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ABSTRACT. In the continuous search to develop multimodal systems able to show diagnostic and 

therapeutic combined actions, several efforts are moving toward the development of nanoparticles 

(NPs). In this context, Magnetic Resonance Imaging (MRI), a non-invasive technique 

characterized by a high penetration and high spatial resolution, represents a very promising tool. 

19F is a good tracer for MRI applications due to its high sensitivity and to low fluorine background 

signal in vivo. Suitable functionalized Poly(lactic-co-glycolic acid) (PLGA) NPs are extensively 

employed to design multimodal systems due to the exceptional properties of this FDA approved 

polymer. 

Herein we designed, by a covalent approach, a novel class of multifunctional fluorinated co-

polymers (F-PLGA) containing an increasing number of fluorine atoms. The self-assembly ability 

of these fluorinated compounds to give rise to F-PLGA NP derivates able to function both as 19F-

NMR probes and as drug carriers was investigated. Finally, the absence of cytotoxicity and a 

controlled drug release were demonstrated.   

 

Over the last few decades, multimodal polymer NPs have been extensively investigated in 

medicine with the objective to combine diagnostic and therapeutic functions in the same 

particle [1]. The FDA approved PLGA is among the most attractive polymeric material for 

biomedical applications thanks to its high biocompatibility and biodegradability, long-term 

storage stability and ability to encapsulate and protect drugs by in vivo fast degradation [2-

5]. In fact, time releases of the encapsulated cargoes from the NPs can be fine-tuned by 

modulating polymer composition and structural modifications [6].  

In the last decades, several multimodal PLGA NPs have been developed through its combination 

with various imaging techniques, such as magnetic resonance imaging (MRI) [7], ultrasound (US) 
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[8] and optical imaging (OI) [9]. Among available non-invasive imaging techniques, the potential 

of 19F MRI has recently emerged thanks to the high natural abundance of 19F nucleus, its high 

gyromagnetic ratio and its null in vivo detectable background due to the virtual absence of organic 

fluorine in living systems [10,11]. The sensitivity of the 19F nucleus is several orders of magnitude 

higher than that of 13C and 23Na and comparable to that of the 1H nucleus [12]. This results in a 

high specificity of the 19F MRI image and in the possibility to directly quantify the signal and the 

amount of 19F by the data images [13], with a consequent use of 19F probes for in vivo tracking 

[14,15]. Ideal requirement for highly sensitive 19F MRI probes for clinical use is being 

biocompatible and bearing a high number of magnetically equivalent 19F atoms. Currently, the 

most used fluorinated contrast agents (CAs) for in vivo non-invasive imaging are emulsions of 

small perfluorinated molecules (PFC) [16] and polymer mixtures of linear perfluoropolyethers 

(PFPE) [17], mostly used for an efficient ex vivo cells labelling without the use of transfection 

reagents [18,19]. Covalent functionalization of biocompatible materials with suitable fluorinated 

ligands can also be an interesting strategy to produce probes that do not need further additives for 

aqueous formulations [20-23]. Critical to the development of an effective 19F NMR probe is to 

facilitate the mobility of the fluorinated chains, in order to achieve the necessary transverse 

relaxation time (T2) for a good signal image [24]. In this sense the use of short and branched 

fluorinated ligands is preferable to the counterpart linear chains, also in terms of biodistribution 

and bioaccumulation [25]. 

Here we reported a covalent strategy to directly functionalize PLGA with a highly mobile 

fluorinated group to be active in 19F NMR without impacting on its self-assembly ability. PLGA 

co-polymer has been functionalized with two different fluorinated amine ligands, which contain 

three and nine equivalent fluorine atoms, respectively. Thus, two novel compounds, F3-PLGA and 
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F9-PLGA, for which synthesis and chemical structure are reported in Figure 1A, were obtained. 

The chemical structure and thermal stability were analysed by solution NMR, DSC and TGA. 

Moreover, the ability of F9-PLGA NPs to function both as 19F-NMR probes and drug carriers was 

also investigated. Thus, dexamethasone (DEX), a synthetic steroidal anti-inflammatory drug 

containing one fluorine atom [26], and leflunomide (LEF), an immunosuppressive disease-

modifying antirheumatic drug (DMARD) containing three fluorine atoms,[27] were selected as 

drug models. Structural organization and morphology of these NPs were elucidated by DLS, solid-

state NMR, and TEM analysis. In order to evaluate the eventual cytotoxicity of F-PLGA NPs in 

vitro tests on kidney glomerular cells were also performed. Finally, podocyte repair due to 

controlled delivery of DEX from F9-PLGA NPs was demonstrated.  
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Figure 1. Synthesis and chemical structures of the fluorinated PLGA (F-PLGA) derivatives: F3-PLGA and F9-PLGA respectively 
(A). TG curves (on the left) and second derivatives (on the right) of PLGA (light grey), F3-PLGA (grey) and F9-PLGA (black), by 
heating rate 10 °C min-1 starting from r.t. up to 550° (B). Tonset, Tendset, Tdeg.max. evaluated by TGA analysis and  Glass Transition 
(Gl. Tr) estimated by DSC analysis relative to PLGA, F3-PLGA and F9-PLGA (C). 

