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Abstract: The development of molecular and cellular magnetic resonance imaging 

procedures has always represented a challenge due to the fact that conventional MRI contrast 

agents are not directly detected in vivo; in proton MRI (e.g. with the nucleus 
1
H), their local 

concentration is measured through the effect they exert on the signal of hydrogen protons 

present in their immediate vicinity. Because the contrast effects generated by conventional 

MRI probes superpose to and can often impede the anatomical information contained in 
1
H 

MRI images, new probes based on another nucleus than 
1
H, are being developed. In this 

study, we report on the development of fluorinated mesoporous silica nanoparticles (MSNs), 

which could represent an interesting dual probe allowing two MR imaging modes:  
1
H for 

high-resolution anatomical information, and 
19

F for the detection of MSNs used as drug 

delivery agents. MSNs were synthesised and covalently functionalized either with 

fluorosilane (FMSNs) or polyfluorosiloxane (polyFMSNs) to enable their detection in 
19

F 

MRI. Then, gadolinium chelates were grafted on the particles to enhance their detectability in 

1
H-MRI. The physico-chemical, textural and relaxometric properties (

1
H and 

19
F relaxation 

times) of the nanoparticles were measured and compared. The 
19

F relaxation properties were 

found to be dependent on the concentration of fluorine; they were also highly sensitive to the 

presence of gadolinium. The shortest relaxation times were obtained with polyFMSNs. At 

clinical magnetic field strengths, high 
1
H relaxivities and low relaxometric ratios (r2/r1 = 1.45; 

2.2 for nanoparticles entrapped in hydrogel) were found for both nanoparticle systems. 

Finally, the visibility of both systems were confirmed in 
1
H, and the detectability of 

polyFMSNs was confirmed in 
19

F MRI. This physico-chemical and relaxometric study opens 

the door to applications of FMSNs as theranostic materials allowing dual MRI (
1
H and 

19
F). 
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Introduction 

Mesoporous silica nanoparticles (MSNs) figure among the most significant advances 

nanotechnology has made in the last three decades.
1
 These materials have been explored and 

exploited for their numerous applications in catalysis,
2
 analytical extraction,

3
 sensing,

4, 5
 

optics,
6
 drug delivery

7
 and bioimaging.

8
 The grafting of fluorinated compounds at the surface 

of MSNs could lead to innovative materials in chromatography and molecular separation,
9
 as 

biosensors,
10

 as hydrophobic coatings for optical applications
11-13

 as well as for catalytical 

systems
14

. In fact, one of the greatest assets of MSNs is the ability to functionalize both their 

external and their inner surface with different functional groups. To achieve this goal with 

fluorinated compounds, new grafting procedures must be developed. In fact, biomedical 

imaging is one of the areas that could benefit the most from MSNs fluorinated products; 

however, biomedical MSNs must be surface-treated in a certain way as to preserve their 

hydrophilicity and their colloidal stability. This represents a certain challenge that must be 

addressed in a systematic and comprehensive study. 

Fluorinated nanoparticles can be detected by 
19

F-magnetic resonance imaging (MRI), 

and this innovative bioimaging modality had lead to the emergence of innovative medical 

procedures (e.g. diagnostic and theranostics).
15

 Compared to the other clinical molecular 

imaging techniques mainly based on the injection of radioisotopes (e.g. positron emission 

tomography), MRI does not rely on ionizing radiation. It is a non-invasive, whole-body 

diagnostic tool that is widely used both in pre-clinical and in clinical procedures. MRI 

scanners usually detect the signal from hydrogen protons (
1
H): the most important advantage 

of 
1
H MRI is the capacity to generate anatomical images from the strong hydrogen contents of 

the human body. However, the 
19

F nucleus can also be very sensitively detected by MRI; it 

has a 100% natural abundance and it resonates at a frequency corresponding to 94% of that of 
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1
H. Only a slight change in the radiofrequency wave used to excite the 

1
H nucleus is 

necessary to activate the detection of signal in 
19

F-MRI. Only limited investment in the 

hardware of MRI systems currently installed in hospitals and clinics would be necessary to 

endow the current infrastructure with a dual 
1
H/

19
F detection capacity. In fact, the interest of 

the medical imaging community for the potential of 
19

F-MRI has been growing in the past few 

years. 

Because the biological tissues contain only traces of fluorine, probes made of 
19

F 

could be detected in MRI at a potentially very strong signal-to background ratio.
16

 The 

detected signal can be directly correlated with the concentration of 
19

F probes accumulated in 

specific organs. This appears significantly different to the usual detection of 
1
H with MRI, 

which is generally used generate most clinical MRI anatomical images based on the very 

strong signal of protons in the mobile water molecules of biological tissues (
1
H instead of 

19
F 

as the signal nucleus). Hence, 
19

F-based imaging probes detected with 
19

F-MRI, and 

superposed onto 
1
H-MRI anatomical maps, could provide strategy similar to that of other 

imaging procedures where an anatomical modality (e.g. MRI or CT) is coupled with a 

molecular one based on the high-sensitivity detection of radioactive probes (e.g. positron 

emission or single-photon emission computed tomography – PET and SPECT). In the case of 

dual 
19

F-
1
H-MRI, the major advantage would rely on the possibility to perform totally 

ionizing radiation-free imaging sequences. Therefore, fluorine MRI could be used as an 

alternative to radioactive tracers in certain quantitative biodistribution studies. The 

development of probes containing enough fluorine to reach detectability in 
19

F-MRI, is the 

highest challenge in this field. Therefore, there is a need at the moment to explore different 

synthetic routes enabling the production of nanoparticle-based imaging probes having 

multiple fluorine groups grafted either at their surface, or within their core.  
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During the past few decades, imaging probes based on 
19

F (non-silica) have already 

been developed for cell tracking and inflammation imaging.
17

 These probes were formulated 

from perfluorocarbon molecules (PFCs) such as perfluoro-crown-ether (CxFyOz) and CxFy, 

due to their high content in fluorine atoms.
17, 18

 Unfortunately, perfluorocarbon formulations 

made of nanoemulsions and micelles have several drawbacks such as low stability, limited 

aqueous dispersibility and restricted functionalization capacity.
19

 In addition to this, the 

molecular detection of PFC probes in fluorine-MRI is much less sensitive than the detection 

of radioisotopes in SPECT and PET imaging; in cell tracking procedures, it requires the 

supersaturation of cells by the PFC contrast agent, often to the limits of cell viability.
20

  

 

Recently, the encapsulation of perfluorocarbons in MSNs has been suggested as a 

strategy to develop an improved generation of fluorinated probes. Perfluorocarbons, either in 

the form of C6F6 or perfluoro-crown-ether molecules, were trapped either in the pores of 

MSNs, or encapsulated in the core of “core-MSN-shell” systems.
21-23

 The properties of these 

19
F MRI-traceable nanocarriers appeared promising; however, the fluorine compounds were 

found prone to diffuse through the pores of the MSN, as observed for small perfluorocarbon 

molecules (e.g., C6F6).
21

 To avoid this undesirable leaching of fluorine groups from the 

surface of silica materials, it is necessary to graft the fluorine probes with covalent bonds. 

