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Abstract

:

NMR is a powerful characterization tool and we propose to study the surface of silica or bismuth nanoparticles dedicated to medical applications in order to evidence the covalent grafting of organic molecules on their surface. For that aim, DOSY experiments are particularly useful and allow for the discrimination of molecules interacting strongly with the nanoparticle surface from molecules simply weakly adsorbed at the surface. We were able to characterize thoroughly the surface of different silica and bismuth nanoparticles.






Keywords:


nanoparticles surface; DOSY; NMR












1. Introduction


Nanoparticles (NP) are more and more explored for applications in the medical field. They can be used as drug delivery systems but also as contrast agents for different imaging techniques. We can cite silica-based nanoparticles, liposomes, polymersomes or inorganic NP such as iron oxide NP, gold NP, silver based NP, zinc oxide NP, bismuth NP, quantum dots, etc. [1]. An important issue for the use of NP in the medical field is to be able to derivatize the surface in order to obtain stable suspensions in aqueous media and buffer and also to vectorize the NP for targeting, meaning that we have to possess robust tools to characterize their surface, and more precisely, to attest of the covalent grafting of the ligands of interest to their surface.



Nuclear Magnetic Resonance (NMR) is a powerful tool to determine if an organic ligand is covalently attached to a nanoparticle or if it is, on the contrary, simply adsorbed at the surface of the nanoparticle, with an exchange taking place between the free and the bound form of the ligand. Indeed, in addition to the classical 1D and 2D NMR spectra, diffusion ordered spectroscopy (DOSY) experiments are particularly useful for these type of investigations [2,3,4]. It allows the determination of the diffusion coefficients of the solution species and will thus allow to discriminate between covalently grafted ligands and adsorbed ligands. Indeed, if the ligand is covalently attached to the nanoparticle, its diffusion coefficient will be equal to that of the nanoparticle. On the contrary, if the ligand is simply adsorbed on the nanoparticle surface, an average diffusion coefficient between those of the free and of the bound ligand should be observed because of the fast exchange between these two species (Equation (1)).


Dobs = PBDB + (1 − PB)DF



(1)




where DB and DF are the diffusion coefficients of the bound and of the free ligands respectively, and PB is the molar proportion of the bound ligand.



In this work, we propose to demonstrate the power of the NMR tools to characterize the NP surface on two different types of NP. The first type, silica NP, could be useful in the context of magnetic resonance imaging (MRI), which is now a well-established technique in the medical field. MRI allows one to obtain, non-invasively, morphological and functional images in order to investigate the anatomy and physiology of the body, both in healthy and diseased conditions. MRI images can be obtained without the use of contrast agents, but some diagnostic questions cannot be elucidated easily and require the use of contrast agents. Even if other types of contrastophores, like CEST (chemical exchange saturation transfer) agents [5,6,7] start to emerge, two main classes of contrast agents can still be distinguished [8,9]: the paramagnetic contrast agents, which are mainly composed of gadolinium complexes [10,11,12], and the superparamagnetic ones, which are made of iron oxide NP [13,14]. They are respectively responsible for a brightening and of a darkening of the image area where they are accumulated, and are therefore respectively considered as positive and negative contrast agents.



Currently, the paramagnetic contrast agents are always preferred by the radiologists because a brightening of the diseased image area is more easy to visualize. Gadolinium complexes suffer, however, from a relatively low relaxivity (The relaxivity of a contrast agent is the increase of the water proton relaxation rate induced by 1 mmole per liter of the contrastophore.), which reflects the efficacy of the contrast agent. Many efforts are thus produced in the literature to improve it [15,16,17]. An elegant method to achieve this goal is to graft several small gadolinium complexes on a macromolecular object. The benefit is indeed double: first the grafting of a gadolinium complex on a bigger entity will increase its relaxivity thanks to the increase of its rotational correlation time; and secondly the presence of several gadolinium chelates on the same macromolecular object increases the efficacy of the whole entity [15,16,17]. Several macromolecular objects can be envisaged, like proteins [18,19], liposomes or micelles [20,21], dendrimers [22,23], polymers [24,25], or nanoparticles [26,27], such as silica nanoparticles [28]. They indeed possess several advantages: they are low cost, stable, safe, biocompatible, and endowed with a high water dispersibility. Moreover, their synthesis is quite easy and allows for the tuning of the particle size, which is important for applications in the biomedical field. As the covalent grafting of the gadolinium chelates at the nanoparticle surface is the key to obtain a high efficacy of the entity, the characterization of this binding is of crucial importance and we propose to describe an NMR method allowing this investigation.