Materials and Methods 

Materials 

N–Hydroxysuccinimide (C4H5NO3), N,N'-Dicyclohexylcarbodiimide (C13H22N2), N,N- 

diisopropylethylamine ([(CH3)2CH]2NC2H5), Acryloyl chloride (C3H3OCl), Triethylamine 
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(C6H15N), Tris(2-carboxyethyl)phosphine hydrochloride (C9H15O6P · HCl), Methyl Iodide (CH3I), 

Sodium Hydride (NaH) and Dexamethasone (C22H29FO5) were purchased by Sigma Aldrich. 

2,2,2- Trifluoroethanolamine (C2H4NF3), Nonafluoro-t-butoxyethylamine HCl (C6H7ClF9NO) and 

3,3,3- Trifluoropropylmercaptan (C3H5F3S) were purchased by FluoroChem. Leflunomide 

(C12H9F3N2O2) was purchased by TCI Europe N.V. PLGA (LA:GA= 50:50, Mn≈ 8792) was 

provided by Solvay. 

Synthesis of fluorinated PLGA 

 Synthesis of PLGA-NHS  

PLGA was purified by precipitation in cold Et2O. The purified PLGA (0.33 mmol, 1 eq) was 

dissolved in 10 mL of anhydrous CH2Cl2, then N-Hydroxysuccinimide (NHS) (1.32 mmol, 4 eq) 

was added. Subsequently, N,N'-Dicyclohexylcarbodiimide (DCC) (1.38 mmol, 4.2 eq) on ice bath 

was added and the solution became cloudy. The solution was left stirring at r.t. overnight. Then 

the urea-DCC solid, was removed by filtration and the PLGA-NHS was precipitated from the 

CH2Cl2 solution with cold Et2O, and washed several times with the same solvent, obtaining a white 

solid PLGA-NHS. 

1H NMR (400 MHz, CDCl3, δ): 5.30-5-19 (m, 1H, CH PLGA), 4.89-4.67 (m, 2H, CH2 PLGA), 

2.84 (m, 2H, CH2), 1.58-1.59 (d, 3H, CH3 PLGA).  

Scheme 1. Synthesis of PLGA-NHS. 
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 Synthesis of ((2,2,2-trifluoroethyl)amide-terminated poly(-lactide–co–glycolide)  (F3-

PLGA) 

 

Scheme 2. Synthesis of ((2,2,2-trifluoroethyl)amide-terminated poly(-lactide–co–glycolide),  (F3-PLGA). 

 

PLGA-NHS (0.33 mmol, 1 eq) was dissolved in 6 mL of anhydrous CH2Cl2, then 2,2,2-

trifluoroethanolamine (1.27 mmol, 3.86 eq)  and N,N-diisopropylethylamine (DIPEA) (1.43 

mmol, 4.34 eq), with a slight modification with respect to the procedure reported in the literature 

[28], were added. The solution was left stirring overnight at r.t. under N2 atmosphere. Then, the 

solution was concentrated and F3-PLGA was precipitated with cold Et2O. In order to increase the 

purity of the product, it was washed with Mq Water and dried under vacuum at 50° C. Finally, 238 

mg of F3-PLGA white electrostatic powder were obtained (10% yield, Mw 7312.24). 

1H NMR (400 MHz, CDCl3, δ): 6.86-6.55 (brs, OH), 5.26-5-18 (m, 1H, CH PLGA), 4.89-4.67 (m, 

2H CH2 PLGA), 3.95 (m, 2H, CH2), 1.58-1.59 (d, 3H, CH3 PLGA). 

13C NMR (400 MHz, CDCl3, δ): 169.49, 166.43, 69.25, 60.88, 40.30, 16.66. 

19F NMR (400 MHz, CDCl3, δ): -72.49 (s, 3F, CF3). 

 Synthesis of  ((2-((1,1,1,3,3,3-hexafluoro-2(trifluoromethyl)propan-2-

yl)oxy)ethyl)amide-terminated poly(-lactide–co–glycolide), (F9-PLGA) 
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Scheme 3. Synthesis of ((2-((1,1,1,3,3,3-hexafluoro-2(trifluoromethyl)propan-2-yl)oxy)ethyl)amide-terminated poly(-lactide–co–
glycolide), (F9-PLGA). 

 

PLGA-NHS (0.33 mmol, 1 eq) was dissolved in 6 mL of anhydrous CH2Cl2, then nonafluoro-t 

butoxyethylamine HCl (0.28 mmol, 1 eq) and N,N-diisopropylethylamine (DIPEA) (1.15 mmol, 

4 eq) were added [28]. The solution was left stirring overnight at r.t. under N2 atmosphere. 

Subsequently, the solution was concentrated and F9-PLGA was precipitated with cold Et2O. In 

order to increase the purity of the product, F9-PLGA was washed with Brine solution and dried 

under vacuum at 50° C. 888 mg of white electrostatic powder were obtained (28% yield, Mw 

9575.37). 