 

Another promising aspect of fluorine-grafted MSNs that has not been explored is the 

development of dual 
19

F and 
1
H MR imaging probes. Paramagnetic elements such as 

gadolinium (Gd), chelated in small molecules such as diethylenetriaminopentaacetic-acid 

(Gd-DTPA), can be attached at the surface of MSN. The strong decrease in 
1
H longitudinal 

relaxation times observed in the labeled nanoparticles, enable their efficient imaging in T1-

weighted 
1
H-MRI. Hence, paramagnetic chelates grafted at the surface of MSNs, allows the 
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production of imaging probes that induce a strong "positive" contrast enhancement effect.
24, 25

 

Then, as a second sequential radiological step, the concentration of MSN probes could be 

quantified by 
19

F-MRI (molecular imaging modality). To the best of our knowledge, there has 

been no report until now, reporting on the potential of MSN for dual 
1
H and 

19
F MRI 

procedures. 

In this study, mesoporous silica nanoparticles (MSNs; MCM-48-type) were 

synthesised and functionalized with fluorine-containing molecules (fluorosilane and 

fluorosiloxane) and with gadolinium chelates (Gd-DTPA). In both cases, the molecules were 

covalently grafted at the surface of MSNs. The nanoparticles were thoroughly characterized 

and their colloidal stability, assessed by dynamic light scattering (DLS). The relaxometric 

properties of the nanoparticles for 
19

F and in 
1
H MRI imaging, were measured. The 

19
F 

relaxometric performance of fluorosilane-nanoparticles (FMSNs) was also compared to that 

of polyfluorosiloxane-nanoparticles (polyFMSNs). In addition, their 
1
H relaxometric 

performance was measured in different media (water and hydrogel) and at various magnetic 

field strengths. Finally, the suspensions of nanoparticles were imaged by 
1
H and 

19
F MRI (in 

vitro). 
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EXPERIMENTAL SECTION 

1) Materials 

Tetraethylorthosilicate (TEOS, 98%), Pluronic F127 (EO106PO70EO106, BioReagent), n-

cetyltrimethylammonium bromide (CTAB, 99%), (3-aminopropyl)triethoxysilane (APTES) 

and diethylenetriaminepentaacetic  dianhydride  (DTPA  dianhydride,  98%) were from Sigma 

Aldrich (Canada). Dimethoxy-methyl(3,3,3-trifluoropropyl)silane (98%) and Poly(methyl-

3,3,3-trifluoropropylsiloxane) were from Gelest (USA). 

2) Synthesis of Functionalized Mesoporous Silica Nanoparticles 

MCM-48 MSN synthesis: MCM-48-type mesoporous silica nanoparticles were 

synthesized as reported in the literature.
26, 27

 In brief, CTAB and F127 were dissolved in 298 

mL of H2O/NH3/EtOH (NH4OH(aq) 2.9 wt%)/EtOH  =  2.5/1 (v/v)). Then, TEOS (3.86 mL) 

was added over a period of 1 minute, at room temperature (RT) and under a high stirring rate 

(1000 rpm). Then, the reaction mixture was aged 24 h in static conditions (air, RT). The 

resulting product was collected by centrifugation, washed twice with water (250 mL), and 

dried overnight in air at 65°C. Finally, the product was calcined (air, 550°C, 1°C/min, 5h). 

DTPA grafting: DTPA molecules were selectively grafted at the outer surface of 

MSNs as previously reported.
24

 DTPA dianhydride (65 mg) was dissolved in anhydrous 

DMSO (at RT, 2 h stirring and 15 min sonication). Then, APTES (55 µL) was added 

dropwise and the mixture was stirred overnight at RT, and under N2. The DTPA-silane 

solution was added to a suspension of nanoparticles (1 g in 170 mL of dry toluene) and the 

mixture was stirred overnight at RT and under inert gas. The nanoparticles were then 

centrifuged (10000 rpm for 15 min at least), washed twice with ethanol, once with water, once 

with acetone and finally dried at 50 °C. The weight percentage of DTPA grafted on the 

nanoparticles was measured by thermogravimetric analysis (TGA). 
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Grafting of fluorosilane: Fluorosilane molecules (dimethoxy-methyl(3,3,3-

trifluoropropyl)silane) were used to graft fluorinated moieties at the surface of MSNs. MSN-

DTPA nanoparticles (1 g) were suspended in dry toluene (170 mL). Fluorosilane (5 mL of 

high purity commercial dimethoxy-methyl(3,3,3-trifluoropropyl)silane solution, 98%) was 

added to the nanoparticles suspension under inert gas. The mixture was refluxed overnight at 

110 °C. The functionalized nanoparticles were then centrifuged (10000 rpm for 15 min at 

least), washed three times with ethanol, once with acetone and finally dried at 50 °C.  The 

w/w percentage of grafted fluorosilane was measured by TGA. 

Grafting of polyfluorosiloxane: Polyfluorosiloxane macromolecules (poly(methyl-

3,3,3-trifluoropropylsiloxane), Mn = 2400 Da) were also used as a source of fluorine, and the  

grafting procedure was inspired from previous work.
9
 Briefly, 400 mL of a dichloromethane 

solution containing 12.5% (w/v) of polyfluorosiloxane, was added to 200 mg of MSNs. The 

MSNs were previously outgassed at 120 °C overnight. This mixture was slowly stirred at 

room temperature for 3 h, and then placed in a fume hood at room temperature for 

evaporation of the dichloromethane (for 1 week at least). Then, the nanoparticles were 

thermally-treated in a tubular oven under a nitrogen atmosphere (at 200 °C for 12 h) to ensure 

the immobilization of polyfluorosiloxane molecules onto the silica surface. Then, rhe 

nanoparticles were washed twice with dichloromethane, twice with ethanol, once with acetone 

and finally dried at 50 °C. The w/w percentage of polyfluorosiloxane grafted on the particles 

was measured by TGA. 