The second NP studied in this work are metallic bismuth NP which possess the same advantages as silica NP in terms of low cost and biocompatibility and could have interesting applications in the medical field as a radiosensitizer in the context of radiotherapy [29,30,31,32], or as contrast agents in X-ray imaging thanks to the high atomic number of bismuth [33,34,35,36]. A few studies are nevertheless available on those NP [37] and a first challenge is to be able to synthesize stable aqueous suspensions by coating the NP with organic molecules. Two different ligands were used in that aim: the citrate ligand, which could interact with the surface thanks to its carboxylate functions, and the lipoic acid ligand modified with PEG, bearing thiol groups to interact with the NP surface. Again, NMR and more particularly DOSY experiments [38] will be used to evaluate the best ligand to stabilize the bismuth NP, which is also important to ensure a high NP stability in biological media and avoid harmful aggregation.




2. Materials and Methods


Chemicals: N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride (EDCI) and O-(2-aminoethyl)-O′-methylpolyethylene glycol of 750 g/mol molecular weight (PEG) were purchased from Sigma-Aldrich (Diegem, Belgium). 2-(4-aminobenzyl)diethylenetriaminepentaacetic acid (p-NH2-Bn-DTPA) was furnished by Macrocyclics (Dallas, TX, USA) and was complexed with lanthanum ion from the lanthanum chloride salt (LaCl3) at pH 6.5 in deionized water during 24 h [28]. Bismuth citrate sodium (Alfa Aesar, >94%), D-glucose (Sigma, 99.5%), citric acid (Labosi, >98%), lipoic acid (TCI, >97%), methylpolyethylene glycol of 750 g/mol molecular weight (PEG) (Alfa Aesar) were used without further purification. All solutions were prepared using fresh, distillated H2O.



Synthesis of the silica nanoparticles and coupling reaction: The silica NP were synthesized as described in [28]. Briefly, a conventional water-in-oil microemulsion (8 mL of cyclohexane, 2 mL of hexanol, 2 mL of Triton X-100 and 1 mL of deionized water) was used. 100 µL of TEOS (tetraethoxysilane) and 60 µL of NH4OH were then added and mixed during 24 h, followed by the addition of 50 µL of TEOS and 50 µL of CETS (carboxyethylsilanetriol) and an additional stirring of 24 h. The NPs are finally precipitated with 20 mL of acetone and washed with ethanol before being dispersed in deionized water. As they are made from TEOS and CETS, they possess carboxylate groups on their surface in order to allow the covalent grafting of different organic molecules. The number of those carboxylate functions were estimated to be about 2.4 carboxylate groups per nm2 by conductimetric analyses (data not shown). The lanthanum complex, La-p-NH2-Bn-DTPA, and PEG, having a terminal amine group, were grafted on the silica NP via an amide bond by using the coupling agent EDCI [28]. A five times excess of those molecules was used compared to the number of carboxylate groups. When both molecules are grafted at the nanoparticle surface, the La-complex was first grafted followed by PEG. The coupling reaction was tested at two different times (4 h and 24 h), and the NMR study was performed in order to evaluate the most appropriate coupling reaction time to obtain a covalent grafting. The purification of the reaction mixture was performed by ultracentrifugation on centrifugal filter units with a 10k cut-off (Amicon Ultra-15 10K device, Millipore, Brussels, Belgium). The NPs were characterized by DLS measurements before and after the grafting reactions and a quite similar measured diameter of about 35 nm was obtained.



Synthesis of metallic bismuth nanoparticles and coating exchange: Metallic bismuth NP were synthesized from an aqueous bismuth citrate solution. Citric acid and D-glucose, dissolved in distilled water, were then added to the previous solution. The pH was adjusted to reach a pH of 13 with a NaOH solution. The solution was heated in a continuous flow device controlled by a HPLC pump [39] and then cooled at room temperature. Finally, the crude was purified by ultrafiltration (filtration membrane of 30 kDa, Merck KGaA, Darmstadt, Germany). After washing with water at pH = 7, the purified bismuth NP dispersed in water were analyzed by NMR.