1H NMR (400 MHz, CDCl3, δ): 6.61 (brs, OH), 5.26-5.19 (m, 1H, CH PLGA), 4.88-4.60 (m, 2H, 

CH2 PLGA), 4.12 (m, 2H, CH2), 3.59 (m, 2H, CH2), 1.57-1.59 (d, 3H, CH3). 

13C NMR (400 MHz, CDCl3, δ): 169.52, 166.46, 69.29, 68.54, 60.90, 38.99, 16.69. 

19F NMR (400 MHz, CDCl3, δ) :-70.37 (s, 9F, CF3). 

Preparation of PLGA NPs. NPs were formulated by a solvent evaporation method in surfactant 

free conditions using at 1:1 acetone-water volume ratio with a final pH=6.4 (Figure 2). The 

procedure consists in the dropwise addition of PLGA or F-PGLA 10 mg/mL solution in acetone 

to a 1 mL of Mq Water. The obtained emulsion was left stirring for 15 min and the organic solvent 

was fully removed under vacuum and checked by 1H NMR using deuterated acetone. Moreover, 
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F9-PLGA NPs were formulated in phosphate buffer solution (PB) at different pH values from 6.4 

to 8.0, keeping constant the volume ratio. 

 

Figure 2. Schematic representation of solvent evaporation method for the formulation of F-PLGA NPs. 

NP Drug Loading. The drug (dexamethasone/leflunomide) was solubilized in acetone to obtain a 

concentration of 1 mg/mL. Then 10 mg of polymer (PLGA/ F9-PLGA) were solubilized in 1 ml of 

drug solution. Thus, this mix was dropwise added to 1 mL of Mq Water and the suspension was 

stirred at r.t. for 15min. Afterwards, the acetone was removed under vacuum and the NPs were 

lyophilized [29]. The lyophilized polymer was dissolved in 1 mL of acetonitrile. Then, it was 1:10 

diluted in acetonitrile. 

Dexamethasone (DEX) and Leflunomide (LEF) content was determined by HPLC analysis. Each 

sample was injected (10 µL) in a C18 reversed-phase chromatography column at 30 °C with a flow 

rate of 1 mL/min in a solution of acetonitrile-water 1:1. The DEX peak was detected after ~3 min 

and LEF peak after ~10 min. The detection wavelength was set at 254 nm. Calibration curves were 

previously obtained with different DEX and LEF concentrations (1, 0.5, 0.1, 0.01, 0,001 mg/mL). 

The Drug Loading (DL%) and Encapsulation Efficiency (EE%) values associated to each 

polymers were calculated according to the following equations[30,31]: 

𝐷𝐿% = 100 ∗
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑟𝑢𝑔 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑟𝑢𝑔 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 + 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
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𝐸𝐸% = 100 ∗
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑟𝑢𝑔 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝐼𝑛 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑈𝑠𝑒𝑑 𝑖𝑛 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑀𝑒𝑡ℎ𝑜𝑑 
 

LDH Cytotoxicity. NPs cytotoxicity was measured using LDH-Cytotoxicity Colorimetric 

Assay Kit (BioVision Incorporated). Briefly 8000 per well of conditionally immortalized human 

podocytes (HCiPodo) or conditionally immortalized human glomerular endothelial cells 

(HCiGEnC) (both from University of Bristol, Bristol, UK) were plated on a 96-well plate and 

cultured at 37°C respectively in RPMI-1640 with 10% FCS, 5 μg/mL transferrin, 5 ng/mL sodium 

selenite, 0.12 U/mL insulin, 100 U/mL penicillin, 100 mg/mL streptomycin or with  EGM2-MV 

medium containing foetal calf serum (5%) and growth factors as supplied (Lonza, Walkersville, 

MD, USA) for 3-4 days. Then, the culture medium was replaced by medium containing different 

concentration of NPs (0.01-2mg/mL) which was incubated with cells for 24 hours. For positive 

control (high control), 10 μL of cell Lysis solution was added and incubated for 24 hours, while 

the low control was referred to cells incubated only with standard medium. At the end of 

incubation, the plate was gently shacked for some minutes and centrifuged at 600 x g for 10 min. 

10 μL of culture medium from each well was transferred into a new optically clear 96-well plate, 

and 100 ul of LDH Reaction Mix was added to each well and incubated at room temperature for 

30 min. The absorbance of all controls and samples was measured with 450 nm filter using SAFAS 

Spectrophotometry (Monaco). The cytotoxicity was calculated using the equation: Normalised 

Cytotoxicity = (Test sample-Low control)/( High control-Low control) ; Low control : normal 

cells; High control : cells treated with lysis buffer. 

Fluorescence Microscopy Examination.HciPodo and HCiGEnC were cultured on coverslips 

and fixed with 4% of paraformaldehyde at room temperature for 10 min. After washing, cells were 

permeabilized with 0.3% of Triton in PBS for 5 min and incubated with 1% of bovine serum 

albumin in PBS at room temperature for 30 min. 