PEG Grafting: PEG-silane (20 kDa) was dissolved in dry toluene under N2 reflux (0.5 

mg mL
-1

). Then, the PEG-silane solution was added to the suspension of calcined 

nanoparticles (500 mg in 100 mL dry toluene) and the final suspension was refluxed under N2 

overnight at 110 °C. After centrifugation (7500G, 10 min), the product was washed twice 
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with EtOH 95%, once with water, and 50 °C. The w/w percentage of grafted PEG was 

measured by TGA. 

3) Physicochemical characterization 

Nitrogen physisorption analysis: Nitrogen physisorption measurements were 

performed at −196 °C with an Autosorb iQ2 (Quantachrome Instruments, Boynton Beach, 

USA). Before the sorption measurements, the samples were outgassed under vacuum at 200 

°C for 12 h (for pure MSNs) or 80 °C for 10 h (for functionalized MSNs). The surface area 

(SBET) was determined using the BET equation in the range 0.05 ≥ P/P0 ≥ 0.20, and the total 

pore volume was measured at P/P0 = 0.95. The diameter of the pores was estimated using 

methods from the non-local density functional theory (NLDFT), more specifically by 

applying an adsorption branch model that considers N2 sorption at −196 °C for silica with a 

cylindrical pore geometry.
28

 

Thermogravimetric analysis (TGA): Measurements were performed using a Netzsch 

STA 449C thermogravimetric analyzer (airflow of 20 mL/min; heating rate = 10 °C/min; 

heating range of 35 to 700 °C). The total mass percentage of amine and DTPA groups grafted 

at the surface of MSNs, was calculated based on the mass loss observed between 180 °C and 

630 °C. These calculation parameters exclude the mass relative to residual solvent (e.g., 

physisorbed water). For the measurement of water adsorption, pure and F-modified silica 

nanoparticles were suspended in water before the measurements, then dried overnight at 50 

°C followed by TGA measurements. The percentage of water physisorbed on the 

nanoparticles was calculated from the mass loss observed between 50 °C and 110 °C for F-

modified MSNs, and between 50 °C and 140 °C for pure MSNs. 

TEM size analysis: The nanoparticles were suspended in water and 5 µL of the fluid 

was deposited on a carbon-coated copper grid and dried for at least 24 h. Images were taken 

with a JEM-1230 TEM at an accelerating voltage of 80 kV. Particle size distributions were 
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calculated by ImageJ, based on a sample of at least 500 particles, from different images taken 

over different quartiles. 

Dynamic light scattering: The hydrodynamic diameter of the nanoparticles was 

measured by dynamic light scattering (DLS) using a Malvern DTS Nano zetasizer 173° (T = 

25 °C, equilibration time set to 3 min; 3 measurements taken on each sample; only quality 

criteria data accepted as valid results).  

NMR general characterization: Solid-state magic-angle spinning (MAS) nuclear 

magnetic resonance (NMR) spectra were obtained on a Bruker DRX300 MHz NMR 

spectrometer. The 75.4 MHz 
13

C CP-MAS, the 282.2 MHz 
19

F MAS and the 59.6 MHz 
29

Si 

MAS NMR spectra were obtained using a 4 mm rotor spinning at 10 kHz. The chemical shifts 

are reported in ppm relative to adamantane for 
13

C, to trifluoroacetic acid (TFA) for 
19

F and to 

tetramethylsilane (TMS) for 
29

Si. 

1
H relaxation analysis and relaxometric properties measurement: 400 µL of Gd-

labeled nanoparticles suspensions were pipetted into in 6.0 mm NMR tubes. Longitudinal and 

transversal relaxation times (T1 and T2) were measured with a TD-NMR relaxometer (Bruker 

Minispec 60 mq, 60 MHz, 37 °C). The concentration of Gd in each suspension was precisely 

measured by ICP-MS after an optimal digestion procedure in HNO3 and hydrogen peroxide, 

in order to leach all Gd
3+

 ions from the silica matrix. Relaxation rates (1/ T1 and 1/ T2) were 

plotted against Gd concentration values, and relaxivities (r1 and r2) were calculated from the 

slope of these curves. NMRD profiles: Nuclear magnetic relaxation dispersion (NMRD) 

profiles (T1) of aqueous suspensions were measured from 0.015 to 40 MHz with a Spinmaster 

fast field cycling relaxometer (STELAR, Mede, Italy) at 37 °C, using 600 mL of the 

nanoparticles suspensions. Then, longitudinal and transverse relaxation times (T1 and T2) were 

measured with Bruker MiniSpec relaxometers (20 and 60 MHz), as well as with a Bruker 

AMX300 system (300 MHz). The temperature was set to 37 °C for all measurements and a 
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standard echo time of 1 ms was used. Finally, the relaxivities (r1 and r2) were calculated after 

normalization of the relaxation rates (1/T1 and 1/T2) to the Gd
3+

 concentration values (as 

measured by ICP-MS). 

19
F relaxometric properties measurement: The fluorine relaxation times (T1 and T2) 

were measured with aqueous suspensions containing 10% D2O. They were acquired at 470.5 

MHz without 
1
H decoupling on Bruker 500 MHz NMR spectrometer. All measurements were 

performed at 25 °C. T1 and T2 were reported for the single fluorine peak at -68.4 ppm. The 

longitudinal relaxation time (T1) was measured by the standard inversion recovery method, 

and the transverse relaxation time (T2) was measured by the spin-echo method and the Carr – 

Purcell – Meiboom – Gill (CPMG) pulse sequence. For each measurement, a minimum of 12 

data points were acquired. 

19
F MR Imaging: The suspensions of particles were scanned with a 9.4 T animal 

scanner (Varian, Palo Alto, CA) using a transmit-and-receive surface radiofrequency coil. A 

UTE (ultra-short echo time) pulse sequence was used to avoid T2 signal loss. Pulse sequence 

parameters were as follows: echo time 0.1 ms, repetition time 10 ms, flip angle 6°, 16 signal 

averages, matrix 32x32x32, field of view 30×30×30mm3, and total acquisition time 1h27min. 

The obtained image was interpolated 4 times, and an average of 4 slices was performed in the 

slice dimension, resulting in a slice thickness of 3.75 mm. 

