (SNR) in magnetic resonance is 

comparable to that of 
1
H. The most interesting advantage of 

19
F over 

1
H is the negligible endogenous 

19
F-MRI signal in the 

body, for which any detectable signal can only come from an 

exogenous probe. The highest concentration of fluorine is in 

the bones and teeth but since it is immobilised in a solid matrix 

its signal is undetectable. Unlike with currently in use probes in 
1
H-MRI, the lack of background in 

19
F-MRI images, and the fact 

that the probe is imaged directly, allow for the absolute 

quantification of the signal that is directly proportional to the 

probe concentration.
1
 Furthermore, fluorine is commonly 

present in drugs for the treatment of numerous diseases
2
 and 

their tracking by 
19

F-MRI/MRS could be very useful to 

determine their pathways inside the body, as it was reported 

with 5-fluorouracil for the treatment of colorectal cancer.
3
 

For all these reasons, 
19

F-MRI has attracted the attention of 

many researchers, and the development of novel fluorine 

probes is a field of increasing interest. In particular, fluorine 

contrast agents are in the spotlight not only for their use as 

imaging probes, but also for their potential applications as 

activatable probes
4
 and for cell tracking.

5
 However, in order to 

achieve a quality of image similar to that obtained with 
1
H-

MRI, a high load of fluorine atoms is required. 

Perfluorocarbons (PFCs) are standard probes for 
19

F-MRI 

because of their high content in fluorine, nonetheless only a 

few of those atoms have the same resonance frequency, which 

leads to chemical shift artefacts that complicate the image and 

cause a decrease in SNR.
1,6

 Hence, a single overall resonance 

frequency is desirable and only achievable by the use of 

chemically equivalent fluorine atoms. To circumvent this 

limitation, some groups have used symmetrical dendrimers,
7
 

PEG polymers
8
 or other probes such as perfluorinated crown 

ethers or hexafluorobenzene.
9
 

The main challenge, however, when working with fluorinated 

compounds, is to overcome their intrinsic hydrophobicity to 

render them water soluble for biomedical applications, but at 

the same time keep a high local concentration of fluorine 

atoms for MR applications. So far, the main strategy is to 

encapsulate PFCs in emulsions of at least 200-300 nm, which 

limits their in vivo applications.
6
 Some research groups have 

focused their attention on the synthesis of nanoparticles (NPs) 

decorated with fluorinated ligands to increase the local 

concentration of fluorine.
10

 The group of Pasquato synthesised 

gold NPs coated with either thiolated PFCs modified with 

ethylenglycol moieties
11

 or perfluorinated ethylenglycol 



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

derivatives.
12

 In both examples they successfully overcame the 

hydrophobicity associated with fluorinated compounds and 

obtained water dispersible NPs. However, the use of non-

equivalent fluorine atoms led to signal splitting or even 

quenching due to tight packing of the ligands. Taking this into 

account, synthetic modifications of fluorinated compounds 

remain yet to be conducted to achieve water dispersible gold 

NPs coated with ligands bearing chemically equivalent fluorine 

atoms. 

In the present work, perfluorinated tert-butanol 1 was 

chosen as the virtually ideal fluorine reporter due to the great 

amount of equivalent fluorine atoms that have the same 

chemical shift and lack coupling with adjacent protons. In 

order to label gold NPs with these probes, a thiolated ligand 

was required. We proposed the synthesis of fluorinated thiol 

derivatives 2-4 shown in Figure 1 (See ESI for synthetic details). 

The use of ethylene glycol units in the linkers would firstly 

ensure the required flexibility and mobility of the fluorinated 

head, which is a key feature to be active in MR, and secondly 

they would enhance the hydrophilicity of the so-obtained NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Fluorinated ligands prepared and the corresponding gold NPs obtained 

in their presence. 

Fluorinated ligands 2-4 were successfully prepared and 

used to produce gold NPs via reduction of HAuCl4 in the 

presence of NaBH4 (See ESI). NP2-4 of a core diameter ranging 

from approximately 2 to 4 nm were obtained by this method. 

After NP synthesis and prior to 
19

F-NMR/MRI signal evaluation, 

it was crucial to make sure that all remaining unbound ligand 

was removed from the NP solution. This was confirmed by 
1
H-

NMR, by the complete disappearance of the signal 

corresponding to the methylene group adjacent to the thiol (δ 

≈ 2.5 – 2.8 ppm), which was cancelled when the ligand was 

linked to the NP due to tight packing of ligands (Figure 2A vs. 