Commentato [RG1]: FCS spiegare l’acronimo: foetal calf 
serum? 
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Phalloidin-FITC (Sigma-Aldrich) at 1:100 dilution together with DAPI at 1:1000 dilution 

(Sigma-Aldrich) was added, and the cells were incubated for 1 h. After 3 times washing with PBS, 

the cells were mounted with Fluorsave aqueous mounting medium (Merck, Milano, Italy). Images 

were acquired using a Zeiss AxioObserver microscope equipped with a high resolution digital 

videocamera (AxioCam, Zeiss) and an Apotome system for structured illumination, and recorded 

by  the AxioVision software, version 4.8. 

DEX Release on Podocytes. HciPodo were plated on a 35 mm Petri dish containing four cell 

culture coverslips and cultured at 37 °C for 3−4 days. Afterwards, cells were incubated with 0.8 

μM Adriamycin (ADR, Sigma-Aldrich) in cell culture medium for 24 h. After 24h incubation, 

ADR was replaced by fresh medium (as the control group) or medium with a different 

concentration of NPs loaded with Dexamethasone (100 µM or 10 µM) and incubated for another 

24 or 48 h. Cells were finally washed thrice with PBS and characterized by fluorescence 

microscopy as described above. 

Methods 

Attenuated total reflectance FTIR (ATR-FTIR) spectra were obtained with a Thermo Scientific 

Nicolet iS50 FTIR spectrometer, equipped with an iS50 ATR accessory (Thermo Scientific, 

Madison, USA). NP dispersions were deposited by drop casting on the ATR probe and the solvent 

was left evaporating before the measurement. 

1H, 13C, and 19F Nuclear Magnetic Resonance (NMR) spectra were performed at r. t. on a Bruker 

AV400 spectrometer. Chemical shifts are reported in parts per million (ppm). Multiplicities are 

reported as follows: s (singlet), brs (broad singlet), d (doublet), m (multiplet). Trifluoroacetic acid 

(TFA) was added as external standard, with chemical shift set at ~ -75.45 ppm, for the 19F NMR 
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spectra of the F9-PLGA_NPs dispersions, formulated at different water:acetone ratio and at 

different pH values. 

19F T1 and T2 measurements were recorded at 305 K on a Bruker AV400 spectrometer operating 

at 400 MHz for the 1H nucleus. The inversion recovery and the CPMG pulse sequences were used 

for the measures of T1 and T2, respectively. 

Solid-state NMR measurements were performed on a Bruker Avance II 400 instrument operating 

at 400.2, 100.6 and 376.5 MHz for 1H, 13C and 19F nuclei, respectively. For 1H-13C and 19F-13C 

CPMAS spectra, the powder samples were packed in 4 mm diameter cylindric zirconia rotors 

(volume of 80 μL) and spun at 12 kHz. A ramp cross-polarization sequence was used with a contact 

time of 3.0 ms, a 90° pulse of 2.1 (1H) and 4.0 (19F) μs and optimized recycle times in the range 1-

2 (1H) and 1-40 (19F) s, depending on the sample, and 6600-25000 scans. In all spectra, the two 

pulse phase modulation (TPPM) decoupling scheme with a 119.0 kHz radiofrequency field (1H) 

or a Swept-frequency two-pulse phase modulation (SWf-TPPM) (19F) with a 83 kHz 

radiofrequency field was used.   

19F MAS and 19F DQ MAS spectra were acquired in 2.5 mm diameter cylindric zirconia rotors 

(volume of 12 μL) with a spinning speed of 32 kHz. 19F MAS spectra were acquired with a depth 

sequence (π/2-π-π) for the suppression of the probe background signal (19F 90° =5.2 μs; scans = 

16; relaxation delay = 5.3 s for LEF@F9-NPs and 2.4 s for F9-NPs).  

The 2D 19F DQ MAS experiments were performed with the back-to-back (BABA) recoupling 

pulse sequence with excitation time durations of one rotor period (19F 90° =5.2 μs; 64 scans; 128 

t1 increments). The 13C and 19F chemical shift scales were calibrated through the methylenic 

glycine signal (13C peak at 43.7 ppm) andteflon (19F signal at -122 ppm) as external standards. 
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Gel Permeation Chromatography (GPC) measurements were carried out with a Jasco 

instrument equipped with: 2055i auto sampler; RI-2031 refractive index detector; CO-2060 plus 

oven column; PU-2080 pump; three PLgel 300 mm∙7.5 mm (5 μm particle size) (10E4, 10E5, 500 

A) and a PLgel 50 mm∙7.5 mm (5 μm particle size) guard. Calibration is done using a polystyrene 

calibration kit (by RESTEK and Sigma-Fluka). The samples were dissolved in THF at the 

concentration of 10 mg/mL and injected (50 µL) in the chromatography column at 35 °C with a 

THF flow rate of 0.5 mL/min. 

Thermogravimetric analysis (TGA) of the samples, weighed in aluminum pans, was performed 

using a thermogravimetric analyzer TGA Q500/QNX/PlatinumTM. The TG curves of PLGA, F3-

PLGA and F9-PLGA were obtained by heating with a rate of 10 °C/min from r. t. up to 550° C. 

