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A B S T R A C T   

Fluorine-19 magnetic resonance imaging (19F MRI) has been a technology of choice for in vivo cell tracking, in 
which perfluorocarbons (PFCs) nanoemulsions are the most used 19F MRI agents. However, the peculiar phys-
icochemical properties of PFCs may lead to poor cell uptake and misleading cell tracking results. Herein, we 
employed partially fluorinated aromatic agents to formulate paramagnetic nanoemulsions as novel 19F MRI- 
fluorescence (FL) dual imaging agents for cell tracking. With the intramolecular π-π interaction, low density 
and fluorine content, the partially fluorinated agents enable considerable solubilities of functional agents and 
short relaxation times, which facilitates convenient preparation of stable, biocompatible, and multifunctional 
nanoemulsions with high 19F MRI sensitivity. Replacing PFCs in 19F MRI nanoemulsions with readily available 
partially fluorinated aromatic agents may address many issues associated with PFCs and provide a novel strategy 
for high-performance 19F MRI agents of broad biomedical applications.   

1. Introduction 

In recent years, 19F magnetic resonance imaging (19F MRI) has been 
increasingly used in biomedicine. As a highly selective and quantitative 
imaging technology, 19F MRI provides in vivo images without back-
ground interference, ionizing radiation, and tissue depth limit [1–3], 
which are advantageous over many imaging technologies, such as 1H 
MRI, nuclear imaging, and FL imaging. 19F MRI has been successfully 
employed in cell tracking [4–6], drug tracking [7,8], theranostic systems 
[9–12], etc., which significantly promotes biomedical research. Because 
19F MRI heavily relies on imaging agents as the signal source and 
functional entity, developing convenient, multifunctional, and highly 
sensitive 19F MRI agents is of great importance for 19F MRI and its 
application. 

Since 19F MRI was developed in 1977 [13], nanoemulsions of PFCs, 
such as perfluorooctyl bromide (PFOB), perfluorotributylamine 
(PFTBA), perfluorodecalin (PFD), etc., have been overwhelmingly 
employed as 19F MRI agents [3,14,15]. Because of their high fluorine 
contents (usually over 60%), PFCs exhibit heavy fluorous properties [16, 
17] and thus suffer low emulsion stability, severe organ retention, dif-
ficulties in modification and formulation, extremely poor co-solubility 
of such functional agents as dyes, drugs, photosensitizers, etc. In 19F 
MRI-monitored cell tracking and theranostic systems, the poor solubility 
of functional agents in heavy fluorous PFCs resulted in their tedious 
covalent conjugation to the emulsion components [18]. 

Thus, the co-solubilization of functional agents and 19F signal com-
pounds may significantly simplify the preparation of 19F MRI agents. 
The co-solubility may also improve the performance of 19F MRI agents 
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by homogenizing the components to avoid the dyes’ aggregate induced 
quenching (AIQ) of fluorescence and chelates’ inhomogeneous para-
magnetic relaxation enhancement (PRE) effect. Meanwhile, the much 
higher density of PFCs emulsions (usually 1.5–2.0 g/mL) than cell cul-
ture mediums leads to nanoemulsion droplet sedimentation, cell dam-
age, and erroneous 19F MRI results [19]. Moreover, even with high 
fluorine contents, the unsymmetrical arrangement of fluorines in most 
PFCs leads to their low 19F MRI sensitivity and chemical shift-induced 
imaging artifacts [3]. Therefore, transforming heavy fluorous 19F MRI 
signal molecules into normal organic molecules by reducing the fluo-
rines, especially the non-signal-contribution fluorines[15], may address 
the issues mentioned above and maintain the 19F MRI sensitivity. 

Partially fluorinated compounds with multiple symmetrical fluorines 
may be good alternatives to PFCs in nanoemulsion-based 19F MRI 
agents. Compared to PFCs, partially fluorinated compounds with much 
lower fluorine contents may have neglectable fluorous properties, lower 
density, high functional agent co-solubility, and 19F MRI sensitivity. 
Among the partially fluorinated compounds, 3,5-bistrifluoromethylated 
phenyl derivatives are highly attractive. The strong and singlet 19F 
signal from 6 symmetrical fluorines enables these compounds’ high 19F 

MRI sensitivity, while their relatively low fluorine contents (less than 
50%) and the presence of polar functional groups, such as ester, ether, 
hydroxyl, and nitrile groups, may facilitate co-solubility of functional 
agents. Notably, the π-π interactions of their phenyl groups may slow 
down the molecular tumbling, shorten the relaxation times and thus 
improve the 19F MRI sensitivity by reducing the data collection time. 
Further, convenient modification of the functional groups may incor-
porate novel functions, fine-tune relaxation times, and co-solubilities. 