 

RESULTS AND DISCUSSION 

1. Synthesis of MSNs, Fluorination and Textural Properties  

As illustrated in Figure 1, two types of fluorinated nanoparticles were synthesized from pure 

mesoporous silica nanoparticles of the MCM-48 type. In the first functionalization strategy, 

we used a small fluorosilane molecule as the source of fluorine (dimethoxy-methyl(3,3,3-
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trifluoropropyl)silane). This compound contains 3 fluorine atoms per molecule (molecular 

diagram illustrated in Figure 1). In the second functionalization strategy, the source of 

fluorine was a polyfluorosiloxane macromolecule (i.e., Poly(methyl-3,3,3-

trifluoropropylsiloxane). This polyfluorosiloxane is a polymer of the fluorosilane molecule (n 

= 14) and contains 42 fluorine atoms per macromolecule. Its molecular diagram is illustrated 

in Figure 1. 

In the first functionalization strategy, simple fluorosilane molecules were grafted at the 

surface of MSNs ("F" = (3,3,3-trifluoropropyl)methyldimethoxysilane; illustrated in Figure 1) 

However, the first  step was the grafting of the DTPA chelation agent to allow the subsequent 

labeling of paramagnetic Gd
3+

 according to our previous reported work.
24

 The resulting 

nanoparticles are referred to as "MSN-DTPA". Then, the nanoparticles were functionalized 

with fluorosilane, yielding fluorosilane-labeled nanoparticles ("FMSN-DTPA"). Finally, Gd
3+

 

was chelated in DTPA, and the resulting fluorinated nanoparticles were designated as 

"FMSN-DTPA(Gd)".  

In the second functionalization strategy, polyfluorosiloxane molecules were grafted on 

MSNs ("polyF" = poly(methyl-3,3,3-trifluoropropylsiloxane; illustrated in Figure 1). These 

molecules were grafted first, using a thermal immobilization procedure performed at 200 °C 

and under nitrogen atmosphere. This step led to polyfluorosiloxane-labeled nanoparticles 

("polyFMSN"). Then, DTPA molecules were grafted at the surface, yielding 

polyfluorosiloxane-labeled nanoparticles ("polyFMSN-DPTA"). In order to disperse 

polyFMSN-DTPA in aqueous media, hydrophilic polyethylene glycol chains (PEG, 20 kDa) 

were grafted at the surface of this system. Finally, after Gd
3+

 chelation, the resulting 

fluorinated and PEGylated nanoparticles were designated as polyFMSN-DTPA(Gd)-PEG. For 

simplified abbreviation, FMSN-DTPA and polyFMSN-DTPA-PEG nanoparticles are simply 

referred to as FMSNs and polyFMSNs in the following text. 
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Pristine MSNs were visualised by transmission electron microscopy (TEM), which 

showed well-defined spherical particles of an average particle size of 140 nm (Figure 1-a). 

Low-angle XRD data revealed the typical peaks of the ordered 3-D cubic Ia3�d mesopore 

structure (Figure S1-a). This structure is a signature of MSNs belonging to the MCM-48 type. 

N2 physisorption results showed a type IV isotherm (Figure S1-b), which is associated to the 

presence of uniform, narrow and cylindrical mesoporous channels. The following values were 

also extracted from the N2 physisorption measurements: high specific surface area (1200 m
2
 g

-

1
 ; using the BET method; see Table 1); large total pore volume (1 cm

3
 g

-1
; NLDFT method; 

Table 1); mean pore diameter of 3.4 nm (NLDFT method, Table 1 and Figure S1-c). 

Thermogravimetric analysis of the MSN-DTPA nanoparticles (Figure S2-a) showed a 

weight loss of 6.3% (i.e. after grafting of DTPA only). For FMSN-DTPA, an additional 

weight loss of 8.5% was found after fluorosilane grafting. These fractions correspond to the 

thermal decomposition of DTPA and fluorosilane molecules, respectively. For polyFMSN, 

the mass percentage (w/w) attributed to polyfluorosiloxane reaches 18% (Figure S2-b). This 

led to fluorine contents of 0.06 g per gram of polyFMSNs, versus 0.02 g of fluorine per gram 

of FMSNs. Additional weight losses of 4.3% and 2% were observed on polyFMSN profiles 

after grafting of DTPA, and PEG, respectively (Figure S2-b). The hydrophobic or hydrophilic 

character of the MSN surfaces was also evaluated. For this, pure and F-modified nanoparticles 

were suspended in water and dried at 50 °C overnight before TGA measurement. The initial 

part of the TGA profiles showed a rapid weight loss of 9.8%, 1% and 0.7% for pure MSNs, 

FMSNs and polyF-MSNs, respectively. This corresponds to the total evaporation of water 

molecules physisorbed at the different surfaces of the nanoparticles (both external and inner 

surfaces). 

The characteristics of the porosity were measured after each functionalization step and 

the data are summarized in Table 1. For fluorosilane-nanoparticles, 100% of the mean pore 
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diameter was preserved after DTPA grafting, as well as 90% of both the surface area and the 

pore volume compared to pure MSNs (Table 1). These results suggests that DTPA molecules 

are preferentially grafted at the outer surface of nanoparticles, as reported and demonstrated in 

our previous work.
24

 After fluorosilane grafting, the specific surface area, the pore volume 

and the pore size decreased to 950 m
2
 g

-1
, 0.76 cm

3
 g

-1
 and 3 nm, respectively (Table 1). This 

indicated that fluorosilane molecules are grafted at the inner mesopore surface. After 

polyfluorosiloxane functionalization, the specific surface area, the pore volume and the pore 

size were found to be 937 m
2
 g

-1
, 0.75 cm

3
 g

-1
 and 2.8 nm, respectively (Table 1). This 

suggests the presence of polyfluorosiloxane on the entire exposed MSN surface: external and 

inner surface (i.e., inside the pores and at the entrance of the pores). After DTPA grafting on 

polyFMSNs, a very slight decrease of the surface area and of the pore volume were recorded 

(about 5%, down to 886 m
2
 g

-1
 ; 0.72 cm

3
 g

-1
), whereas the mean pore diameter remained 

constant (2.8 nm). The additional grafting of 2% PEG led to a slight decrease (about 15%) of 

the surface area and of the pore volume (759 m
2
 g

-1
 and 0.61 cm

3
 g

-1
, respectively). The mean 

pore diameter remained unchanged (2.8 nm). These data suggest that DTPA and PEG were 

localized at the external surface of the nanoparticles. Overall, the porosity data confirm that 

high pore volumes and surface areas are preserved for both systems (FMSNs and 

polyFMSNs). No evidence was found of pore blocking, which is an essential condition for 

considering these imaging probes for future drug delivery applications. 

