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'Surfactant-free' stable nanoparticles from biodegradable and amphiphilic poly(ε-caprolactone)-grafted dextran copolymers

A variety of poly(ε-caprolactone)-grafted dextran copolymers were synthesized with a controlled architecture through a three-step procedure: partial protection of the dextran hydroxyl groups by silylation, ring-opening polymerization of ε-caprolactone initiated from remaining free hydroxyl groups on partially silylated dextran, and silyl ether deprotection under mild conditions. The potential of these amphiphilic grafted copolymers as surfactants was investigated by water/toluene interfacial tension measurements. Since each copolymer showed noticeable surfactant properties, their ability to form 'surfactant-free' nanoparticles was evaluated using the nanoprecipitation method. It was found that remarkably stable core (polyester) -shell (polysaccharide) nanoparticles with a mean diameter around 200 nm were formed.

Introduction

The development of drug delivery systems aimed at optimizing drug release and targeted therapy has contributed to significant advancements in pharmaceutical engineering of novel formulations such as nanoparticles, which are solid colloidal polymeric carriers less than 1 µm in size. Several publications highlighted the ability of nanoparticles to reduce adverse effects of various drugs released at non-target sites, typically hydrophobic ones [1][2][3][4][5]. Most commonly used methods for preparing polymer-based nanoparticles include emulsion-evaporation [6], in situ monomer polymerization [7], a method based on the salting out effect [8][9], and nanoprecipitation [10,11]. The latter originally developed by Fessi et al. [11] represents an easy and reproducible technique, which has been quickly and widely explored by several research groups for producing both vesicle and matrix type nanoparticles, also termed nanocapsule and nanosphere, respectively [10,[12][13]. The main disadvantages of conventionally formed nanoparticles are the need for large amounts of surfactants such as poly(vinyl alcohol) [14,15], Tween ® , etc. [16,17], to stabilize the suspension, and the difficulty to remove these tensioactive agents at the end of the production process. Moreover, a lot of properties including biodegradability, size distribution and time-evolution as well as drug release depend on the concentration of residual surfactants [18][19][20].

For the last decade, surfactant-free nanoparticles formation has been investigated by several authors [11,[21][22][23]. Fessi et al. developed surfactant-free nanocapsules of poly(D,L-lactide) (PLA) by the nanoprecipitation technique [11]. More recently, poly-(lactide-co-glycolide) nanoparticles were prepared by using poly(ethylene glycol)based block copolymers as substitutes for conventional surfactants [23]. Dialysis post-treatment was also used for producing small and narrowly distributed nanoparticles using conventional surfactants or amphiphilic block and graft copolymers [24][25][26]. The present paper aims at reporting on the exclusive use of amphiphilic, biodegradable poly(ε-caprolactone)-grafted dextran (Dex-g-PCL) enriched in hydrophobic poly(ε-caprolactone) (PCL) for preparing surfactant-free nanoparticles through the nanoprecipitation technique. Purposely, several well-defined Dex-g-PCL compositions were synthesized according to a three-step procedure already reported by us and depicted in Scheme 1 [27,28]. Beside their macromolecular characterization, the interfacial properties of these amphiphilic graft copolymers were studied by the pendant drop method, as well as the mean diameter and size distribution of the soformed nanoparticles by using dynamic light scattering. 

Partial and reversible silylation

Scheme 1. Three-step synthetic pathway to dextran-g-poly(ε-caprolactone) (Dex-g-PCL) copolymers

Experimental part

Materials

Dextrans were purchased from Pharmacia Biotech (M n = 6600 or 21 300; M w /M n = 1.8). Dex-g-PCLs were synthesized according to an original and controlled three-step procedure recently reported by us and illustrated in Scheme 1 [27,28]. Macromolecular characteristics of the Dex-g-PCL graft copolymers used in the present study are shown in Tab. 1 using the following acronyms: Dex x -gy PCL z , where x and z denote the molar masses of dextran and poly(ε-caprolactone) grafts (in kg/mol), respectively, and y denotes the average number of PCL grafts per 100 glucose units.

Dextran-g-poly(ε-caprolactone) copolymer (Dex x -gy PCL z ) synthesis [27,28] The first step consisted of the partial reversible silylation of dextran hydroxyl groups in order to control and limit the number of free hydroxyl groups and to facilitate polysaccharide solubilization in low polar organic solvents suitable to perform the controlled ring-opening polymerization (ROP) of ε-caprolactone (CL). We showed that high silylation yields could be reached without any degradation of dextran by using hexamethyldisilazane in dimethyl sulfoxide (DMSO) while hydroxyl groups located on the third and fourth carbon atoms of glucose repeating units were by far less reactive [30][31]. The second step thus consisted in the regioselective initiation of CL ROP from the hydroxyl groups remaining free along the highly silylated dextran backbone, and previously activated by the addition of triethylaluminium in catalytic amount. The high efficiency of grafting and the control over the PCL grafts' molar mass and molar mass distribution was evidenced by NMR and size exclusion chromatography (SEC), and attested the 'living' character of the coordinationinsertion mechanism of the CL ROP. The final step involved the selective hydrolytic deactivation of the propagating active species, together with the removal of the trimethylsilyl protective groups under mild acidic conditions, which did not affect dextran and PCL molecular parameters.

