Shukai Ding 
  
Christophe A Serra 
email: ca.serra@unistra.fr
  
Nicolas Anton 
email: nanton@unistra.fr.
  
Wei Yu 
  
Thierry F Vandamme 
  
Production of dry-state ketoprofen-encapsulated PMMA NPs by coupling micromixer-assisted nanoprecipitation and spray drying

Keywords: Nanoprecipitation, Microfluidics, Spray drying, Polymeric nanoparticles, Drug delivery, Nanocarriers

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

During the last two decades, nanoparticles (NPs) have been broadly applied in pharmaceutics and clinical translation [START_REF] Ferrari | Cancer nanotechnology: opportunities and challenges[END_REF][START_REF] Ferrari | Beyond drug delivery[END_REF][START_REF] Lavan | Small-scale systems for in vivo drug delivery[END_REF][START_REF] Levy | Nanochemistry: Synthesis and Characterization of Multifunctional Nanoclinics for Biological Applications[END_REF][START_REF] Liu | A versatile and robust microfluidic platform toward high throughput synthesis of homogeneous nanoparticles with tunable properties[END_REF][START_REF] Liu | Current developments and applications of microfluidic technology toward clinical translation of nanomedicines[END_REF]. For example, pure hydrophobic drugs particles were found to significantly increase their dissolution rate [START_REF] Wang | Microfluidic synthesis of amorphous cefuroxime -22 -axetil nanoparticles with size-dependent and enhanced dissolution rate[END_REF] while drug-loaded polymeric NPs improve the stability and release properties of encapsulated drug, owing to their tailored compositions and functionalities as well as the possibility to use biodegradable materials [START_REF] Cheng | The promising nanocarrier for doxorubicin and siRNA co-delivery by PDMAEMA-based amphiphilic nanomicelles[END_REF][START_REF] Mu | A novel controlled release formulation for the anticancer drug paclitaxel (Taxol ): PLGA nanoparticles containing vitamin E TPGS[END_REF][START_REF] Vila | Design of biodegradable particles for protein delivery[END_REF][START_REF] Wang | iRGD-Decorated Polymeric Nanoparticles for the Efficient Delivery of Vandetanib to Hepatocellular Carcinoma: Preparation and in Vitro and in Vivo Evaluation[END_REF].

Significant efforts have been imparted to prepare drug-loaded polymeric NPs by different methods such as emulsification-solvent evaporation [START_REF] Scholes | The preparation of sub-200 nm poly ( lactide-co-glycolide ) microspheres for site-specific drug delivery[END_REF], salting-out [START_REF] Allémann | Preparation of aqueous polymeric nanodispersions by a reversible salting-out process: influence of process parameters on particle size[END_REF] or nanoprecipitation [START_REF] Fessi | Nanocapsule formation by interfacial polymer deposition following solvent displacement[END_REF].

The latter is probably the simplest, fastest and more reproducible method and allows the production of stable colloidal suspensions of NPs (also called nanosuspensions) [START_REF] Govender | PLGA nanoparticles prepared by nanoprecipitation: drug loading and release studies of a water soluble drug[END_REF][START_REF] Huang | Amphiphilic polyelectrolyte/prodrug nanoparticles constructed by synergetic electrostatic and hydrophobic interactions with cooperative pH-sensitivity for controlled doxorubicin delivery[END_REF][START_REF] Li | Redox-Sensitive and Intrinsically Fluorescent Photoclick Hyaluronic Acid Nanogels for Traceable and Targeted Delivery of Cytochrome c to Breast Tumor in Mice[END_REF][START_REF] Tan | Fabrication of size-controlled starch-based nanospheres by nanoprecipitation[END_REF]. The precipitation of a structure material, like polymer or drug, by mixing two streams of a solvent and non-solvent solution is the main principle driving the nanoprecipitation process. As such, the solvent should be miscible with the non-solvent while the structure material should be free-soluble in the solvent and insoluble in the nonsolvent. Quality of the obtained NPs, mainly size and size distribution, is highly affected by the diffusion rate of the solvent into the non-solvent solution as well as by their relative flow rates and concentration of the structure material in solvent solution [START_REF] Chen | Interaction of macro and micromixing on particle size distribution in reactive precipitation[END_REF].