2. Spectroscopic Characterisation of FMSNs and polyFMSNs 

For FMSN-DTPA and polyFMSN-DPTA-PEG, the success of molecule grafting was 

confirmed at each step using both solid-state NMR and X-ray photoelectron spectroscopy 

(XPS). Figure 2-a shows the 
19

F MAS NMR spectra of both types of fluorinated 

nanoparticles. The spectra indicate a single resonance peak at -73 ppm, corresponding to 

−CF3 species.
29

 The 
13

C CP-MAS NMR spectra (Figure 2-b) revealed the resonance peaks 
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characteristic of each carbon atom present in the grafted molecules (DTPA-silane
24, 25

 and 

fluorosilane molecules
29

 for FMSN-DTPA nanoparticles; polyfluorosiloxane, DTPA-silane 

and PEG-silane molecules for polyFMSN-DPTA-PEG nanoparticles). The assignments of 

each peak are indicated in Figure 2-b. The solid-state 
29

Si MAS NMR spectra of both 

fluorinated nanoparticles (Figure 2-c) depicted a broad multicomponent peak in the -88 to -

120 ppm range. This contribution correspond to the Qn groups, n: [1–4], of the silica 

framework (Si(OSi)x (OH)4-x ; x: [1–3]).
24, 25

 A short-intensity resonance was also found at -

54 ppm, which is related to the T1 groups (C-Si(OSi)3) of the covalently-grafted DTPA-silane 

molecules. With respect to the PEG molecules grafted at the surface of MSNs, the 

corresponding 
29

Si NMR peak was in the background level. Additional resonances were also 

observed around [-5 – -24 ppm] for fluorosilane-nanoparticles, corresponding to the Dn 

groups (R2-Si(OSi)n(OR)2-n; n: [1–2]).
9, 29

 This confirms the covalent grafting of fluorosilane 

molecules at the MSNs surfaces. For polyF-nanoparticles, the 
29

Si NMR spectra revealed a 

peak at -22 ppm. This contribution presents a shoulder in the range of [-16 – -19 ppm], 

indicating the generation of new silicon species either attributed to the resonance of the 

polyfluorosiloxane backbone (D2
'
 groups), or to the polyfluorosiloxane group chemically 

bonded onto the silica particles (D2 groups),
9
 respectively (Figure 2-c and 2-e). 

XPS detects the presence of elements in a maximum depth of a few nanometers only. 

In the present study, the particles were XPS-analyzed at each step of the functionalization 

process, to confirm the element ratios at the surface of nanoparticles. The elemental 

composition analysis performed before and after DTPA grafting on pristine MSNs (Table 2) 

showed an increase both in the carbon atomic percentage (%C; up to 10.9%), and in the 

carbon-to-silicon ratio (C/Si, up to 0.42). High-resolution analysis (HR-XPS) was performed 

on the C(1s) and on the N(1s) peaks of MSN-DTPA, and this revealed an association between 

the C(1s) band at 288.8 eV and the appearance of nitrogen (%N = 1.2%). Both bands were 
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ascribed to the C=O amide/acid, which is a component of the DTPA molecules. After 

fluorosilane functionalization of MSNs-DTPA (FMSNs), the atomic percentage of carbon 

increased by 14.2%, and the carbon-to-silicon ratio (C/Si) also increased up to 0.55 compared 

with pristine MSNs. The strong presence of fluorine (%F = 4.5%) was noted, as well as a new 

C(1s) band appearing at 292.6 eV. This band corresponds to the C atoms linked to F (Table 

2). Overall, these results confirmed the presence of DTPA and fluorosilane molecules at the 

outer surface of the MSNs, following their grafting on pristine nanoparticles. 

The presence of DTPA and PEG at the outer surface of polyMSNs was also confirmed 

by XPS analysis, with high-resolution peaks measured on F(1s), C(1s), N(1s), O(1s) and 

Si(2s). The grafting of polyfluorosiloxane at the surface of MSNs is reflected by a strong 

F(1s) peak, as well as by a C(1s) band at 292.6 eV (ascribed to C−F). The atomic percentage 

of fluorine (%F = 9.7%) is considerably higher than that observed on FMSNs (%F = 4.5%). 

Significant increase in %C (14%) and C/Si (0.6) ratio were also found after 

polyfluorosiloxane grafting. This is attributed to the carbon backbone of the 

polyfluorosiloxane. After the grafting of DTPA, these values reached 16.8% (%C) and 0.75 

(C/Si), respectively. The presence of nitrogen was also evidenced from the detection of 

nitrogen (%N = 0.35) as well as for the presence of the C(1s) bond at 288.8 eV (C=O 

amide/acid). After PEG grafting, an additional increase of %C and C/Si ratio was evidenced 

(%C = 18.1%; C/Si = 0.84). 

 

3. Colloidal Stability of FMSNs and polyFMSNs 

The measurement of relaxometric properties of fluorinated and paramagnetic contrast agents, 

requires the precise measurement of 
19

F and 
1
H relaxation times. However, a fundamental 

prerequisite for this is to demonstrate the colloidal stability of the nanoparticles over time. 
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The colloidal stability of FMSN-DTPA and polyFMSN-DPTA-PEG suspensions in nanopure 

water as well as in phosphate-buffered saline (PBS, pH = 7.4), was measured by DLS. The 

hydrodynamic diameter profiles are shown in Figure 3 (intensity weighted). The 

hydrodynamic diameter distributions of pristine MSNs, FMSN-DTPA and polyFMSN-

DTPA-PEG, were all included in a similar size range, with mean values of 183 – 193 ± 45 nm 

and of 181 – 203 ± 57 nm for particles suspended in nanopure water and in PBS, 

respectively). These values appear higher than the TEM mean particle size, which is expected 

taking into account the hydration corona around the particles. In addition, a very low 

polydispersity index (PDI) was obtained (PDI = [0.04 – 0.121] and [0.06 – 0.02] for 

nanoparticles suspended in water and in PBS, respectively). No evidence was found of 

agglomeration or flocculation. A robust colloidal stability was found for a period of at least 1 

week following preparation (Figure 3-a-ii and 3-b-jj). 