Nanoparticle preparation

Dex-g-PCL graft copolymers were dissolved in DMSO (99+% from Aldrich) at 50°C until complete solubilization (1 h). The organic solutions with concentrations ranging from 0.5 to 2 mg/mL were then added dropwise with vigorous magnetic stirring into a defined volume excess of Millipore water previously thermostated at 50°C (0.03 ≤ DMSO/H 2 O (v/v) ≤ 0.11). The resulting opalescent colloidal suspension was then dialyzed against Millipore water for 5 days using a 3500 g/mol molecular cut-off dialysis tubular membrane (Spectra/Por® Biotech RC membranes). Finally, the particles suspension was concentrated by water volatilization to a final volume of 9 mL.

Characterization

Interfacial tensions were determined according to the pendant drop method using a Drop Shape Analysis System DSA 10-MK2 tensiometer (from Wilten Fysika) equipped with a thermostated chamber and a circulator Thermo Haake DC10. Practically, a drop of Millipore water was formed at the capillary tip and immersed into a quartz cell containing various Dex-g-PCL copolymer solutions in toluene (99+%, from Devos-François) with concentrations ranging from 10 -5 to 10 g/L. Stock amphiphilic graft copolymer solutions were prepared at room temperature by dissolving a known amount of Dex-g-PCL in the appropriate volume of toluene (conc. = 10 g/L). Solutions of lower concentration were obtained by subsequent dilution of the stock solutions. Interfacial tension was determined at 20°C after a time long enough to reach constant values from the shape of the pendant drop by fitting the Gauss-Laplace equation to the experimental drop shape coordinates [29]. All measurements were triplicate and displayed a maximum variation lower than 2%. Dynamic light scattering measurements were carried out at 25°C using a BI-160 apparatus (Brookhaven Instruments Corporation, USA) with He-Ne laser source operating at 17 mW and delivering a vertically polarized light (λ = 633 nm). The particle size and size distribution were calculated using the CONTIN algorithm. For each sample, the mean diameter and standard deviation were calculated over three measurements.

Tab. 1 H NMR spectroscopy [27]. c Number-average molar mass of the PCL grafts as determined by gravimetry and 1 H NMR spectroscopy [27]. z denotes the molar mass in kg/mol. d PCL weight fraction in the copolymer as determined by gravimetry and confirmed by 1 H NMR spectroscopy [27].

Results and discussion

Macromolecular characteristics of studied dextran-g-poly(ε-caprolactone) copolymers

Tab. 1 shows the main macromolecular characteristics of the investigated dextran-gpoly(ε-caprolactone) graft copolymers, Dex x -gy PCL z , where x and z denote dextran and poly(ε-caprolactone) (PCL) number-average molar masses (in kg/mol), respectively, and y denotes the average number of PCL grafts per 100 glucose units. These amphiphilic and biodegradable graft copolymers were synthesized according to a recently reported three-step procedure illustrated in Scheme 1 [27][28]30]. The solubility of the so-formed Dex x -gy PCL z graft copolymers was shown to strongly depend on the relative content in PCL grafts, i.e., the weight fraction in PCL (F wPCL ). For instance, limited solubility in water was observed when F wPCL was higher than c. 0.3. PCL-enriched graft copolymers were rather soluble in organic solvents such as toluene or tetrahydrofuran. When solubilized in DMSO at c. 50°C, which is a common solvent for both native dextran and PCL segments, Dex x -gy PCL z graft copolymers with F wPCL > 0.3 were suspected to adopt a core-shell conformation with an inner stretched hydrophilic polysaccharide chain surrounded by an outer shell of hydrophobic polyester grafts. 1 H NMR spectroscopy in d 6 -DMSO gave credit to such a conformation with a screening of polysaccharide protons resulting from a restriction of dextran chain mobility and a decrease of relaxation times [27]. In this further study, it has been decided to investigate the amphiphilic behaviour of these graft copolymers and their ability to generate stable nanoparticles in aqueous medium. 