Recently microfluidics, the science and technology which allows manipulating nanoliter volumes in microscale fluidic channels, has become an enabling method to improve and accelerate the mixing performance in continuous chemical processes [START_REF] Demello | Control and detection of chemical reactions in microfluidic systems[END_REF][START_REF] Parida | Intensifying the ATRP synthesis of statistical copolymers by continuous micromixing flow techniques[END_REF][START_REF] Song | Reactions in Droplets in Microfluidic Channels[END_REF]. It has thus driven many research groups to use microfluidic systems to prepare NPs [START_REF] Ali | Hydrocortisone nanosuspensions for ophthalmic delivery: A comparative study between microfluidic nanoprecipitation and wet milling[END_REF][START_REF] Anton | A new microfluidic setup for precise control of the polymer nanoprecipitation process and lipophilic drug encapsulation[END_REF][START_REF] Karnik | Microfluidic platform for controlled synthesis of polymeric nanoparticles[END_REF]. Results have demonstrated that the quality of the obtained NPs was significantly better than those originating from non-microfluidic batch systems, e.g. smaller NPs sizes with much narrower size distributions. The latter seems to be a prerequisite for controlling the amount of drug to be administrated. Furthermore, microfluidic-produced drug carriers usually exhibit a higher drug loading (Liu et al., 2017a;Liu et al., 2017b) which thus allow reducing the mass to be administrated (i.e. the amount of carrier material or excipient) and ultimately the cost of production. Thus microfluidic devices present a tremendous potential for the continuous-flow production of high quality NPs [START_REF] Ding | Microfluidic nanoprecipitation systems for preparing pure drug or polymeric drug loaded nanoparticles: an overview[END_REF][START_REF] Chiesa | Multivariate analysis for the optimization of microfluidics-assisted nanoprecipitation method intended for the loading of small hydrophilic drugs into PLGA nanoparticles[END_REF][START_REF] Ma | Controllable synthesis of functional nanoparticles by microfluidic platforms for biomedical applications -a review[END_REF]. However, when it comes to prepare pure drug or drug-loaded polymer NPs, end-usage may request to store/transport the NPs before application.

To prevent a cost-intensive transportation and to ensure stability of the NPs on a long time, dry-state NPs may represent the best option. Therefore, once prepared, NPs should be efficiently recovered and dried. There are two methods for drying a nanosuspension. The first one is the freezing drying technique [START_REF] Chen | Interaction of macro and micromixing on particle size distribution in reactive precipitation[END_REF][START_REF] Demello | Control and detection of chemical reactions in microfluidic systems[END_REF]. This method is: i) time consuming due to a three-step procedure (freezing, primary and secondary drying), ii) highly energy demanding, iii) well adapted to water-based nanosuspensions and iv) scarcely operated in continuous-flow conditions. On the other hand, one can rely on the spray drying method to obtain drystate NPs [START_REF] Amstad | Production of amorphous nanoparticles by supersonic spray-drying with a microfluidic nebulator[END_REF][START_REF] Chaubal | Conversion of Nanosuspensions into Dry Powders by Spray Drying: A Case Study[END_REF][START_REF] Freitas | Spray-drying of solid lipid nanoparticles (SLNTM)[END_REF][START_REF] Lee | Nano spray drying: A novel method for preparing protein nanoparticles for protein therapy[END_REF][START_REF] Li | Nanoparticles by spray drying using innovative new technology: The Büchi Nano Spray Dryer B-90[END_REF][START_REF] Thiele | Early development drug formulation on a chip: Fabrication of nanoparticles using a microfluidic spray dryer[END_REF]. This is an extremely fast process since the nanosuspension's continuous phase (liquid) will be instantaneously evaporated. Furthermore, this method is much less time consuming that the previous one and can be operated continuously. This paper proposes to combine the advantages of micromixer-assisted nanoprecipitation in controlling the size of drug-loaded polymeric NPs and the possibility to obtained dry-state nanocarriers by conventional spray drying for storage and further re-dispersion before use. Particularly several micromixers operating upon different mixing principles will be investigated and compared in light of the NPs size and size distribution. Also, the effects of spray-drying on re-dispersed nanocarriers properties (encapsulation ratio and efficiency, drug release profile) will be assessed and compared with those of non spray-dried NPs.