Tracking cells with 19F MRI provides valuable real-time, selective, 
and quantitative cells information for cell biology and cell therapy 
[4–6]. The high 19F MRI sensitivity of nanoemulsions is crucial for 
sensitive detection of cells and reducing perturbation on cells. At the 
same time, the FL imaging capability of nanoemulsions is usually 
required for in vitro cell study. Herein, we developed novel 19F MRI-FL 
dual-imaging agents for cell tracking from readily available partially 
fluorinated compounds by tuning the co-solubility, relaxation times, and 
biocompatibility (Fig. 1). Partially fluorinated 3,5-bistrifluoromethy-
lated phenyl derivatives 1–4, commercially available liquid chemicals 
with low prices, were selected as 19F MRI signal molecules and solvents 
for functional agents. Chelator 5 was designed as a paramagnetic ion 

Fig. 1. Chemical structures of compounds 1–9.  

Fig. 2. Partial 19F NMR spectra of reagents 1–4 and chelator 5 (a), and the co-solubility of agents 5–8 in reagents 1–4 (b).  
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chelator to improve 19F MRI sensitivity through the PRE effect, which 
contains the 3,5-bistrifluoromethylated phenyl groups to improve 
co-solubility and generate a united 19F signal in chemicals 1–4. Stable 

radical TEMPO 6 was used as potential dynamic nuclear polarization 
(DNP) agent for super sensitive hyperpolarized 19F MRI [20,21]. FL dyes 
IR-780 7 and aza-BODIPY 8 were employed to provide FL imaging 
capability for cell tracking. Perfluoro-15-crown-5 9 was employed as a 
PFC control to show the difference between PFCs and partially fluori-
nated compounds. 

2. Experimental section 

The materials and specific experimental sections were in the Sup-
plementary materials. 

3. Results and discussions 

With the ideas in mind, partially fluorinated reagents 1–4 and 
perfluoro-15-crown-5 9 were obtained from commercial sources. 
Chelator 5 was conveniently synthesized from ester 1 and acetone 4 in 
just one step with a 45% yield on a multigram scale (Scheme S1). 

As expected, all the fluorinated compounds 1–5 gave a sharp and 
singlet 19F NMR peak around - 66 ppm from their multiple symmetrical 
fluorines (Fig. 2a). Then, the co-solubility of solid functional agents 5–8 
in partially fluorinated reagents 1–4 were measured at the weight per-
centages of 1%, 5%, and 20%, respectively (Fig. 2b). In contrast, func-
tional agents 5–8 showed neglectable solubility in perfluoro-15-crown-5 
9. Chelator 5 showed solubility in reagents 1–4, probably because they 

Table 1 
Formulation ingredients, diameter, and PDI of nanoemulsions E1–E13.  

Emulsions Formulation ingredientsa Diameter (PDI)b 

E1c 1, Lecithin, F68 412.6 (0.418) 
E2 1, Lecithin, F68 215.9 (0.492) 
E3c 1, E80, F68 86.4 (0.223) 
E4c 1, S75, F68 108.9 (0.176) 
E5c 1, Soybean oil, F68 172.4 (0.221) 
E6c 1, Saffron oil, F68 162.4 (0.234) 
E7c 1, Saffron oil, Lecithin 153.1 (0.337) 
E8 1, S75, F68 92.1 (0.184) 
E9 1, 5, S75, F68 119.5 (0.188) 
E10 1, 5, 7, S75, F68 126.0 (0.174) 
E11 1, 5, S75, F68, FeCl3 120.5 (0.203) 
E12 1, 5, 7, S75, F68, FeCl3 112.1 (0.181) 
E13 1, 5, 7, S75, F68, FeCl3, RGDd 108.1 (0.219)  

a Amount of ingredients in 4 mL water: 109 mg 1, 1 mg 5, 2 mg 7, 80 mg S75 
(or Lecithin), 40 mg F68. 

b Size is the diameter in nm 
c 40 mg of surfactant (S75, Lecithin, E80, Soybean oil, or Saffron oil) was 

used. 
d RGD represented DSPE-PEG2000-RGDyC. 