4. 19
F Relaxometric Properties of FMSNs and polyFMSNs 

The 
19

F relaxometric properties of the nanoparticle suspensions were measured by NMR 

spectroscopy. First, the 
19

F NMR spectra obtained with FMSN-DTPA colloidal suspensions 

revealed a single resonance peak at -68.4 ppm. This peak was estimated sufficiently narrow to 

be useful for detection in the MRI studies planned as next steps of this study (Figure S3-a). 

The shape of this peak confirms the single chemical environment of 
19

F nuclei contained in 

the –CF3 groups of fluorinated-MSNs samples. Single peaks are ideal for 
19

F MR imaging 

applications, since they prevent the occurrence of chemical shift artifacts which are frequent 

with fluorinated molecules. This effect fractionates the signal, and as a result MRI artefacts 

can be generated.
30

 The –CF3 groups are also very advantageous for in vitro and in vivo 
19

F 

MRI because of their relatively long T2, compared to –CF2 groups present in many 

perfluorocarbons (e.g., perfluoro-crown-ether, C6F6). The relatively long T2 of –CF3 groups 

preserve the attenuation of the MR signal, leading therefore to better 
19

F MRI detection.
30

  

Page 17 of 34

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18 

 

 

The 
19

F NMR spectra were integrated over the entire resonance peak, and the data were 

plotted against F concentration to confirm that the signal is directly proportional to the 
19

F 

content of the suspensions (Figure S3-b). A very high signal-to-noise linearity ratio was found 

(r
2 

= 0.999). After integration of the total signal intensity, the relaxation times (T1 and T2) of 

fluorine were measured. The corresponding relaxation rates R1 and R2 (R1 = 1/T1 and R2 = 

1/T2) were then plotted in function of fluorine concentration. Trifluoroacetic acid (TFA) was 

used as a 
19

F NMR reference to quantify the concentration of fluorine in the suspensions. This 

measurement revealed a dependence of the relaxation rates on the fluorine concentration, in a 

similar manner as for paramagnetic contrast agents measured in proton (
1
H) MRI.  Figure 4 

shows the relaxation curves obtained for FMSNs and polyFMSNs. The relaxation curves 

revealed a dependence with the fluorine concentration, [
19

F], up to 9 mM:  R1 and R2 values 

increased with the increase of fluorine concentration. However, a sharper variation of the 

transverse relaxation rate (R2) was observed (Figure 4-a versus Figure 4-b). This reflects an 

increase of the mutual interactions (i.e. “spin-spin”) between 
19

F nuclei at higher 

concentrations. In fact, transverse or spin-spin relaxation (T2) is more affected by fluorine 

concentration than longitudinal, or spin-lattice relaxation (T1).
30

 Interestingly, better 

relaxometric properties were obtained with polyFMSNs, compared to FMSNs. The R1 curve 

of polyFMSNs is slightly above the R1 curve of FMSNs, indicating similar longitudinal 

relaxivities for both fluorinated nanoparticles (Figure 4-a). However, the R2 of polyFMSNs 

were significantly lower than that of FMSNs: the slope of the R2 relaxation curve equals to 

4.69 s
-1

 mM
-1

 for polyFMSNs versus 14.05 s
-1

 mM
-1

 for FMSNs, respectively (Figure 4-b). 

Hence, the spins of fluorine atoms contained in the relatively long molecular chains of 

polyfluorosiloxane (on polyFMSNs), are less susceptible to influence each other compared 

with the more closely spaced −CF3 moieties grafted at the surface of FMSNs, which are 
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grafted with short, less mobile, less flexible molecules. A combination of short T1 and as long 

T2 as possible is necessary to allow persistent and high signal in 
19

F-MRI. 

After chelation of Gd
3+

 by the DTPA attached at the surface of FMSN and 

polyFMSNs, a strong increase in the relaxation rates of 
19

F nuclei was observed: 3 and 9 times 

higher than that obtained before gadolinium chelation, respectively (Figure S4). This indicates 

that the relaxation of 
19

F nuclei can be influenced by the presence of gadolinium ions in their 

vicinity. Hence, the strong interactions between the electron spins of the paramagnetic ions, 

and the magnetic moments of the 
19

F nucleuses, have a dramatic impact on the capacity of 

fluorine to relax its energy. Also, the discrete distribution of Gd ions at the nanoparticle 

surfaces can alter the local magnetic fields, giving gives rise to an inhomogeneous magnetic 

field that affects the dipolar interactions between the 
19

F nuclei and the Gd
3+

 ions.
31, 32

 

However, the R1 and R2 relaxation rates of 
19

F do not increase in the same proportion; in fact, 

the much stronger impact on transverse relaxation (R2) could impede the capacity of the 

contrast agent to produce a strong and lasting 
19

F MRI signal, as stronger spin-spin 

interactions are more susceptible to cause spin dephasing and ultimately, signal attenuation. 

5. 1
H Relaxometric Properties 

The 
1
H relaxometric properties of FMSN-DTPA(Gd) and polyFMSN-DPTA(Gd)-PEG 

nanoparticles were studied in a large range of magnetic field strengths, from 0.015 to 300 

MHz. Usually, MRI scanners in the clinics operate in the range 1.41 T – 3.0 Tesla (60 – 120 

MHz). Longitudinal (T1) and transversal (T2) proton relaxation times were measured. Then, 

the corresponding relaxivity values (i.e., relaxation rates normalized to Gd
3+

 concentration; r1 

and r2) were calculated to assess the 
1
H relaxometric potential of each type of nanoparticles. 

In order to study the influence of medium viscosity on the 
1
H relaxometric properties, 

measurements were performed not only in water, but also with hydrogel-entrapped 

nanoparticles . Nuclear magnetic relaxation dispersion (NMRD) profiles obtained on these 

Page 19 of 34

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 

 

systems are shown in Figures 5-a and 5-b. Similar profiles were revealed between FMSN-

DTPA(Gd) and polyFMSN-DTPA(Gd)-PEG, with nanoparticles either suspended in water or 

entrapped in hydrogel. The longitudinal relaxivity (r1) was quite constant at low fields (< 20 

MHz). Although we cannot rule-out the possible presence of a few detached Gd-DTPA 

molecules in the samples, the NMRD spectra appear similar to that of Gd-bound large 

complexes (e.g. Gd-containing proteins, Gd-MSN). They do not present the typical 

characteristics of Gd-DTPA molecules.
33

  

 

At higher fields, r1 values increase and peak in the range 20 - 60 MHz, followed by a sharp 

decrease. For the the transversal relaxivity (r2), a sharp increase was noted at higher fields. 