Materials and procedure

Materials

Ketoprofen (as a hyhrophobic model drug, KP), Mannitol (a versatile stable excipient) and Cremophor ELP (a nonionic surfactant) were kindly gifted by Amoli Organics Ltd. (Mumbai, India), Roquette (Strasbourg, France) and Laserson (Etampes, France) respectively and used as received. Cremophor ELP is a polyoxiethylated castor oil with a number of ethylene oxide groups around 35 and has a molecular about 1,500 g/mol. This surfactant is a mixture of different oligomers of molecular weights following a poisson-like distribution centered on the one announced by the manufacturer. This amphiphilic compound exhibits a hydrophilic-lipophilic balance (HLB) of about 12-14 and creates a stabilizing PEG-layer surrounding the polymeric NPs from their hydrophilic PEG moities. Methanol, tetrahydrofuran (THF), sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (Saint-Louis, USA) and Mannitol 90 from Roquette (Beinheim, France). All other chemicals (methyl methacrylate, copper (I) bromide, 1,1,4,7,10,10-hexamethyltriethylenetetramine, 2ethyl bromoisobutyrate) used for the synthesis of the polymer were purchased from Sigma-Aldrich (Saint-Louis, USA) and used as received except 2-ethyl bromoisobutyrate initiator, which was distilled under vacuum prior to use and methyl methacrylate, which was passed through an alumina column supplied by Merck (Darmstadt, Germany) to remove inhibitors. Ultrapure water was obtained using the MilliQ filtration system (Millipore, Saint-Quentin-en-Yvelines, France).

Synthesis and characterization of poly(methyl methacrylate)

Poly(methyl methacrylate) (PMMA) was synthesized following the procedure reported in a previous paper [START_REF] Govender | PLGA nanoparticles prepared by nanoprecipitation: drug loading and release studies of a water soluble drug[END_REF]. In brief, PMMA was obtained by atom transfer radical polymerization (ATRP). Reagents include methyl methacrylate as monomer, copper (I) bromide as catalysis, 1,1,4,7,10,10hexamethyltriethylenetetramine ligand. The reaction was carried out for 1.5 hrs in THF at 60°C in a magnetically stirred round bottom flask under a nitrogen atmosphere.

Then the obtained polymer solution was filtrated through an alumina column to remove catalyst and poured in a large volume of methanol to precipitate PMMA. Dry state polymer was finally obtained after the filtrated precipitate was left overnight under vacuum at 30°C. PMMA was analyzed by gel permeation chromatography (PL-GPC 120 platform, Polymer Laboratories, Church Stretton, UK) in THF (at a flow rate of 1 mL/min at 35°C). The number-average molecular weight of the synthesized polymer was 15,500 g/mol (Ð = 1.37).

Preparation of nanosuspensions by micromixer-assisted nanoprecipitation

Purified PMMA (1 wt.%) was firstly dissolved in THF admixed with Cremophor ELP (0.5 wt.%) and required amount of Ketoprofen (model drug, 0.5 wt.%). The resulting solution (polymer solution including or not Ketoprofen) and non-solvent solution (Ultrapure water) were pumped separately by two 307 HPLC pumps (Gilson, Paris, France) into different micromixers for mixing (Figure 1a,b,e). The flow rate of polymer solution was fixed at 1 mL/min, whereas the flow rate non-solvent varied from 3 to 7 mL/min. Nanoprecipitation started right away within the mixing chamber of the micromixers when both fluids were brought into contact. The resulting colloidal suspension of PMMA NPs was then directly collected at the outlet of the micromixers.

Three different micromixers operating under different mixing principles were employed (Table 1) and properties of the produced NPs were compared for the same operating parameters (concentrations and flow rates). First a 90° angle Y-type micromixer, i.e. a T-junction micromixer (SS-100-3, Paris Fluides Systèmes Technologies, Courtaboeuf, France) was used to mix polymer and non-solvent solutions (Figure 1c). This micromixer puts into contact a single stream of both fluids and relies on molecular diffusion to promote an efficient mixing in the outlet channel when its size is large and/or flow rates are rather low (i.e. in laminar regime, our case).