Fig. 3. Partial 19F NMR spectra and 19F relaxation times of nanoemulsions E8 to E13 (a, b) and E10 with the indicated paramagnetic ions (c, d), Fe3+ to chelator 5 
ratio-dependent T1 (e) and T2 (f) of E12, temperature-dependent T1 and T2 of E11 (g), the plot of 19F peak integral versus C(19F) of E10 using CF3SO3Na as internal 
standard (h) and partial 19F NMR spectra of E10 and CF3SO3Na solutions at the indicated concentrations (i). 
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Fig. 4. 19F density-weighted (a) and T1-weighted (c) 19F MRI phantom images and plot of LogSI versus LogC(19F) (b, d) of E10 and E12, UV absorption spectra (e) 
and FL emission spectra (f) of 7, E10 and E12 at 5 µg/mL of 7, confocal microscope images of A549 cells incubated with E13 (g), A549 cells and MCF-7 cells after 2 h 
of incubation with E12 (h), and cytotoxicity assay of E12 in A549 cells, MCF-7 cells, and MCF-10A cells (i). 
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share the same 3,5-bis(trifluoromethyl)phenyl structures. TEMPO 6 was 
well dissolved in reagents 1–4 with at least 20% weight percentages. 
Unfortunately, IR-780 7 and aza-BODIPY 8 exhibited poor solubility in 
reagents 1–4 due to their charge, high polarity and aggregation ten-
dency. The considerable solubility of chelator 5 in reagents 1–4 may 
facilitate the homogeneous distribution of paramagnetic ions to effi-
ciently shorten relaxation times and improve 19F MRI sensitivity. 

Among reagents 2–4, phenol 2 gives an unpleasant smell while 
nitrile 3 and ketone 4 carry biologically reactive functional groups, 
which may lead to toxicity. Esters widely exist in biological systems and 
ester 1 can be easily modified into other esters and amides, which was 
selected for the downstream study. Ester 1, chelator 5, and IR-780 7 
were employed to formulate nanoemulsions for potential 19F MRI-FL 
dual-imaging cell tracking. After an initial screening of the surfactants 
for ester 1, S75 and F68 were found to provide monodisperse and ho-
mogeneous nanoemulsion E8 with a diameter of 92 nm and a poly-
dispersity index (PDI) of 0.184 (Table 1). The incorporation of chelator 5 
and IR-780 7 enlarged the particle size to about 120 nm, but the mon-
odispersity of nanoemulsion was well maintained. After adding ferric 
chloride to nanoemulsions E9 and E10, the visible color changes indi-
cated the capture of iron (III) (Fe3+) by chelator 5, from which 

monodisperse paramagnetic nanoemulsions E11 and E12 were 
prepared. 

Dynamic light scattering (DLS) and transmission electron micro-
scopy (TEM) showed the monodispersity and spherical shape of nano-
emulsions E10 and E12, respectively (Fig. S2a and S2b). 

As expected, nanoemulsions E8 to E13 gave a strong and singlet 19F 
NMR peak around - 65.2 ppm, respectively (Fig. 3a). 19F relaxation 
times of the nanoemulsions were then measured (Fig. 3b). As expected, 
aromatic ester 1 had much shorter relaxation times (E8: T1 = 838 ms, T2 
= 415 ms) in nanoemulsion than those of PFCs (nanocapsule of PFOB: T1 
= 1305 ms, T2 = 695 ms) under similar conditions [22]. The addition of 
chelator 5 dramatically shortened the T1 by 21%, further demonstrating 
the π-π interactions as efficient relaxation times shorten strategy. Among 
the selected paramagnetic ions, including Mn2+, Er3+, Tb3+, Gd3+ and 
Fe3+, Fe3+ showed the highest efficacy in reducing the relaxation times 
(Fig. 3c and 3d). Incorporating Fe3+ at a 1: 4 ratio to chelator 5 over-
whelmingly reduced the T1 by up to 93% (Fig. 3e and 3f). The short T1 
(53 ms) and T2 (27 ms) of nanoemulsion E12 would significantly pro-
mote its 19F MRI sensitivity by reducing the data collection time. A 
temperature-dependent relaxation times reduction was observed on E11 
when elevating the temperature from 280 K to 325 K, indicating 
improved temperature may improve the 19F MRI sensitivity (Fig. 3g). 
Finally, quantification of the fluorines in nanoemulsion E10 with 19F 
NMR was investigated. Using sodium trifluoromethanesulfonate 
(CF3SO3Na) as an internal standard, the 19F peak integrals of E10 were 
proportional to the 19F concentrations (Fig. 3h and 3i) and, therefore, 
the fluorine concentration of nanoemulsions may be accurately quan-
tified by 19F NMR signal intensity. 