A ligand exchange procedure was used to modify the bismuth NP surface. For that purpose, a lipoic acid derivative (AL-PEG750-OMe) was added to an aqueous solution of nanoparticles at pH = 7 and the solution was stirred at room temperature for 24 h. Subsequently, the metallic bismuth NP coated by AL-PEG750-OMe were purified by ultrafiltration on a 30 kDa filter (Merck®) and washed with water at pH = 7 prior to NMR analysis. The NPs were characterized by DLS measurements and a diameter of about 65 nm was obtained.



NMR measurements: All the measurements were performed with a traditional 5 mm probe at 500 MHz on an AvanceII 500 spectrometer (Bruker, Karlsruhe, Germany). All the aqueous silica nanoparticle suspensions were diluted with D2O to obtain 10% of D2O. The 1D spectra were recorded with the noesypr1d sequence, allowing the suppression of the water peak with 64 scans. All the spectra were recorded with a relaxation delay of 3 s, except the spectra dedicated to the quantification of the grafted organic molecules, which were recorded with a longer relaxation delay of 100 s. These spectra allowing the quantification were recorded with an external reference of known concentration (TSP, 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt, Sigma-Aldrich). 2D COSY NMR spectra were also recorded on some of the silica nanoparticle solutions, with 16 scans and 128 t1 increments. For the measurements according to the pH, the pH was gradually increased with a NaOD solution and the pH was measured with a Mettler-Toledo pHmeter.



DOSY experiments were performed with the classical BPP-LED pulse sequence, which uses bipolar gradient pulses with two spoil gradients to measure the diffusion coefficients. A gradient pulse duration δ of 2 ms was used for all the experiments, with a diffusion delay Δ of 250 ms or 600 ms. 16 gradients incremented from 2% to 95% of the maximum gradient strength (53.5 G/cm) in a linear ramp were used, with a number of scans varying between 600 and 800 for each gradient value. The temperature was fixed at 298K. The raw data were extracted from the DOSY experiments and the observed decrease of the signal intensity with the gradient strength was fitted with the well-known diffusion equation (Equation (2)) [40,41]:


I = I0 exp[−γ2 g2 D δ2 (Δ − (δ/3) − (τ/2))]



(2)




where I0 is the intensity at 0% gradient, γ is the gyromagnetic ratio, g is the gradient strength, D is the diffusion coefficient, δ is the gradient pulse length, Δ is the diffusion time and τ is the interpulse spacing in the BPP-LED pulse sequence.




3. Results


3.1. Silica Nanoparticles


For this study, the silica NP were synthesized so that their surface was covered with carboxylate functions, which can be used to graft small ligands such as paramagnetic gadolinium complexes [28]. Two types of NP were studied: first, NP grafted with a small polyethylene glycol (PEG) having a molecular weight of 750 g/mol (needed in order to avoid a non-specific capture by the reticulo-endothelial system), and, secondly, NP grafted with PEG and with a diamagnetic analogue of a gadolinium complex, the Gd-p-NH2-Bn-DTPA [28] (Scheme 1). This gadolinium complex, a derivative from the well-known Gd-DTPA, was substituted in the C4 position by an aminobenzyl group allowing its covalent grafting on the NP surface. However, with the gadolinium ion being paramagnetic, it prevents any NMR study because of a marked broadening of the different NMR peaks. A diamagnetic analogue is thus necessary and the lanthanum complex was used in this case.



As mentioned in the introduction, the covalent grafting of the ligands was evaluated by NMR and two reaction times for the coupling reaction between the ligand and the NP surface was studied.