A high-pressure interdigital multilamination micromixer (HPIMM, IMM, Mainz, Germany) was also employed, in which molecular diffusion also contributes mainly to the mixing performance of polymer and non-solvent solutions. In such system, each inlet stream is split into 15 sub-streams of small width in staggered arrangement.

Diffusion operates downstream in the flow focusing section (not represented in Figure 1d). Combination of molecular diffusion and high energy seems the best approach for high productivity and low nanoparticles sizes. Such combination was brought by the K-M impact jet micromixer (Fujifilm Corporation, Kyoto, Japan) introduced by Mae and coworkers [START_REF] Aoki | Effects of channel geometry on mixing performance of micromixers using collision of fluid segments[END_REF][START_REF] Nagasawa | Design of a New Micromixer for Instant Mixing Based on the Collision of Micro Segments[END_REF]. The structure consists of three steel plates, namely the inlet, mixing and outlet plates. The two inlet streams are first split into 3 sub-streams thanks to the microchannels. Then the 6 sub-streams converge to a single pin hole where they are mixed as a result of their frontal collision.

Finally, the resulting mixture flows out of the micromixer by the outlet microchannel of the last plate. 

Reynolds numbers

Micromixers mixing efficiency will be discussed as a function of the Reynolds numbers achieved in the outlet of the devices for the different non-solvent (water) flow rates investigated (Table 2). Since the outlet channel of the HPIMM micromixer is not cylindrical, the Reynolds number has to be expressed as a function of the hydraulic diameter. The expression of the density and viscosity of the exiting fluid should also take into account the excess molar viscosity and volume of the THF-water mixture as well as the increase in density of the THF solution due to the addition of the polymer, surfactant and drug. For the detailed calculations, the reader may refer to the supporting information. 

Production of dry-state NPs by spray drying

Once recovered, the nanosuspensions were left overnight under magnetic stirring in a fume hood at room temperature to remove THF. Then, the solvent-free solutions were admixed with Mannitol (5 wt.%) and SDS (0.3 wt.%) to prevent NPs from aggregation during spray drying (Figure 1f). The formulated nanosuspensions were finally dried with a mini spray dryer (B-290, Büchi, Rungis, France) under the following conditions: inlet temperature at 100°C, outlet temperature at 50°C, aspirator flow rate at 100%, inlet flow rate at 10% (Figure 1g). After spray drying, the dry state NPs were collected (Figure 1h) and stored in a dry atmosphere to prevent hygroscopic recovery.

The morphologies of loaded and unloaded non spray-dried as well as re-dispersed loaded spray-dried PMMA NPs produced with the K-M micromixer were evaluated by scanning electron microscopy (see supporting information).
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Physicochemical and encapsulation properties of drug-loaded PMMA NPs

The size and size distribution of the NPs were assessed by dynamic light scattering (DLS) using a Malvern Nano ZS instrument (Malvern, Orsay, France). The heliumneon laser (4 mW) was operated at 633 nm, the scatter angle was fixed at 173° and the sample temperature was maintained at 25°C. The polydispersity index of the particle size distribution (PDI) is a measure of the broadness of the size distribution and it is commonly admitted that PDI values below 0.2 corresponds to monomodal distributions (Liu et al., 2017c). Measurements of nanosuspensions size were performed in triplicates by pouring 0.02 mL of the nanosuspension into 1 mL of Ultrapure water. A given amount of dry-state NPs was completely re-dispersed in ultrapure water so as to get the same NPs concentration before spray drying. Then the resulting suspension was sonicated for 5 min at 35 kHz (89202, Biolock Scientific).

Finally, the size of NPs was determined following the same protocol as for non spraydried NPs.