Next, the 19F MRI and FL imaging capabilities of nanoemulsions E10 
and E12 were investigated. The 19F density-weighted 19F MRI phantom 
images showed that E10 and E12 are highly 19F MRI sensitive and 
detectable at low 19F concentrations of 5 mM and 10 mM with a data 
collection time of 256 s, respectively (Fig. 4a). Notably, E10 showed a 
slightly higher 19F MRI sensitivity than E12, which may be related to the 

Table 2 
Formulation ingredients, diameter, and PDI of nanoemulsions E14-E20.  

Emulsions Formulation ingredientsa Diameter (PDI)b 

E14 1, Soybean oil, S75, F68 201.2 (0.199) 
E15 1, 5, Soybean oil, S75, F68 209.8 (0.173) 
E16 1, 5, Soybean oil, S75, F68, FeCl3 238.0 (0.193) 
E17 1, 5, 8, Soybean oil, S75, F68 222.8 (0.163) 
E18 1, 5, 8, Soybean oil, S75, F68, FeCl3 224.8 (0.125) 
E19 9, 5, 8, Soybean oil, S75, F68 193.1(0.173) 
E20 9, 5, 8, Soybean oil, S75, F68, FeCl3 203.3 (0.237)  

a Amount of ingredients in 4 mL water: 109 mg 1 or 9, 1 mg 5, 1 mg 8, 200 mg 
soybean oil, 40 mg S75, 40 mg F68. 

b Size is the diameter in nm. 

Fig. 5. Effects of paramagnetic ions on the relaxation times (a) and 19F NMR spectra (b) of E15, temperature-dependent T1 (c) and T2 (d) of E16 and E18.  
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Fig. 6. 19F density-weighted 19F MRI (a), T1-weighted 19F MRI phantom images (c), the plot of LogSI versus LogC(19F) (b, d) of E17 and E18, and UV absorption 
spectra (e) and FL emission spectra (f) of 8, E17 and E18 at an 8 concentration of 2.5 µg/mL, confocal microscope images of A549 cells incubated with E18 (g), and 
cytotoxicity assay of E17–E20 in A549 cells (h). 
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Fe3+-induced nanoemulsion structural perturbations in E12. In contrast, 
E12 has a much higher 19F MRI sensitivity than E10 in the T1-weighted 
19F MRI with a detectable 19F concentration of 5 mM, which clearly 
showed the 19F MRI sensitivity enhancement by the PRE-effect of Fe3+

(Fig. 4c). In both cases, the logarithm of 19F MRI signal intensity (LogSI) 
was indeed proportional to the logarithm of 19F concentration (LogC 
(19F), Fig. 4b and 4d), which enables the accurate quantification of the 
fluorines in nanoemulsions with 19F MRI. Compared to IR-780 7, sig-
nificant red-shifts of about 24 nm were observed from the UV absorption 
spectra of nanoemulsions E10 and E12 (Fig. 4e), which facilitate the 
exiting of the nanoemulsion in the near-infrared region. Meanwhile, 
maximum FL emission peaks around 824 nm with significant red-shifts 
of 20 nm compared to IR-780 were also observed in the FL spectra of 
E10 and E12 (Fig. 4f). The high UV absorption and FL emission intensity 
of E10 and E12 indicated the homogeneous distribution of IR-780 in the 
nanoemulsion without aggregation. 

With the high 19F MRI sensitivity and FL capability, the nano-
emulsions were employed in cell studies. Confocal microscope images 
indicated the efficient uptake of nanoemulsion E13, which was surface 
modified with cancer cell-targeting peptide DSPE-PEG2000-RGDyC, by 
human lung cancer A549 cells after 12 h of incubation (Fig. 4g). Even 
without the targeting peptide, E12 showed efficient uptaken by both 
human breast cancer MCF-7 cells and A549 cells after 2 h of incubation 
(Fig. 4h). With the aid of nucleus dye DAPI, E12 and E13 were found in 
the cytoplasm after being uptaken by the cells. Then, the cytotoxicity of 
E12 was evaluated in A549 cells, MCF-7 cells, and normal human breast 
MCF-10A cells. Unfortunately, E12 exhibited high cytotoxicity toward 
A549 cells and MCF-10A cells above the 19F concentration of 6 mM 
(Fig. 4i). After a series of control experiments, it was found that the 
relatively low stability of E12 in the cell culture medium may lead to 
cytotoxicity. 