2B). Indeed it was observed that for ligands 2-3 the NMR signal 

of the whole aliphatic chain was affected due to the self-

assembly of ligands on the NP surface. In the case of NP4, the 

complete disappearance of both the methylene signal by the 

thiol (δ ≈ 2.8 ppm) and that by the carbonyl group (δ ≈ 2.5 

ppm) was noticed (Figure 2B). 
19

F-NMR spectra of both free 

ligands and NPs were also measured. As expected, only one 

peak for all 9 equivalent fluorine atoms was detected and the 

chemical shift of fluorine atoms when free or attached to gold 

did not vary significantly (δ = -71.48 ppm and -71.33 ppm for 

free ligands and NPs, respectively). The shape of the signal 

barely changed upon NP formation, suggesting that NPs are 

sufficiently homogeneous to keep all fluorine atoms 

environment similar and mobile enough not to broaden the 

NMR signal significantly (Figure 2C). In addition, the so-

obtained NPs were characterised by UV-Vis absorption 

spectroscopy and transmission electron microscopy (TEM) 

analysis (Figure 2D-G and Figure S2 in ESI). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A). 
1
H-NMR of free ligands 2-4 with a highlight on the –CH2-S peaks 

position. B) 
1
H-NMR of NP2-4 with a highlight on the absence of –CH2-S signal. C) 

19
F-NMR spectra of 2-4 and NP2-4. D) UV-Vis spectra of NP2 (in CH2Cl2), NP3 (in 

MeOH) and NP4 (in H2O), normalised at λ = 450 nm. E-F) TEM micrographs of 

NP2-4 (from left to right). Scale bars represent 50 nm. See ESI for TEM analysis. 

The amount of 2-4 used to stabilise each NP ranged from 3 

to 0.45 equivalents, which led to varied core sizes in the 

synthesis as shown by TEM and by the different size of the 

plasmon resonance band in UV-Vis spectra (Figure 2D-G). Next, 

the colloidal stability of the NPs was assessed and it was 

observed that NP2 was stable in chlorinated solvents and 
i
PrOH, but neither in shorter chain alcoholic solvents nor in 

water. NP3 was neither stable in chlorinated solvents nor in 

water, but it could be dispersed in EtOH, MeOH and acetone. 

On the contrary, PEGylated NP4 was colloidally stable in both 
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organic solvents and water. NPs remained unchanged after 

storage at 4 °C either dry or in solution for at least 6 months. It 

was observed in the synthesis of NP4 that when a Au:4 ratio of 

1:0.2 was used, the NPs were successfully obtained and signal 

was detected in 
19

F-NMR when measured in CD2Cl2. However, 

when exactly the same sample was measured in D2O, the 

fluorine signal disappeared almost completely suggesting that 

the packing of 4 was not very tight, thereby giving the 

hydrophobic fluorine atoms the chance to hide within the PEG 

chains. On the contrary, when the ratio was increased from 0.2 

to 0.45, little difference was observed between measuring the 
19

F-NMR spectra of the same sample either in organic solvent 

or in water, suggesting that the increased number of PEG 

ligands led to a more packed structure which forced most of 

fluorine atoms to be exposed and active in MR (Figure S3 in 

ESI). In an attempt to make NP2-3 water dispersible, part of 

fluorinated ligands 2-3 were replaced by ligands 5-7 

functionalised with hydrophilic moieties (Figure 3). NP2A-C 

and NP3A were not colloidally stable in water when replacing 

50 % or less of fluorinated ligand 2-3 by hydrophilic ligands. On 

the contrary, NP3B was colloidally stable in water with only 25 

% of replaced ligands by 6. The longer ethylenglycol moiety in 

6 may be responsible for its greater water solubility (See ESI). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Structure of hydrophilic ligands 5-8, NP2B-D and NP3A-B. 

Lastly, we decided to coat NP2 with water soluble polymer 

8 derived from poly(isobutylene-alt-maleic anhydride) (PMA). 

Hence, commercially available PMA was reacted with 

dodecylamine as described before
13

 and used for coating 

hydrophobic NP2, by intercalation of the dodecylamine chains 

in between the fluorinated ligands. After treatment with 

aqueous NaOH, all unreacted anhydride rings opened and 

transformed into carboxylate groups, rendering NP2D stable in 

water (See ESI). When small amounts of polymer were used, 

only partial coating was observed, and NPs were not well 

dispersed in water. On the contrary, by increasing the polymer 

amount per NP, full coating was obtained, but groups of NPs 

formed along with very few single NPs, as observed by TEM 

(Figure 4D).
14

 In NP2A-D and NP3A-B, the 
19

F-NMR signal split 

into 2 peaks or distributions, more or less overlapped 

depending on the NPs, which account for at least two different 

spatial distributions or environments around fluorine atoms 

due to the presence of two types of ligands (Figure 4A and 

FigureS1 in ESI). Encapsulation of NP2 with 8 mostly quenched 

the 
19

F-NMR signal due to lack of mobility of the fluorine 

atoms under the polymer coating (Figure 4A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A) 
19

F-NMR spectra of NP3B and NP2D recorded in a mixture of 

D2O/H2O. B) UV-Vis spectra of NP3B and NP2D recorded in water and normalised 

at λ = 450 nm. C-D) TEM micrographs of NP3B and NP2D (from left to right). 