Ketoprofen quantification was performed by UV spectrophotometry with a Schimadzu UV-2401 PC spectrophotometer (Kyoto, Japan) at 260 nm (see Figure S2 in supporting information). A previous study has indeed shown that, given the extremely low values of the Ketoprofen limits of quantification (LOQ, 0.122 µg/mL) and detection (LOD, 0.244 µg/mL) with a similar spectrophotometer as the one used in this study [START_REF] Zafar | Determination of Ketoprofen in Human Plasma by RP-HPLC[END_REF], this method is appropriate to measure the concentration of Ketoprofen in the release medium [START_REF] Hung | Analysis of ketoprofen and mefenamic acid by high-performance liquid chromatography with molecularly imprinted polymer as the stationary phase[END_REF]. A calibration curve was first obtained by plotting different known concentrations of Ketoprofen as a function of the peak intensity at 260 nm (see Figure S3 in supporting information).

Encapsulation ratio and efficiency were determined as follows: for nanosuspensions, once THF was removed from the suspension, 10 mL was taken to remove the non- 

Results and discussion

PMMA NPs

Unloaded PMMA nanoparticles have been prepared with the aforementioned three micromixers for different water flow rates at a constant polymer feeding rate of 1 mL/min (Figure 2). It observed that whatever the micromixer used, the NPs size decreased when the water flow rate was increased. The T-junction micromixer always gave the biggest NPs with the highest PDI values. Although HPIMM and KM micromixers gave similar sizes at low water flow rates, the later achieved the production of the smallest and globally more monodispersed NPs at high water flow rates.

The key point for controlling NPs size in the microfluidic-assisted nanoprecipitation process is how fast operates the mixing between the polymer solution and the nonsolvent solution. According to the nucleation and growth mechanism, the faster the mixing, the faster the polymer reaches a supersaturation state which induces its precipitation into a higher number of nuclei which then start to grow by adsorbing new macromolecules. As a result, lower size NPs are obtained providing that nuclei and nanoparticles aggregation are prevented [START_REF] Anton | A new microfluidic setup for precise control of the polymer nanoprecipitation process and lipophilic drug encapsulation[END_REF][START_REF] Aubry | Nanoprecipitation of Polymethylmethacrylate by Solvent Shifting: 1[END_REF][START_REF] Chronopoulou | A modular microfluidic platform for the synthesis of biopolymeric nanoparticles entrapping organic actives[END_REF][START_REF] Dirksen | Fundamentals of crystallization: Kinetic effects on partile size distributions and morphology[END_REF][START_REF] Johnson | Flash Nanoprecipitation of organic actives and block copolymers using a confined impinging jets Mixer[END_REF][START_REF] Lim | Ultra--21 -high throughput synthesis of nanoparticles with homogeneous size distribution using a coaxial turbulent jet mixer[END_REF][START_REF] Nayak | Thermodynamic Properties of Water + Tetrahydrofuran and Water + 1,4-Dioxane Mixtures at[END_REF]. Aggregation can be prevented by the surface adsorption of surfactant molecules (Martínez [START_REF] Rivas | Nanoprecipitation process: From encapsulation to drug delivery[END_REF]. In the present work, we used Cremophor ELP (a type of hydrophilic surfactant) to achieve stability of NPs.

The decrease in NPs size with respect to the non-solvent flow rate is thus attributed to an enhanced and faster mixing due to a higher kinetic energy embarked by the water phase when its flow rate is increased. However, at fixed flow rates, the NPs size is also function of the flow condition promoted by the micromixer. In the mixing chamber of the micromixer, the size will thus depend on how homogeneous is the mixing (i.e. how homogeneous is the nucleation) whereas at the micromixer outlet it will depend mainly whether the flow condition favors the growth of nuclei and/or NPs aggregation. One can consider that a rapid intermeshing of the streamlines of polymer and non-solvent in the whole volume of the mixing chamber (i.e. at the place where the two fluids are put into contact) will favor a homogeneous nucleation as well as the rapid adsorption of surfactant molecules on the nuclei to further prevent aggregation. On the opposite, if the streamlines are not or weakly interpenetrated, the nucleation rate will be low. In the micromixer outlet, the former situation will favor nanoparticles aggregation while in the later situation the nanoparticles growth will be favored. To that extent, the best situation to get the smallest nanoparticles would be to have a strong intermeshing of the streamlines in the mixing chamber and a weakly intermeshing in the micromixer outlet.