This shape of NMRD profiles is typical of suspensions of nanoparticles and macromolecules 

labeled with paramagnetic chelates.
25, 34, 35

 With respect to the suspension medium, at high 

magnetic field strength (>20 MHz) the longitudinal relaxivity (r1) of nanoparticles in aqueous 

suspension was higher than that of nanoparticles entrapped in hydrogel, and this for both 

types of nanoparticles. In fact, the r1 values were typically 15 – 2 times higher in this range of 

magnetic field strengths. Also the maximum peak seems to appear at higher magnetic field for 

nanoparticles suspended in water (40 − 60 MHz), compared to the particles entrapped in 

hydrogel (22.7 – 29 MHz). These relaxometric differences are mainly due to the constrained 

diffusion of water in the hydrogel network. In addition, the longitudinal relaxivity values 

depend on the correlation time between water 
1
H protons and the contrast agent. At high field 

strengths (> 10-20 MHz), this correlation time is limited either by the exchange correlation 

time, or by the rotational time.
34

 Hence, the higher the viscosity of a Gd-nanoparticle contrast 

media, the longer the exchange correlation time and the longer the rotation time of this 

compound. Each one of these factors has an impact on the relaxometric performance, and this 

explains the slightly reduced performance of the contrast agent one entrapped in hydrogel. 
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Overall, the relaxivity values of polyFMSN-DPTA(Gd)-PEG were lower compared to 

the values found for FMSN-DPTA(Gd) (Figure 5-a and 5-b). This is most probably due to the 

difference in hydrophobicity between both types of nanoparticles. The fluorine content is 

significantly higher in polyF-MSNs, and this leads to higher hydrophobicity and a relative 

decrease of the total interactions between water molecules and the paramagnetic cores directly 

attached to the silica walls. Nevertheless, similar r2/r1 ratios were found at clinical magnetic 

fields for both nanoparticle types (Figure 5-c). In water, values of 1.45 and 1.44 were found 

for the r2/r1 ratios of FMSNs and polyFMSNs, respectively, whereas in the hydrogel, these 

counterparts were 2.2 and 2.15 (an increase of about 1.5x, see Figure 5-c). It is generally 

assumed that positive contrast agents must present r2/r1 ratios as close as possible to 1 to be 

considered as efficient MRI signal enhancers. Hence, these results confirm the high potential 

of both polyFMSN-DPTA(Gd)-PEG and FMSN-DPTA(Gd) as "positive" contrast agents for 

proton MRI at clinical magnetic field strengths. The slight decrease in relaxometric properties 

noted for hydrogel-entrapped samples, is not expected to have a strong impact on their 

performance as "positive" contrast agents. 

  In addition, we studied the impact of temperature on the longitudinal relaxivity (r1) of 

nanoparticles suspended in water and in hydrogel. The longitudinal relaxation time (T1) was 

measured in a range of 5 °C to 37 °C, and the relaxivities were calculated (Figure 6). A very 

limited impact of temperature on the relaxometric properties was found for each type of 

nanoparticles suspended in water. In the hydrogel however, the longitudinal relaxivity (r1) 

increased with the temperature. The diffusion of water molecules, the exchange correlation 

time and the rotational correlation time are all strongly affected by the modulations of solvent 

viscosity induced by temperature changes. The impact of temperature is thus stronger with 

hydrogel-entrapped nanoparticle suspensions. 
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6. Magnetic Resonance Imaging Studies (1H and 19F MRI) 

The signal enhancement from water protons (
1
H) was measured in 1.5 Tesla MRI by imaging 

tubes containing Gd-chelated fluorinated nanoparticles suspended in water (Figure 7-a). The 

two types of nanoparticles (Gd-labeled FMSNs and Gd-labeled polyMSNs) produce positive 

contrast enhancement in T1-weighted imaging even at very low Gd concentrations ([Gd] = 

0.04 – 0.05 mM; at least 99% of contrast enhancement was observed). 

The generation of 
19

F-based MR images was also demonstrated. For this, a phantom 

study was performed using imaging tubes containing FMSNs and polyFMSNs. Both systems 

were scanned with a 9.4 T animal scanner (Figure 7). Interestingly, the 
19

F signal of FMSNs 

was too low to allow efficient image extraction, and this even at high fluorine concentration 

([F] = 118 mM; [nanoparticles] = 100 mg mL
-1

). This low signal level was mainly attributed 

to the relatively low fluorine concentration grafted per unit of FMSN. The very short T2 

relaxation time of FMSNs (see section 4) most likely cause rapid signal decay and impedes 

the detection of enough 
19

F signal between each one of the MR excitations. 

For polyFMSNs on the other hand, 
19

F MR images were efficiently generated for 

concentrations of [
19

F] = 190 mM, which correspond to a concentration of nanoparticles  as 

high as 60 mg mL
-1

. The much more efficient signal detection measured with polyFMNSs 

was attributed to the longer T2 values (19.4 ms) measured on these suspensions. Finally, the 

19
F MRI signal from polyFMSNs that were dispersed in NMR tubes of 5 mm diameter, was 

much more efficiently detected than those suspended in capillary tubes of smaller diameters 

(e.g. 1 mm diameter, Figure 7). These results are consistent with the fact that for 5 mm 

diameter NMR tubes, the MRI voxels are completely enclosed within the volume of the tube, 

whereas for the 1-mm tubes, partial volume effects might decrease the total signal detected 

per voxel. These results indicate the necessity to concentrate fluorinated nanoparticles up to a 

certain level to visualize them in MRI voxels (at least  60 mg mL
-1

 for polyFMSNs). In 
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addition to high fluorine concentration, long spin-spin relaxation time (T2) must be achieved 

to reach high signals in 
19

F MRI. In the present study, this was achieved by labeling MSNs 

with polyfluorosiloxane macromolecules.  

CONCLUSION: 

In conclusion, novel fluorinated mesoporous silica nanoparticles (MSNs) were developed and 

their properties as 
19

F contrast agents were comprehensively measured. A variant of these 

nanoparticles was also labeled with gadolinium paramagnetic chelates, and was tested for dual 

19
F-

1
H MR imaging. The grafting of polyfluorosiloxane macromolecules demonstrated an 

effective strategy to increase the density of fluorine atoms at the surface of MSNs. This 

grafting procedure had a strong impact on the total signal detected in 
19

F MRI. The 
19

F 

relaxation properties were found to be dependent on the fluorine concentration (at least up to 

[
19

F] = 9 mM). Similar longitudinal 
19

F relaxivites were found for FMSNs and polyFMSNs; 

however, the transverse 
19

F relaxivities were significantly lower for the polyFMSNs. As a 

result, the latter system was more easily detectable and provided stronger signal enhancement. 