To avoid unexpected cytotoxicity, we redesigned the formulation of 
nanoemulsions. Soybean oil was employed to improve the stability, and 
IR-780 7 was replaced with less phototoxic aza-BODIPY 8 (Table 2) 
[23]. The addition of soybean oil yielded much larger nanoemulsions 
(around 200 nm) than previous ones, while the presence of aza-BODIPY 
had little impact on the particle size and PDI. After a 14-day stability 
study with DLS, nanoemulsions E17 were found to be stable in water and 
cell culture medium containing fetal bovine serum (Fig. S2). Consistent 
with previous results, Fe3+ was the most effective paramagnetic ion in 
reducing relaxation times (Fig. 5a and 5b). Compared to its IR-780 
counterpart, nanoemulsion E18 with aza-BODIPY had longer T1 and 
shorter T2, which suggested possible interactions between aza-BODIPY 
and Fe3+. Interestingly, the temperature-dependent relaxation times 
measurement showed longer relaxation times at higher temperatures 
(Fig. 5c and 5d), suggesting the impact of soybean oil-based formulation 
on relaxation times, especially at elevated temperatures. 

With an appropriate particle size of 225 nm and a low PDI of 0.125, 
nanoemulsion E18 with short relaxation times (T1 = 137 ms, T2 =

20 ms) was selected for the imaging study. Further, competitive 
chelating agent EDTA was added to nanoemulsion E18 with 24 h of 
stirring, which led to the increased of relaxation times (T1 = 363 ms, T2 
= 110 ms), indicating a reversed diffusion of Fe3+ from the nano-
emulsion particles to the EDTA solution [6]. 19F density-weighted 19F 
MRI phantom images showed comparable 19F MRI sensitivity for E17 
and paramagnetic E18 (Fig. 6a), which were detected at a 19F concen-
tration of 2.5 mM with a data collection time of 160 s. With the 
PRE-effect to short data collection times, paramagnetic E18 showed a 
much higher 19F MRI sensitivity than E17 in the T1-weighted 19F MRI 
phantom images (Fig. 6c). In both cases, LogSI was proportional to LogC 
(19F) (Fig. 6b and 6d), ideal for downstream quantitative 19F MRI. In 
contrast, neglectable relaxation time differences were detected in 
perfluoro-15-crown-5 nanoemulsion E19 and E20 after the addition of 
FeCl3 (Fig. S3), which suggested the perfluoro-15-crown-5 was not able 
to dissolve chelator 5. Compared to aza-BODIPY, the UV absorption and 
FL emission were well maintained in E17 and E18 (Fig. 6e and 6f). 

Finally, the cell uptake of nanoemulsion E18 and cytotoxicity of 
nanoemulsion E17–E20 were evaluated on A549 cells. Confocal mi-
croscope images indicated that E18 can be uptaken by A549 cells after 
2 h of incubation (Fig. 6g). Fortunately, E17–E18 showed high 
biocompatibility at a fluorine concentration of up to 30 mM after 12 h of 
incubation E17–E18 in A549 cells (Fig. 6h), suggesting that soybean oil 
and aza-BODIPY may significantly reduce cytotoxicity. Therefore, E18 
would be a potential agent for 19F MRI-FL dual-imaging cell tracking. In 
comparison, E20 showed high toxicity in A549 cells because Fe3+ was 
not well dissolved in the nanoparticles (Fig. 6h), which further indicated 
the low solubility of chelator 5 in perfluoro-15-crown-5. 

4. Conclusion 

In this study, we have developed novel 19F MRI-fluorescence dual- 
imaging nanoemulsions with high 19F MRI sensitivity, stability, and 
biocompatibility for cell tracking from partially fluorinated reagents. 
Without any chemical modification, the commercially available reagent, 
methyl 3,5-bis(trifluoromethyl)benzoate, was directly used in 19F MRI 
for the first time, in which the six symmetrical fluorines enable high 19F 
MRI sensitivity while significantly reducing the fluorine content for co- 
solubility of functional agents, low nanoemulsion density and high 
nanoemulsion stability. In the partially fluorinated nanoemulsions, π-π 
interactions and chelated paramagnetic Fe3+ induce ultra-short T1 for 
highly sensitive and quantitative 19F MRI, while the incorporated fluo-
rescence imaging facilitates convenient in vitro cell studies. The 
biocompatibility of nanoemulsion was conveniently tuned by the highly 
adjustable formulation, e.g., the addition of soybean oil and switch of FL 
dyes. Although many nanoemulsions have been developed for 19F MRI 
cell tracking in the last two decades, the problematic PFCs and 
complicated synthetic molecules in these systems hamper 19F MRI cell 
tracking development and application. This study provides an alterna-
tive strategy for the convenient construction of highly sensitive 19F MRI 
cell tracking agents. 
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