3.1.1. NMR Analysis of the Silica Nanoparticles Grafted with PEG and Synthesized with a Reaction Time of 4 h


The 1D NMR spectrum of the silica NP is presented at Figure 1 with, for comparison, the NMR spectra of PEG and of the bare NP bearing carboxylate functions on their surface. Several peaks can be distinguished on this 1D spectrum: the three characteristic peaks of PEG are clearly visible, as well as the two peaks coming from the carboxyethylsilanetriol (CETS), which is used during the synthesis to provide the carboxylate functions on the nanoparticle surface. In addition to these peaks, additional signals coming from EDCI, used during the grafting synthesis as the coupling agent, and from ethanol, used to wash the NP after the synthesis, are also visible. The presence of these peaks is the evidence of an insufficient purification of the nanoparticle suspension after the synthesis, despite of the ultracentrifugation which was performed after the grafting reaction. It thus also means that the observed PEG is perhaps not completely covalently grafted on the nanoparticle surface but is partly free in solution because of the insufficient purification of the reaction mixture. It is thus very important to verify the covalent grafting of PEG on the nanoparticle surface, and for that, NMR provides several tools.



Firstly, NMR spectra of the NP suspensions were recorded at different pH (Figure 2). Indeed, as it was shown in [4], the peak at 3.20 ppm corresponding to the CH2 near the amine group in free PEG is shifting with pH due to the protonation/deprotonation equilibrium of the amine group. But upon grafting, as the amine group is changed into an amide group, this shifting with pH should disappear. Nevertheless, what can be observed on Figure 3 is an important shift of this peak from 3.2 ppm at pH 6 to 2.75 ppm at pH 12. COSY spectra recorded at each pH allows the confirming of the belonging of these peaks to PEG (Figure S1). As it is exactly the behaviour observed for free PEG [4], this first study allows thus to conclude that most of the present PEG is free in solution. It does, nevertheless, not prevent some PEG covalently grafted to the silica NP from also being present, the peak corresponding to the CH2 near the amide group being too small or too broad to be detected. A more robust tool to study the covalent coupling of organic molecules on NP is thus needed and, as described in the introduction, the use of DOSY experiments is very appropriate.



DOSY spectra were also recorded at different pH and the extracted diffusion coefficients of PEG are nearly equal to that of free PEG (Table 1), which tends to prove that PEG is mostly ungrafted on the NP surface and is simply adsorbed by an ionic interaction. A small increase of the diffusion coefficient of PEG with pH can be observed, which can be explained by a less efficient adsorption of PEG on the NP surface when the pH is increasing since the amine function of PEG becomes unprotonated and so uncharged. Nevertheless, a DOSY spectrum recorded at pH 7 with a longer diffusion time favouring slowly diffusing species (600 ms compared to 250 ms for the other DOSY spectra) allows for the extraction of diffusion curves with a biexponential decrease for nearly all the peaks of PEG. These biexponential curves can be fitted with one diffusion coefficient characteristic of free PEG (D = 3.1 × 10−10 m2/s) and one characteristic of PEG grafted at the nanoparticle surface (D = 1.6 × 10−11 m2/s). The relative intensities associated to these two diffusion coefficients allow for the estimation of a small grafting percentage of nearly 2% (Table 1 and Figure S2). It has to be noticed that for the peak corresponding to the methylene group next to the amine function, the extracted diffusion curve is monoexponential, with a diffusion coefficient which is that of free PEG (Figure S2). This can be explained by the fact that the corresponding peak of the small amount of grafted PEG is at a different chemical shift and is probably too broad and too less intense to be detected.



These results tend thus to show that a reaction time of 4h for the grafting of organic molecules on the silica NP surface is not sufficient, so that the grafting was then performed with a reaction time of 24 h.




3.1.2. NMR Analysis of the Silica Nanoparticles Grafted with PEG and with La-p-NH2-Bn-DTPA Synthesized with a Reaction Time of 24 h


A reaction time of 24 h was first applied for the grafting of PEG on the NP surface and as the NMR characterization was sufficient to prove the covalent grafting (data not shown), La-p-NH2-Bn-DTPA was also grafted.



An NMR spectrum was recorded on those silica NP and shows the signals characteristic of PEG and of the La-complex (Figure S3). However, as seen in the previous part, this does not prove at all the covalent grafting of PEG and of the La-complex. A DOSY spectrum was thus recorded with a sufficiently long diffusion time of 600 ms (Figure 3). One diffusion coefficient of 6.68 × 10−11 m2/s was obtained for all the peaks of PEG and La-complex, which tends to prove the covalent grafting of PEG and of the La-complex on the nanoparticle surface.