Amphiphilic character of Dex x -gy PCL z graft copolymers

In order to get a better insight into the potential of Dex x -gy PCL z graft copolymers to behave as surfactants, interfacial tensions were measured by using the pendant drop method applied to drops of water dipped into toluene copolymer solutions of various concentrations. The semi-logarithmic plot of the interfacial tension (γ in mN/m) vs. concentration (in g/L) was typically sigmoidal whatever the studied copolymer composition (Fig. 1). Critical concentrations (C crit ) were determined from the intersection between the tangents drawn from higher concentration portions of the sigmoidal plots [32]. For the different copolymers studied, C crit is ranging from 0.3 to 2.3•10 -3 g/L (Tab. 2). Critical concentration tends to increase with the content in hydrophobic component (F wPCL ) at least for a given dextran molar mass (entries 1 and 2, Tab. 2). It also comes out that increasing dextran molar mass, while keeping PCL weight fraction and average number of polyester grafts (y) almost constant, contributes to lower C crit (entries 1 and 3, Tab. 2). Finally, higher molecular area (A) and effectiveness (Π crit = γ crit -γ 0 [33]) are reached for Dex 6,6 -g-76 PCL 0,2 , i.e., for the copolymer with the highest average number of PCL grafts per 100 glucosidic units, which is in good agreement with observations from other similar amphiphilic systems [34,35]. Interestingly enough, a similar behaviour has been recently reported for dextran-gpolylactide copolymers (Dex-g-PLA) [37]. It was observed that these copolymers showed noticeable surfactant properties whatever their polyester weight fraction. Moreover, depending on their solubility, the self-organization of Dex-g-PLA copolymer in water or toluene was evaluated using fluorescence spectroscopy. It was proved that these amphiphilic grafted copolymers were able to produce either hydrophobic or hydrated microdomains in water or toluene solutions, respectively. As a conclusion, these studies confirm that the PCL-grafted dextran copolymers can behave as surfactants at the interface between two immiscible solvents such as toluene and water and prompt us to investigate their ability to form nanoparticles by nanoprecipitation. c Critical concentration determined from the intersection between the tangents drawn from higher concentration portions of the sigmoidal plots of γ vs. log C/(g•L -1 ). d Interfacial tension at the critical concentration.

Tab. 2. Effect of PCL-grafted dextran copolymer composition on the main interfacial parameters

Entry Dex x -g-y PCL z a F wPCL b C crit c /(mg•L -1 ) γ crit d /(mN•m -1 ) A e /nm 2 Π crit f /(mN•m -1 )
e Molecular area calculated from the following equations:

C T R . log d Γ 303 2 γ d ex ⋅ ⋅ ⋅ ⋅ - = ; N A ⋅ = ex Γ 1
where R is the gas constant, T the absolute temperature, Γ ex is the surface excess of surfactant molecules (in mol/area), C is the surfactant concentration, and N is Avogadro's number. f Π crit = γ crit -γ 0 , where γ 0 and γ crit stand for the interfacial tensions of the water drop immersed in pure toluene and a copolymer solution in toluene at critical concentration, respectively.

Nanoparticle formation

As sketched in Fig. 2, Dex x -gy PCL z copolymers were first dissolved in DMSO at 50°C until complete solubilization. The organic solution was then added dropwise and with vigorous magnetic stirring into a large volume excess of water previously thermostated at 50°C (see Exptl. part). The suspension rapidly turned opalescent due to colloidal nanoparticle formation. From the aforementioned surface tension properties it can be assumed that the water-soluble dextran backbone is preferably orientated towards the aqueous phase, whereas the hydrophobic PCL side chains concentrate in the dispersed organic phase. To separate DMSO from the medium, the suspension was dialyzed against distilled water using a 3500 g/mol molecular cut-off dialysis tubular membrane. Finally, the resulting suspension was concentrated to a final volume of 9 mL. The influence of the initial DMSO-to-H 2 O volume ratio (R) and of the initial copolymer concentration in DMSO on the size distribution of nanoparticles was investigated by dynamic light scattering at 25°C. It is worth mentioning that no accurate determination of solution viscosity and differential refractive index was performed so that only apparent mean diameters of nanoparticles can be approached. Solutions of selected dextran-g-PCL graft copolymers were prepared in DMSO (1 mg/mL) and defined volumes were added into 9 mL of Millipore water at 50°C with vigorous magnetic stirring. As shown in Fig. 3, increasing R from 0.03 to 0.11 contributed to increase the apparent mean diameter of the so-generated nanoparticles. Except the specific case of the nanoparticles prepared from Dex 6,6 -g-52 PCL 1,9 at high DMSO-to-water volume ratio (R = 0.11) that display a bimodal size distribution, all other studied compositions yielded monodisperse nanoparticles. In other words, these experiments demonstrate that the smaller the DMSO relative volume compared to water the better defined the nanoparticles' distribution. From Fig. 4, the reproducibility of the nanoprecipitation technique can be appreciated since two individually prepared batches of Dex 6,6 -g-76 PCL 0,2 copolymer-based nanoparticles exhibit similar mean diameter and size distribution for R = 0.11. 