Gd-labeled MSNs produce a strong signal in T1-weighted 
1
H MRI. The presence of Gd at the 

surface of FMSNs was also associated with a significant increase in 
19

F relaxivities. 

Unfortunately, the stronger impact on transverse relaxivity could impede the possibility of 

detecting these probes. Finally, suspensions of polyFMSNs were imaged in 
19

F MR images at 

9.4 T. The relaxometric properties of FMSNs and polyFMSNs nanoparticles could be 

exploited further in the design of biomedical objects such as implantable devices for drug 

delivery or other theranostic applications. The dual detection of 
1
H and 

19
F- MRI signal could 

represent an interesting alternative to the use of radioactive molecules in MRI-PET, or in 

MRI-SPECT. 

. 
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Supporting Information: includes powder XRD patterns; N2 physisorption isotherms; pore 

size distributions; porosity data; TGA curves; 
19

F NMR spectrum of colloidal suspension of 

fluorinated nanoparticles; 
19

F signal-to-noise ratio linearity curve; and 
19

F relaxation rates (R1 

and R2) of nanoparticles before and after gadolinium chelation. This material is available via 

the Internet at http://pubs.acs.org. 
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FIGURES 

 

Figure 1. TEM image of MSNs (a); (b) schematic representation of the two functionalization 

routes with their related steps. 
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Figure 2. 
19

F (a), 
13

C CP (b) and 
29

Si (c) MAS NMR spectrum of nanoparticles; e) molecular 

diagrams of DTPA and fluorosilane molecules; d) schematic representations of the surface of 

nanoparticles after each one of the grafting steps. 
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Figure 3. DLS analysis of pure MSNs (a-i and b-j), FMSN-DTPA (a-ii and a-iii) and 

PolyFMSN-DPTA-PEG (b-jj and b-jjj) aqueous suspensions; ii and jj) analysis after 2 h; iii 

and jjj) analysis after 1 week. 

 

 

Figure 4. 
19

F R1 and R2 relaxation rates (a and b, respectively) of FMSN-DPTA and 

polyFMSN-DTPA-PEG nanoparticles measured by NMR spectroscopy. 
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Figure 5. NMRD profiles (r1 ;  r2 figures in the insets) at variable magnetic field strengths: a) 

FMSN-DTPA(Gd) ; b) polyFMSN-DPTA(Gd)-PEG suspension. The measurements were 

performed at 37 °C. c) Comparison of relaxivity ratios (r2/r1) measured at clinical magnetic 

field strengths (1.4 T, 60 MHz, 37 °C). 
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Figure 6. Influence of temperature on the longitudinal relaxivity (r1) of FMSN-DTPA(Gd) 

nanoparticles (b) and polyFMSN-DTPA(Gd)-PEG nanoparticles (c) suspended in water and 

in hydrogel, measured at 20 MHz. For each temperature, the mean value of 3 measurements is 

represented with a standard deviation included between 1% and 3%. 
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Figure 7. T1-weighted 
1
H MR images of FMSN-DTPA(Gd) suspensions (a) and polyFMSN-

DPTA(Gd)-PEG suspensions (b), measured at clinical magnetic field strength (1.5 Tesla, 

TE/TR = 10.8/1000 ms). Numerical values indicate the Gd concentrations measured by ICP-

MS (in mM). c) 
19

F MR phantom images of polyFMSN-DTPA(Gd)-PEG nanoparticles 

acquired in a 9.4 T scanner using an experimental ultra-short echo time sequence. The 

particles were suspended in a capillary tube of diameter of 1 mm (1) and in a NMR tube of 5 

mm (2). Both capillaries appear clearly visible at a low in-plane resolution of 0.94×0.94 mm
2
. 
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TABLES. 

 

Sample Description BET Surface Area  

[m
2 
g
-1
] 

Pore Volume 

 [cm
3 
g
-1
] 

NLDFT Mean Pore 

size [nm] 

MSN MCM-48 (pristine) 1254 0.95 3.4 

MSN-DTPA MCM48-6.3%DTPAsilane 1190 0.91 3.4 

FMSN-DTPA MCM48-8.5%Fluorosilane 950 0.76 3.0 

polyFMSN MCM48-

18%polyFlurosiloxane 

937 0.75 2.8 

polyFMSN-DTPA MCM48-

18%polyFlurosiloxane-

4.3%DTPA 

886 0.72 2.8 

polyFMSN-DTPA-

PEG 

MCM48-

18%polyFlurosiloxane-

4.3%DTPA-2%PEG 

759 0.61 2.8 

Table 1. Porosity data of MSNs extracted from nitrogen physisorption measurements. 
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 % C (1s) 

(285.2 eV; C-C, C-H) 

[286.5 eV; C-O, C-N] 

{289.1 eV; C=O 

Amide/Acid} 

<292.8 eV; C-F (CF3)> 

% N (1s) 

399.8 eV; 

N-H 

 

 

% O (1s) 

532.5 eV 

% Si (2s) 

103.8 eV; 

Si-O 

% F (1s) C/Si 

 
F/Si 

MSN: MCM-48 (pristine) 1.0 

(0.2) 

[0.8] 

{-} 

<-> 

- 68.5 30.5 - 0.003 - 

MSN-DTPA 10.9  

(7.35) 

[2.47] 

{1.07} 

<-> 

1.2  62.1  25.8  - 0.42 - 

FMSN-DTPA 14.2  

(8.51) 

[3.18] 

{1.04} 

<1.47> 

1.0 54.7 25.6  4.5  0.55 0.18 

polyFMSN 14.0  

(9.19) 

[1.65] 

{-} 

<3.16> 

- 53.0 23.4 9.7 0.60 0.41 

polyFMSN-DTPA 16.8  

(11.47) 

[3.58] 

{0.14} 

<1.61> 

0.35 51.4 22.4 9.05 0.75 0.4 

polyFMSN-DTPA-
PEG 

18.1 

(11.32) 

[4.66] 

{0.30} 

<1.71> 

0.2 51.7 21.6 8.4 0.84 0.39 

Table 2. Atomic concentrations (percentages) at the surface of MSNs; data extracted from 

XPS measurements. 
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