Tonset  and Tendset values (the temperatures at which the mass loss begins and ends, respectively) 

were evaluated by TG curves. Moreover, Tdeg.max. (temperature of the maximum mass loss) were 

obtained by the derivative of the TG curves (Dr. TG). 

Differential scanning calorimetry (DSC) measurements were performed by a Mettler Toledo 

DSC823 using 40 μL aluminum pans and Mettler STARe software for calculations. The DSC 

curves of PLGA, F3-PLGA and F9-PLGA were obtained by heating with a rate of 10 °C/min, 

starting from 20° C up to 350° C. 

Transmission Electron Microscopy (TEM) images were acquired by using a Delong America 

LVEM5 microscope, equipped with a field emission gun and operating at 5 kV. Samples were 

prepared by dropping NP dispersions (0.3 mg/mL and 3 mg/mL) on carbon-coated copper grids 

and letting them dry overnight. TEM image analysis was performed using ImageJ software. 
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Statistical analysis was based on the measurement of about 1000-4000 NPs. Size distributions were 

fitted by a Lorentz equation using IgorPro 4.02.  

Dynamic Light Scattering (DLS) measurements were performed on an ALV apparatus equipped 

with ALV- 5000/EPP Correlator, special optical fiber detector and ALV/CGS-3 Compact 

goniometer. The light source is He-Ne laser (λ = 633 nm), 22 mW output power. Measurements 

were performed at 25 °C. Approximately 1 mL of sample solution was transferred into the 

cylindrical Hellma scattering cell. Data analysis has been performed according to standard 

procedures and auto-correlation functions were analyzed through a constrained regularization 

method (Laplace inversion of the time auto-correlation functions), CONTIN, for obtaining the 

particle size distribution.  

High Performance Liquid Chromatography (HPLC) measurements were performed on a 

JASCO® HPLC equipped with: 2057 autosampler; RI-2031 refraction index detector; UV-Vis 

detector, CO-2060 plus oven column; PU-2080 pump; MD-2018 photodiode array PDA detector; 

C18 column (5 µm particle size) 150 mm·4.6 mm (length × diameter), mobile phase consisted of 

50/50 (v/v) water/acetonitrile. Evaluation of the drug concentration was done using the UV-Vis 

detector. The DEX peak was detected after ~3 min and LEF peak after ~10 min. The detection 

wavelength was set at 254 nm. Calibration curves were previously obtained with different DEX 

and LEF concentrations (1, 0.5, 0.1, 0.01, 0,001 mg/mL). 

Results and Discussion 

PLGA functionalization. PLGA was functionalized with two different fluorinated molecules 

via amide-coupling reaction with a slight modification with respect to the procedure reported in 

literature [28]. After PLGA activation by NHS, the PLGA-NHS intermediate was obtained and 
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covalently conjugated to either Trifluoroethanolamine or Nonafluoro-t-butoxyethylamine HCl, by 

using DIPEA, with the production of two new fluorinated polymers, F3-PLGA and F9-PLGA 

(Figure 1A), containing three and nine magnetically equivalent 19F atoms respectively (see 

“Materials and Methods” section for the detailed synthetic procedure). Molecular number (Mn), 

Molecular weight (Mw) and Dispersity (Đ) relative to PLGA, F3-PLGA and F9-PLGA were 

evaluated by GPC analysis (Table S1). Moreover, the thermal stability of PLGA, F3-PLGA and 

F9-PLGA was estimated by TGA and DSC analysis. TG curves of all the samples were 

characterized by only one mass loss stage with an increase of the thermal stability upon 

fluorination and a starting degradation point at around 200° C (Figure 1B). DSC curves showed a 

glass transition (Gl. Tr.) phase between 30°- 47° C (Figure 1C) and no melting point for all the 

samples, indicating their amorphous nature in agreement with the literature [32]. 

Preparation and Characterization of F-PLGA NPs. PLGA (PLGA_NPs), F3-PLGA (F3-

PLGA_NPs) and F9-PLGA (F9-PLGA_NPs) NPs were formulated by a solvent evaporation 

method in surfactant free conditions (see Figure 2 and the “Material and Methods” section for the 

formulation details) using a 1:1 acetone-water volume ratio with a final pH=6.4.  

The obtained NPs were characterized by DLS, TEM and solution 19F NMR techniques. DLS 

analysis of PLGA_NPs , F3-PLGA_NP and F9-PLGA_NP dispersions showed that they were 

characterized by an averaged hydrodynamic radii (RH) of 61 ± 5 nm (Table S2); 54 ± 6 nm (Figure 

3B, Table S2) and 58 ± 6 nm (Figure 4B, Table S2), respectively and a good polydispersity (PDI) 

(Table S2). The intensity-weighted <RH> size distribution evaluated by CONTIN analysis was in 

agreement with the TEM size distribution for both samples (Figures 3A and 4A). More 

importantly, a characteristic 19F-NMR signal at around, -72 ppm and -70 ppm were recognized for 
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F3-PLGA_NPs (Figure 3C) and F9-PLGA_NPs (Figure 4C), respectively indicating that self-

assembly did not impair the mobility of the fluorinated chains.  