For a T-Junction micromixer, Engler et al. [START_REF] Engler | Numerical and experimental investigations on liquid mixing in static micromixers[END_REF] have numerically simulated the flow condition as a function of the Reynolds number (Re). They found (Figure S1) a stratified flow at low Re (around 7) for which the streamlines do not interpenetrate. When Re is increased up to 60, they observed a so-called vortex flow for which the streamlines bend with weak intermeshing. However, when the Re is further increased (above 200), the streamlines start to strongly interpenetrate and give rise to the so-called engulfment flow. Considering the Re numbers for the T-junction micromixer reported in Table 2, at the best, the engulfment flow is obtained which explains the high NPs sizes that are produced with this micromixer.

For the HPIMM micromixer, the Reynolds number which are calculated for the different water flow rates are lower than those obtained for the T-junction micromixer (Table 2). However, this micromixer allowed producing lower NPs sizes (Figure 2).

This apparent contradiction may be explained by considering the thickness of the two solutions lamellae. In the T-junction there is only one lamella per fluid whose maximum thickness corresponds to the radius of the outlet channel in case of equal flow rates and same viscosity, i.e. 420 µm (Table 1). For the HPIMM, the two fluids are delaminated into 15 lamellae whose thicknesses are 45 µm (Table 1). Therefore, even if the Reynolds number is too low to promote an engulfment flow, the diffusion of the polymer solvent into the non-solvent is much faster in case of the HPIMM micromixer due to a shorter diffusion path.

For the impact jet micromixer, Mae and coll. [START_REF] Aoki | Effects of channel geometry on mixing performance of micromixers using collision of fluid segments[END_REF][START_REF] Nagasawa | Design of a New Micromixer for Instant Mixing Based on the Collision of Micro Segments[END_REF] have assessed the mixing performance of different K-M micromixers (different numbers of inlet channels per fluid and outlet channel diameters) by carrying out the Villermaux-Dushman reaction [START_REF] Guichardon | Characterisation of micromixing efficiency by the iodide-iodate reaction system. Part I: experimental procedure[END_REF] and compared their mixing efficiency with a multilamination micromixer very similar to the HPIMM micromixer used in this study. Authors also concluded that the Reynolds number is an important parameter which affects the mixing efficiency; the higher the Re, the better are the mixing performances. For the K-M micromixer (5 inlet channels per fluid and an outlet channel diameter of 360 µm) the most closely related to the one used in this study, they found that the mixing performance was higher than that of the multilamination micromixer whatever the Reynolds number. They also observed that for Re above 200, the K-M micromixer achieved almost ideal mixing as seen by the quasi total disappearance of the triiodide ion (measured by UV spectrophotometry) in the iodide-iodate reaction system. Although in the work of Mae and coll. none of the K-M micromixers investigated was the one we used in this study, we still can conclude that for Reynolds numbers higher than 300 (i.e. for water flow rates above 4 mL/min, Table 2), the K-M micromixer is the most efficient of the three micromixers investigated and allows the production of the smallest nanoparticles.
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Drug-loaded PMMA nanoparticles

Ketoprofen-loaded PMMA NPs have been synthesized with the aforementioned three micromixers for different water flow rates and different concentrations of drug. The results are displayed in Figure 3 and Figure 4 respectively.

It is observed in Figure 3 that, like in the case of unloaded PMMA NPs, the size of the nanoparticles decreases with the water flow rate. Furthermore, the effect of the type of the micromixer seems to be the same as the T-junction micromixer still gives the biggest nanoparticles while the K-M micromixer generates the smallest. However, the sizes of drug-loaded PMMA NPs obtained with the T-junction are significantly higher than those without drug by an average value of 110 nm. For the two other micromixers, the difference is less than 40 nm. Presumably, these results may be explained by either a change in the physicochemical properties of the polymer solution (e.g. the interfacial tension between polymer and non-solvent solutions) and/or by a change in the surface properties of the NPs which favor aggregation, both due to the presence of the drug. Another evidence of the difference in the flow condition promoted by the micromixers is the size distributions of the drug-loaded PMMA NPs (Figure 5). The narrower distribution is observed for the K-M micromixer while the T-junction micromixer induces the broadest one. Furthermore, for the latter a second peak in the micron range is visible witnessing the sever aggregation promoted by this type of micromixer. 