Effect of initial copolymer concentration in DMSO and stability of colloidal suspension

This series of experiments was exclusively realized on Dex 6,6 -g-76 PCL 0,2 copolymer as it displayed a monomodal size distribution whatever the R value studied, at least in our prevailing experimental conditions. Practically, 1 mL of Dex 6,6 -g-76 PCL 0,2 copolymer solutions in DMSO with concentrations ranging from 0.5 to 2 mg/mL was added to 9 mL of pure water. It comes out that no significant effect of copolymer concentration on the mean diameter can be detected (Fig. 5). Furthermore, the time dependence of the mean size of the recovered nanoparticles has been investigated as a tool to evaluate their stability. Remarkably enough, nanoparticles are stable at least within 3 weeks when stored at room temperature. Indeed, an apparent mean diameter of 201 ± 19 nm is measured after three weeks for Dex 6,6 -g-76 PCL 0,2 based nanoparticles (R = 0.11), which is close to the starting value of 188 ± 16 nm (Fig. 6). It can be concluded that dextran backbones likely located at the surface of nanoparticles are able to efficiently stabilize PCL-enriched nanoparticle suspensions in pure water. Interestingly, these observations are in agreement with recently reported data by Gref et al. [36] on other PCL (low content) graft copolymer based nanoparticles prepared by the 'interfacial migration/solvent evaporation' method. There is no doubt that such behaviour paves the way to the formulation of drug nanocarriers for controlled release and modulated biodistribution. 

Conclusion

Well-defined PCL-grafted dextran amphiphilic copolymers have shown high effectiveness in reducing water/toluene interfacial tension. Extending the length of both dextran backbone and PCL grafts allows reducing the critical concentration for a given weight composition. In a next step, these dextran-g-PCL copolymers have been used to readily prepare 'surfactant-free' nanoparticles by the nanoprecipitation technique in water. Whatever the composition of PCL-enriched graft copolymers, adequate experimental conditions in terms of copolymer concentration in DMSO and DMSO-to-H 2 O volume ratio can be found allowing formation of nanoparticles with an apparent mean diameter close to 200 nm and narrow size distribution. As a rule, the higher the PCL content, the lower should be the relative DMSO volume compared to pure water while the initial concentration of the graft copolymer in DMSO showed no significant effect, at least for concentrations ranging from 0.2 to 0.5 mg/mL. From the time dependence of the nanoparticles' mean diameter as recorded over a period of three weeks, it can be concluded that stable nanoparticle suspensions have been obtained. Such behaviour is consistent with the formation of a core-shell structure consisting of a hydrophobic polyester core surrounded by a hydrophilic dextran shell, which prevents rapid agglomeration.
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 1 Fig. 1. Semi-logarithmic plot of the concentration dependence of the interfacial tension (γ) for various dextran-g-poly(ε-caprolactone) compositions (Tab. 1)
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 234 Fig. 2. Illustration of the nanoprecipitation technique applied to dextran-g-poly(εcaprolactone) copolymers
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 55 Fig. 5. Influence of Dex 6,6 -g-76 PCL 0,2 copolymer initial concentration in DMSO on the apparent mean diameter of nanoparticles as determined by dynamic light scattering (DMSO-to-H 2 O volume ratio R = 0.11)
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 6 Fig. 6. Apparent size distribution of nanoparticles obtained from Dex 6,6 -g-76 PCL 0,2 as determined by light scattering (initial copolymer concentration in DMSO 1 mg/mL, and DMSO-to-H 2 O volume ratio R = 0.11)

  Number-average molar mass of dextran as determined by SEC in water at 35°C with reference to dextran standards. x denotes the molar mass in kg/mol.

	1. Macromolecular characteristics of dextran-g-PCL amphiphilic graft copoly-
	mers (Dex x -g-y PCL z )				
	Entry	Sample	M n Dex /(g•mol -1 ) a	y b M n PCL /(g•mol -1 ) c	F wPCL	d
	1	Dex 6,6 -g-52 PCL 1,9	6600	52	1900	0.87
	2	Dex 6,6 -g-76 PCL 0,2	6600	76	200	0.52
	3	Dex 21,3 -g-48 PCL 2,9	21 300 48	2900	0.89

a b Average number of PCL grafts per 100 glucosidic units as determined by

  Graft copolymer acronyms, where x and z denote the molar masses of dextran and PCL grafts in kg/mol, respectively, and y denotes the average number of PCL grafts per 100 glucosidic units. b PCL weight fraction in the copolymer as determined by gravimetry and confirmed by 1 H NMR spectroscopy[27].

	1	Dex 6,6 -g-52 PCL 1,9	0.87	2.3	27.3	0.5	9.3
	2	Dex 6,6 -g-76 PCL 0,2	0.52	1.3	27.1	0.9	11.0
	3	Dex 21,3 -g-48 PCL 2,9	0.89	0.3	27.6	0.5	8.3
	a						
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