Moreover, in order to evaluate the efficiency of F3-PLGA NPs and F9-PLGA NPs as 19F-NMR 

probe, their T1 and T2 relaxation times were evaluated at physiological pH. F3-PLGA_NPs and F9-

PLGA_NPs showed T1 values of 537 ms and 625 ms and T2 values of 122 ms and 60 ms, 

respectively, in agreement with values found for 19F MRI active NP systems [33],  indicating their 

suitability for 19F MRI applications. As expected, the increase of 19F atoms in the molecular 

structure significantly affected the intensity 19F NMR signal of F9-PLGA_NPs with respect to that 

of F3-PLGA_NPs at the same polymer concentration. Therefore, further characterizations were 

focused on the most promising F9-PLGA_NPs. 

 

Figure 3. TEM image (A), of a dispersion of F3-PLGA_NPs formulated at 1:1 acetone-water volume ratio. The distribution size 
was confirmed by DLS analysis (B). 19F NMR spectrum (C) shows the characteristic 19F signal of F3-PLGA_NPs. 
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Figure 4. TEM image (A), of a dispersion of F9-PLGA_NPs formulated at 1:1 acetone-water volume ratio. The distribution size 
was confirmed by DLS analysis (B). The 19F-NMR spectrum (C) shows the characteristic 19F signal of fluorinated F9-PLGA_NPs. 

It is known that several parameters such as type of solvent, polymer concentration, solvent ratios 

etc. can generally influence the features of PLGA NPs prepared by solvent evaporation method 

[34]. In order to investigate these aspects, F9-PLGA_NPs were formulated at the same polymer 

concentration (10 mg/ml) and acetone-water ratio (1:1), but at different pH values (ranging from 

6.4 to 8.0). The integral values extracted for the 19F NMR signals of the F9-PLGA_NP formulations 

linearly increased with pH passing from 6.4 to 8.0 (Figure S1) without significantly shifting with 

respect to TFA used as internal reference. Moreover, DLS data showed comparable results in terms 

of colloidal stability and hydrodynamic size distributions (Table S3). Regarding these preliminary 

studies, we suppose that the linear response to 19F NMR is probably related to intramolecular 

interactions among the different moieties of the polymer, which could affect the mobility of the 

fluorinated chains, during the self-assembly process. This is only a preliminary study and a more 

in-depth analysis must be done in order to better understand this phenomenon. 

F-PLGA NPs as multifunctional tools. The efficiency of F9-PLGA NPs to function as 19F NMR 

detectable drug carriers was proven by testing their ability to encapsulate hydrophobic drugs and 

also by evaluating the 19F T1 and T2 relaxation times on both F9-PLGA NPs and drug loaded F9-

PLGA NPs. The capacity of encapsulating hydrophobic drugs for PLGA and F9-PLGA NPs was 

proven using dexamethasone, DEX, (Figure 5A), and leflunomide, LEF (Figure 5B). The 
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hydrophobic nature of these drugs is demonstrated by their logP values: ≈1.68 (polar surface area, 

PSA, 94.83 Å2) for DEX and ≈2.52, (PSA 55.10 Å2) for LEF.  

Drug loaded PLGA and F9-PLGA NPs were formulated using the same acetone-water emulsion 

method [29], with addition of the drug in the organic solution. The drug loading capacity % (DL%) 

and encapsulation efficiency % (EE%) of F9-PLGA_NPs were evaluated and compared to that of 

PLGA NPs in the same conditions. The process was optimized by keeping constant the polymer: 

drug ratio, and by increasing the concentration of both components at two different polymer: drug 

weight ratios 10:1 (DEX@F9-PLGA/PLGA_1 and LEF@F9-PLGA/PLGA_1) and 20:2 

(DEX@F9-PLGA/PLGA_2 and LEF@F9-PLGA/PLGA_2).  

First, DEX and LEF loading was qualitatively evaluated by ATR-FTIR analysis by detecting the 

characteristic signal of the drugs (Figures S2 and S3).  

 

Figure 5. DEXchemical structure (A) and LEF chemical structure (B). In Tables are reported the DLS, DL and LL data relative to 
DEX@F9-PLGA and to LEF@F9-PLGA NPs formulated both at 1:10 and 2:20 drug: polymer ratio. 