Dry-state drug-loaded PMMA nanoparticles

It has been recognized that the spray drying may promote NPs aggregation. Indeed, the inherent thermal history of the method can result in the recrystallization of hydrophilic surfactant, which compromises their ability to prevent aggregation of NPs. In addition, the thermal stress can destabilize the NPs themselves. Consequently, some researchers have discussed the use of freeze drying to produce dry-state NPs (Abdelwahed et al., 2006a;Abdelwahed et al., 2006b). However thanks to the early work of Chaubal and

Popescu [START_REF] Chaubal | Conversion of Nanosuspensions into Dry Powders by Spray Drying: A Case Study[END_REF], polymeric surfactants, ionic surfactants and sugars were found to efficiently protect NPs from aggregation during spray drying.

Specifically, Mannitol, a polyalcohol sugar, was recognized to offer the most desirable NPs morphology and flowability and thus was used in this study to prevent NPs aggregation during the spray drying procedure. Furthermore, SEM micrographs of freeze-dried loaded, unloaded and re-dispersed spray-dried loaded PMMA NPs (Figure S4) revealed that morphologies of these nanoparticles were consistently the same.

Encapsulation efficiency/ratio and drug release profiles

Encapsulation efficiency (EE) and encapsulation ratio (ER) of non spray-dried and redispersed dry-state drug-loaded PMMA NPs were determined according to Eq. 1&2

for the two nanoparticles sizes of Figure 6 and are presented in Figure 7. Both EE and ER increase when the size of the NPs increases (i.e. when the water flow rate is decreased, see Figure 3). This may result from the higher surface to volume ratio of lower particle sizes (i.e. produced with high water flow rate) which promote a more effective diffusion of the Ketoprofen out of the NPs through the microparticles surface during the nanoprecipitation step. Globally re-dispersed dry-state drug-loaded PMMA NPs exhibit smaller EE and ER whatever the water flow rate used for their production.

It means that these NPs have encapsulated a smaller mass of Ketoprofen in comparison with the non spray-dried nanoparticles.

-17 - The polymer solution flow rate was fixed at 1 mL/min.

Finally, the cumulative release curves of Ketoprofen from non spray-dried and redispersed dry-state loaded PMMA NPs of two different sizes have been determined

following the procedure described in the Materials and methods section. The results are presented in Figure 8. It is observed that non spray-dried NPs, whatever their size (i.e. whatever the water flow rate), exhibit the highest drug release rate. For all the samples, the maximum release rates are obtained after 6 hours and are equal to 70% and 50% for non-spray-dried NPs and to 65% and 40% for the re-dispersed spraydried NPs and for the smallest and biggest nanoparticles respectively. The polymer particles are formed upon the diffusion of the polymer solvent into the aqueous phase.

This diffusion is so fast that it generates turbulences which are at the origin of the spinodal decomposition of the organic phase. In such condition one can hypothesize that this rapid flow of polymer solvent convects Ketprofen towards the periphery of the forming organic nanoparticles. As a result, most of the drug is probably located near or at the surface of the PMMA NPs and is thus released by diffusion. The higher release rate of the smallest NPs is a consequence of their higher surface to volume ratio like it was for the encapsulation efficiency/ratio. Concerning the lower drug release observed for the re-dispersed dry-state NPs (ca. 10% less), it is directly related to the lower encapsulation efficiency (Figure 7), i.e. to the lower amount of encapsulated drug. In case the drug release is driven by the difference of drug concentration between the nanoparticles and the release medium, smaller amounts of drug will slow down its diffusion towards the release medium. Therefore, at a given time, the drug release rate will be lower. -18 -

Conclusion

A microfluidic method developed for the nanoprecipitation of polymers was combined with a commercial spray dryer to produce high quality feature-controlled dry-sate drug loaded polymer nanoparticles in the size range 100 to 210 nm. Aqueous suspensions of Ketoprofen-loaded PMMA nanoparticles were thus produced using different micromixers, operating according to two different mixing principles (molecular diffusion and impact jet mixing). Then the nanosuspensions were admixed with a polyalcohol sugar (Mannitol) to prevent nanoparticles aggregation during the spray drying. Among the three micromixers tested, it was found that he impact jet micromixer allowed producing the drug-loaded nanocarriers with the narrowest size distribution and a size decreasing when the water flow rate was increased. It was also observed that the spray drying did not affect significantly the size of the dry-state nanocarriers in comparison to the original size of the nanoparticles in suspension.