Scale bars represent 100 nm. 

Finally, phantoms were prepared to probe the potential 

use of the fluorinated ligands prepared herein as fluorine 

labels for MRI on gold NPs (See ESI for imaging protocols). 

Selected NPs were NP2, NP4 and NP2D. In all cases, phantoms 

were acquired simultaneously with increasing amounts of the 

corresponding ligand 2 or 4 for SNR calibration. In the first 

experiment ligand 2 and NP2, both dissolved in CD2Cl2, were 

successfully imaged almost down to 3 mM concentration in 

fluorine (Figure 5A). In the second experiment ligand 4, NP4 

and NP2D in water were analysed (Figure 5C). NP4 was 

successfully imaged, but signal from NP2D was at the level of 

noise, as expected given the broad signal observed in 
19

F-NMR 

after coating with 8. As shown in Figure 5B and 5D, SNR of the 
19

F-MRI signal of 2 and 4 was in linear relationship with the 

amount of fluorine atoms in solution. ICP-MS analysis of NP2 

and NP4 showed that the gold content for each NP was 10.5 % 

and 40.7 % of the total mass analysed, respectively. These 

values were used to calculate fluorine concentration for each 

NP sample in Figure 5. Hence, by using the calibration data 

obtained from the ligand solutions and the SNR measured for 

each NP sample it was possible to study how much of the 

fluorine present on each type of NP was actually active in the 

MRI experiments performed. Surprisingly, it was observed that 

only 40 % of the fluorine on NP2 was being imaged, whereas 

80 % of the fluorine in NP4 showed to be active in MRI. This 

raises the question on how fluorine is actually placed on the 
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NPs. For NP4, it may indicate that most of fluorine atoms are 

exposed on the surface and mobile. On the contrary, on NP2 it 

seems that more than half of fluorine atoms are either hidden 

or packed too tightly to be detected. After successful imaging 

of NP4 and given its water solubility, preliminary cell viability 

and apoptosis tests were performed in order to consider them 

for future in vivo applications. Hence, increasing 

concentrations of NP4 (0 - 50 nM) were incubated with three 

different cell lines (MDA-MB-231, C33-A and MDA-MB-435S). 

MTS cytotoxicity assay showed that those cell lines were still 

viable after 24 hours of exposure (Figure 5E and Figure S6 in 

ESI). Likewise, the Annexin V apoptosis assay did not indicate 

apoptosis of cells after 24 hours of incubation with NP4 for the 

cell lines tested (Figure 5F) (See ESI).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. A) From left to right: 
1
H-MRI; 

19
F-MRI and 

1
H-

19
F overlay of 2 and NP2. 

Samples 1-6 contained 2, 7-8 contained NP2. Concentration data are referred to 

fluorine: 1 = 3 mM; 2 = 5 mM; 3 = 10 mM; 4 = 15 mm; 5 = 20 mM; 6 = 25 mM; 7 = 

16.8 mM; 8 = 33.6 mM. All samples were in CD2Cl2. B) Representation of SNR of 

fluorine signal with respect to fluorine concentration. C) From left to right: 
1
H-

MRI; 
19

F-MRI and zoomed-in region of 
19

F-MRI. Sample 1 contained water for 

physical reference, samples 2-5 contained 4, 6 contained NP2D and 7-8 contain 

NP4. Concentration data are referred to fluorine: 2 = 5 mM; 3 = 10.1 mM; 4 = 

15.1 mM; 5 = 25.2 mM; 6 = 8 mM; 7 = 4.2 mM; 8 = 8.3 mM. All samples were in 

water. D) Representation of SNR of fluorine signal with respect to fluorine 

concentration. E) MTS viability assay after 24 hours incubation of NP4 with 3 

different cell lines and at different NP concentrations (0-50 nM). F) Percentage of 

apoptotic cells of the same cell lines with NP4. A positive control was obtained 

after incubation with apoptosis inducer staurosporin (1 µM). A negative control 

was obtained after measuring apoptosis in cells in the absence of both NP4 and 

staurosporin. 

Hence, novel fluorinated ligands 2-4 have been designed, 

synthesised and used for the preparation of gold NPs 

functionalised with fluorine atoms. Several strategies have 

been tested to overcome the intrinsic hydrophobic nature of 

fluorinated compounds to finally obtain colloidally stable NPs 

in water, out of which the use of long chain PEGylated 

compounds has proved to be the best option. The so-obtained 

NPs have been characterised with regard to their 
19

F-NMR and 
19

F-MRI signal to test their potential use as contrast agents. 

These NPs represent an improvement with respect to currently 

in use probes, due to the single chemical shift and high local 

concentration of fluorine atoms, which could enhance SNR in 

imaging applications. In addition, preliminary viability assays 

performed with NP4 indicate the possibility of exploring their 

use for in vivo studies by 
19

F-MRI. 
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