More importantly, the 19F signal of F9-PLGA (at around -72 ppm), in both 19F NMR spectra of 

DEX@F9-PLGA_2 and LEF@F9-PLGA_2 has been detected (Figure S4). Moreover, in the 19F 

NMR spectrum of LEF@F9-PLGA_2 is also recognized the 19F signal of LEF at around -62 ppm 

(Figure S4B). Unfortunately, a decrease of T2 value for both DEX@F9-PLGA_NPs and LEF@F9-

PLGA_NPs with respect to the starting F9-PLGA_NPs (Table S4) was observed indicating that 
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the drug loading process partially impairs the mobility of the fluorinated chains. Then, the 

morphology was investigated by DLS and TEM analysis: average sizes of 83 ± 5 nm 

(DEX@F9PLGA) and 91 ± 5 nm (LEF@F9PLGA) were estimated by TEM (Figure S5) in good 

agreement with DLS results (Figure 5). Both loaded NPs showed a higher value of <RH> with 

respect to that of the corresponding unloaded NPs (Table S2). Generally, LEF/DEX@F9-

PLGA_NPs showed higher homogeneity, lower PDI values (Figure 5) and higher stability in a 

wider range of concentrations with respect to the corresponding drug loaded PLGA NPs (Figure 

5). The quantitative amount of DEX and LEF entrapped within the NPs was instead determined 

by HPLC analysis (see “Materials and Methods” section for the experimental details).  

Considering both encapsulation efficiency (EE%) and drug loading capacity (DL%) results two 

observations can be made: at both polymer/drug weight ratios F9-PLGA was able to encapsulate a 

higher amount of DEX/LEF with respect to the unmodified PLGA and both F9-PLGA and PLGA 

showed higher values of EE% and DL% for LEF with respect to those obtained for DEX at the 

optimal polymer/drug ratio. Thus, a combination of two different effects govern the drug 

encapsulation process: first, considering that PLGA is commonly used to entrap drugs 

characterized by a high hydrophobicity, it is reasonable that both F9-PLGA and PLGA NPs 

entrapped a higher amount of the more hydrophobic LEF than DEX. While general higher 

encapsulation yields observed for F9-PLGA NPs with respect to the unmodified PLGA NPs might 

be due to F-F interactions among the fluorinated groups of the polymer and the drugs [35]. 

This latter aspect was investigated through solid-state NMR of the lyophilized LEF@F9-PLGA 

formulations. In Figures S6 and S7 are reported the1H-13C and 19F-13C CPMAS NMR spectra of 

LEF@F9-PLGA together with F9-PLGA formulation and pure LEF. The 1H-13C CPMAS NMR 

spectrum of LEF@F9-PLGA, shows the presence of the drug in the lyophilized NPs according to 
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its weight percentage (about 7%). This agrees with the 19F MAS SSNMR spectrum (Figure S8 in 

comparison with those of pure LEF and F9-PLGA) which is characterized by two different 

resonances (-60.7 and -59.5 ppm) for the LEF molecule loaded into the NPs. The two signals 

indicate the presence of two different environments for LEF inside the NPs, in agreement with the 

broad 13C resonance observed in the 19F-13C CPMAS spectrum (Figure S7). Moreover, 2D 19F DQ 

MAS experiments were performed to highlight correlations due to pairs of through-space dipolar 

coupled fluorine atoms, i.e. to close in space fluorine atoms. In particular, they are able to probe 

LEF-LEF or/and LEF@F9-PLGA NPs CF3 interactions, thus providing insights on the LEF 

distribution inside the nanoparticles. The 2D spectra of F9-PLGA NPs and LEF@F9-PLGA NPs 

are reported in Figure S9. The spectrum of F9-PLGA NPs shows an autocorrelation (δDQ=-70-70 

= -140 ppm) indicating that the NP self-assembly brings the F9 group close to each other. On the 

other hand, the 2D 19F DQ MAS of LEF@F9-PLGA NPs is characterized by autocorrelations only 

for the LEF resonances (δDQ=-60.7-60.7 =-121.4 and δDQ=-59.5-59.5 = -119.0). This suggests that 

the LEF molecules within the NPs are close in space, with the –CF3 groups pointing one towards 

each other, whereas no interactions with the –CF3 groups of the NPs are present. Thus, we can 

conclude that the drug encapsulation process is driven by a hydrophobic effect. Due to its higher 

hydrophobicity F9-PLGA is much able to entrap a higher amount of hydrophobic drugs respect to 

the not fluorinated PLGA. In addition, DEX is less hydrophobic than LEF, therefore it is 

reasonable than a higher EE% was estimated.  

PLGA NPs loaded with DEX were assessed in terms of cytotoxicity in vitro on immortalized 

human glomerular endothelial cells (HCiGEnC) and podocytes (HCiPodo), taking into account the 

constant interaction of the NPs during in vivo blood circulation with the cells of the kidney 

glomerular filtration barrier [36,37]. Cells were cultured at 37 °C in presence of different 
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concentration of nanoparticles (0.01–2 mg/mL) for 24 h. Lactate Dehydrogenase (LDH) 

colorimetric assay was selected for the test as it was proven to be an efficient indicator of 

cytotoxicity for kidney glomerular cells [37,38]. PLGA and F9-PLGA, with and without loaded 

dexamethasone, showed negligible cytotoxicity up to a concentration of 1 mg/mL (Figure 6), 

which confirmed the high biocompatibility of these polymeric nanomaterials even when 

fluorinated and drug-loaded. The therapeutic effect of DEX-loaded F9-PLGA NPs was also 

assessed on damaged podocytes in vitro. Alteration of their cytoskeleton morphology is known to 

be a good indicator of pathological condition in chronic kidney diseases [37,39], therefore the 

efficacy of DEX@F9PLGA NPs on these cells was assessed by evaluating F-actin orientation on 