A quantitative NMR spectrum recorded with an external reference (TSP, see Section 2) allows for the estimation that more or less 75% of the carboxylate groups at the nanoparticle surface are functionalized with PEG and the La-complex: around 7% are functionalized with PEG whereas 68% are functionalized with the La-complex, which means that the La-complex is approximately 10 times more present than PEG at the nanoparticle surface (Figure S4). This can be explained by the synthesis protocol (see Section 2), where the La-complex is first allowed to react for 24 h, followed by PEG.



Interestingly, NMR allows also the witnessing of the degradation of the NP after several months. The same characterization was indeed performed on the silica NP grafted with PEG stored at 4 °C after six months and the results clearly show a starting dissolution of the silica NP, whereas the solution was still homogenous according to both the naked eye and the dynamic light scattering measurements (Figure S5). First, the 1D NMR spectrum clearly shows the doubling of the peaks corresponding to CETS in comparison with the spectrum recorded on the fresh NP (Figure 4), which tends to evidence a destabilization of the NP. Secondly, a further analysis of these peaks with DOSY shows that one has still the same diffusion coefficient than the one measured on the fresh NP, whereas the other has a higher diffusion coefficient, typical of rapid diffusing molecules of small size (Figure 5). This proves definitively that the silica NP are starting to dissolve in the solution, with the CETS at the surface which is progressively leaking from the NP. This phenomenon was already described in the literature [42,43,44] and is here clearly evidenced by NMR.



This first study on silica NP allows for the demonstration of the necessity of a 24 h coupling reaction to efficiently graft organic molecules at the surface, and also shows the starting dissolution of the NP after several months, whereas the solution still appears homogeneous according to dynamic light scattering measurements.





3.2. Bismuth Nanoparticles


3.2.1. Nanoparticles Stabilized with Citrate


A 1D NMR spectrum was recorded on the bismuth NP suspension stabilized with citrate and compared to the spectrum of citrate (Figure 6). These spectra clearly evidence the presence of citrate in the NP suspension, as well as other small peaks which can be attributed to gluconic acid (signals between 3.4 and 4.2 ppm) and isopropanol (signals at 1.2 ppm and between 3.9 and 4 ppm) (Figure S6). The presence of isopropanol can be justified by its use in the rinsing protocol of the HPLC pump, controlling the continuous flow device.



To determine if the citrate is interacting strongly with the NP surface, DOSY spectra were recorded on the NP solution and on citrate for comparison. A diffusion coefficient of 4.6 × 10−10 m2/s was obtained for citrate in the NP suspension, whereas its diffusion coefficient in water is equal to 5.25 × 10−10 m2/s. This difference can primarily be explained by the viscosity difference between the two solutions, meaning that citrate does not interact or interacts very weakly with the NP surface. Surprisingly, a biexponential diffusion behaviour was observed for the signal at 1.2 ppm belonging to isopropanol (Figure 7), and two diffusion coefficients can thus be extracted. The first one (D1 = 7.7 × 10−10 m2/s) is compatible with free isopropanol, whereas the second one (D2 = 1.0 × 10−11 m2/s) is compatible with isopropanol interacting strongly with NP. This result could mean that the NP are mainly stabilized by isopropanol and not only by citrate, and that citrate is not a ligand with a high affinity for the bismuth NP surface.




3.2.2. Nanoparticles Stabilized with Lipoic Acid Modified with PEG


The same study was performed on NP stabilized with a derivative of lipoic acid (AL-PEG750-OMe). The thiol groups allow the interaction with the NP surface, whereas the carboxylic acid function was modified with a PEG chain of molecular weight 750 to further stabilize the NP, provide water solubility and assure a long circulating time in case of in vivo injections. The 1D NMR spectrum of this NP suspension clearly shows all the signals of the ligand (Figure S7) and the DOSY measurement performed on the suspension allows the extraction of the diffusion coefficients on each of those signals. Quite logically, the same behaviour was observed for all peaks of the ligand and the diffusion appears again biexponential, i.e., characterized by two diffusion coefficients. The first one (D1 = 2.4 × 10−10 m2/s) is compatible with the free ligand, whereas the second one (D2 = 5.45 × 10−11 m2/s) is compatible with the ligand interacting strongly with the surface of NP. This means that part of the ligand is interacting with the NP surface to stabilize them and we can reasonably suppose that the free ligand corresponds to the oxidized form of lipoic acid, whereas the bound form corresponds to its reduced form (Figure 8), via an oxydo-reduction mechanism at the surface. A further analysis of the biexponential curves shows that about 25% of the molecules are diffusing slowly, whereas the other 75% are diffusing as a free ligand.



In conclusion, this study on bismuth NP has demonstrated that citrate is not an appropriate ligand, whereas lipoic acid, thanks to its thiol groups, is able to interact strongly with the surface to stabilize the NP. This coating agent, which is unusual for metallic bismuth NP but well described for gold NP [45], will offer new prospects for functionalizing stabilized bismuth NP.






4. Conclusions


These two studies illustrate the power of the NMR tools to thoroughly characterize the surface of diamagnetic NP. In particular, DOSY experiments are very useful for these types of studies. However, special attention has to be paid to the diffusion time (∆) used during the measurements, since we have shown that a too short diffusing time does not allow to evidence the biexponential behaviour due to the presence of a rapid diffusing species and a lower quantity of a slow diffusing species. Some important information could thus be missed.
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Scheme 1. (a) Structure of the grafted polyethylene glycol. (b) Structure of La_p-NH2_Bn_DTPA, the lanthanum complex which was grafted on the silica NP. 
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Figure 1. 1D NMR spectra recorded with the noesypr1d sequence on water suspensions prepared with 10% D2O of the bare NP, bearing carboxylate functions on their surface (bottom spectrum), of the NP grafted with PEG (central spectrum), and of free PEG (top spectrum). The letters are used to assign the different peaks to the different molecules: A corresponds to CETS, B corresponds to EDCI, C corresponds to ethanol and D corresponds to PEG. 
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Figure 2. 1D NMR spectra recorded with the sequence noesypr1d on water suspensions prepared with 10% D2O of the silica NP grafted with PEG at different pH: from the bottom to the top, the pH is equal to 6, 9, 10.5 and 12. 
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Figure 3. DOSY NMR spectrum recorded on silica NP grafted with PEG and the La-complex. The diffusion time ∆ was set at 600 ms. 
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Figure 4. 1D NMR spectra recorded with the sequence noesypr1d on water solutions prepared with 10% D2O of the silica NP grafted with PEG: above spectrum: spectrum recorded on fresh NP; bottom spectrum: spectrum recorded after 6 months. 
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Figure 5. Diffusion curves extracted from the DOSY on CETS peaks. (a) CETS peak at 0.9 ppm: fresh NP. (b) CETS peak at 0.9 ppm: NP after 6 months (right peak). (c) CETS peak at 0.9 ppm: NP after 6 months (left peak). (d) CETS peak at 2.3 ppm: fresh NP. (e) CETS peak at 2.3 ppm: NP after 6 months (right peak). (f) CETS peak at 2.3 ppm: NP after 6 months (left peak). 
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Figure 6. Comparison between 1D NMR spectra recorded with the sequence noesypr1d on water solutions prepared with 10% D2O of the bismuth NP stabilized with citrate (bottom spectrum) and of citrate (above spectrum). 
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Figure 7. Biexponential diffusion curve extracted from the DOSY experiment recorded on the bismuth NP solution for the signal at 1.2 ppm belonging to isopropanol. 
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Figure 8. Hypothetic scheme of the grafting of sodium lipoate at the surface of bismuth NP. 
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Table 1. Extracted diffusion coefficients of PEG.
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∆ = 250 ms

	
∆ = 600 ms




	
SiO2-PEG

	
D (×10−10 m2/s)

	
SiO2-PEG

	
D (×10−10 m2/s)






	
pH = 6

	
2.49

	
pH = 7

	
D1 = 3.1 (I1 = 0.98)

D2 = 0.16 (I2 = 0.02)




	
pH = 9

	
2.32




	
pH = 10.5

	
2.64




	
pH = 12

	
2.71
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