HCiPodo cells before and after the treatment [37,38]. Cell damage was induced with Adriamycin 

(ADR) incubation for 24 h, as confirmed by the reduced density and irregular distribution of the 

actin fibres (green-phalloidin staining), together with a disappearance of cell protrusions (Figure 

6A1). After 48 h incubation with the NPs, podocytes displayed a more regular distribution of F-

actin along the whole cell body and processes, which indicated a recovered healthy morphology 

(Figure 6B1). These results demonstrated that DEX bioactivity was retained during the particle 

manufacturing process.  
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Figure 6. LDH assay on HCiGEnC (A) and HCiPodo cells (B) incubated with NPs (PLGA, DEX@PLGA, F9PLGA, 
DEX@F9PLGA) for 24 h, at concentration from 0.01 to 2 mg/mL. Y-axis: Normalised Cytotoxicity = (Test sample-Low control) 
/ (High control-Low control); Low control: normal cells; High control: cells treated with lysis buffer A. DEX release from 
DEX@F9PLGA NPs in water at 37 °C (error bars indicate± SD from experiments run in triplicate). HCiPodo cells (stained by 
green phalloidin and DAPI, scale bar 20 m) damaged by ADR (B1) and incubated for 48 h with DEX@F9PLGA (DEX 
concentration 10M). 

Conclusions 

Overall, synthesis, characterization and formulation of two new F-PLGA co-polymers, F3-

PLGA and F9-PLGA, was reported. F9-PLGA NPs were found more promising in terms of 

intensity of the 19F-NMR signal. The relaxivity properties of the assembled NPs considering the 

T1 and a T2 values obtained are promising for using these dispersions in 19F-MRI. In addition, the 

F9-PLGA NPs are able to encapsulate hydrophobic drugs more efficiently than unmodified PLGA 

NPs.  

Thus, we believe that these formulations are optimal candidates as multimodal drug delivery 

systems, which can be in vivo tracked by 19F-MRI.  
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 Molecular number (Mn), Molecular weight (Mw) and Dispersity (Đ) of PLGA, purified 

PLGA, F3-PLGA and F9-PLGA, respectively. The data are obtained by GPC analysis 

(Table S1). 

 DLS data of PLGA, F3-PLGA and F9- PLGA NPs formulated at pH 6.4 and at NP 

concentration 10mg/mL (Table S2).  

 19F-NMR spectra of F9-PLGA_NPs formulated at different pH values (ranging from 6.4 to 

8.0) and compared to a trifluoroethanol standard solution (TFA). Linear fit of the integrals 

of the peak normalized for the peak of the TFA is reported. (Figure S1). 

 DLS data of F9- PLGA NPs formulated at different pH values (ranging from 6.4 to 8.0) 

and at the same NP concentration 10mg/mL (Table S3). 

 Qualitatively evaluation of the DEX encapsulation degree in F9-PLGA_NPs by ATR-FTIR 

analysis. DEX@F9-PLGA_2 showed the characteristic vibration modes both of DEX and 

F9-PLGA_NPs (Figure S2). 

 Detection of characteristic vibration modes of LEF and F9-PLGA_NPs in ATR-FTIR 

spectrum of LEF@F9-PLGA_2 in order to qualitatively evaluated the encapsulation degree 

of LEF in F9-PLGA_NPs (Figure S3). 

 The 19F NMR spectra of DEX@F9PLGA_2 (A) and LEF@F9PLGA_2 (B) (Figure S4). 

 T1 and T2 values of F3PLGA_NPs, F9PLGA_NPs, DEX@F9PLGA_2 and 

LEF@F9PLGA_2 dispersions evaluated at physiological pH (Table S4).  
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 TEM images of DEX@F9-PLGA and LEF@F9-PLGA formulations and distribution sizes. 

(Figure S5). 

 1H-13C (100.6 MHz) CPMAS SSNMR spectra of F9-PLGA NPs, LEF and LEF@F9-PLGA 

NPs, acquired at a spinning speed of 12 kHz (Figure S6). 

 

 19F-13C (100.6 MHz) CPMAS SSNMR spectra of F9-PLGA, LEF and LEF@F9-PLGA 

NPs, acquired at a spinning speed of 12 kHz (Figure S7). 

 

 19F (376.5 MHz) MAS SSNMR spectra of F9-PLGA and LEF@F9-PLGA NPs, acquired at 

a spinning speed of 32 kHz (Figure S8). 

 
 19F (376.5 MHz) DQ MAS spectrum of F9-NPs (A) and LEF@F9_NPs (B), acquired at a 

spinning speed of 32 kHz and using one period of BABA recoupling (Figure S9). 
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fluorinated contrast agents; PFC, perfluorinated molecules; PFPE, perfluoropolyethers; T2, 
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