However, the encapsulation efficiency of dry-state NPs was found to be slightly lower than that of non spray-dried nanoparticles but reached values of up to 45% for the biggest nanocarriers. Concerning the drug release profiles, both non spray-dried and dry-state drug-loaded nanoparticles exhibited a sustained release over 6 hours with drug release rate values as high as 70%. The latter was found to depend upon the size of the nanocarriers, increasing by decreasing their size, and was somehow 10% lower for the dry-state NPs.

In summary, this two-step process offers a new platform to rapidly formulate, potentially in a continuous manner, high-quality dry-state drug-loaded nanocarriers which size and drug release rate can be tuned simply by changing the operating conditions of the nanoprecipitation step.

encapsulated

  Ketoprofen by ultracentrifugation (Optima L-90 K Ultracentrifuge, Rotor Type 90 Ti, Beckman Coulter, Paris, France) at 45,000 rpm and 23°C. The supernatant -10 -was used to measure encapsulation efficiency (EE) and encapsulation ratio (ER) accordingly to the two following equations: of KP in 10 mL of the initial formulation and in the supernatant respectively. The numerator of the right hand part of Eq. 1 is the mass of KP encapsulated in PMMA NPs per volume of sample (10 mL). Thus, EE represents the effective total mass fraction of initial KP encapsulated. ! is the mass of polymer in 10 mL of the sample based on the initial amount of polymer used in the formulation. If one assumes that all PMMA chains have precipitated into nanoparticles (no free PMMA chain in solution), then ER represents the theoretical mass fraction of KP per nanoparticle. For dry-state NPs, the same procedure was applied once the NPs were completely re-dispersed in ultrapure water as for the size determination by DLS measurements.Release experiments of KP were performed by charging a dialysis tubing (diameter 16 mm, MWCO 12-14 kDa, Medicell Internationnal, London, UK) with 10 mL of an original or re-dispersed NPs suspension. Then the dialysis tubing was immersed in a 250 mL phosphate buffered saline solution (pH=7.4, C=0.1M) gently stirred magnetically at 37°C. At predetermined time points, the solution was sampled (aliquots of 3 mL) and replaced by the same volume of fresh PBS to ensure sink conditions. Mass of KP in the aliquots was determined as previously described by UV spectrophotometry.

Figure 1 .

 1 Figure 1. Schematic drawing of the whole two-step process to produce dry-state Ketoprofen-loaded PMMA NPs. Pumps for non-solvent (a) and polymer (b) solutions; T-junction (c), HPIMM (d) and K-M (e) micromixers; nanosuspension after nanoprecipitation (f); spray dryer (g). Qs, Qns, Qsus, Qair and QNPs being the

Figure 2 .

 2 Figure 2. Effect of the water flow rate on the size and PDI of unloaded PMMA NPs for the three different micromixers. The polymer solution flow rate was fixed at 1 mL/min.

Figure 3 .

 3 Figure 3. Variation of the size and PDI of Ketoprofen-loaded PMMA NPs as a function of the water flow rate for the three different micromixers. The polymer solution flow rate was fixed at 1 mL/min. The mass fraction of drug was fixed at 0.5 wt.%.

Figure 4 .

 4 Figure 4. Effect of Ketoprofen concentration on the size and PDI of drug-loaded PMMA NPs for the three micromixers investigated. The polymer solution flow rate was fixed at 1 mL/min.

Figure 5 .

 5 Figure 5. Size distribution of Ketoprofen-loaded PMMA NPs for the three micromixers. The polymer solution flow rate and water flow rate were fixed at 1 mL/min and 7 mL/min respectively. The mass fraction of drug was fixed at 0.5 wt.%.

Figure 6

 6 Figure6presents the size of the re-dispersed spray-dried and non spray-dried drugloaded PMMA NPs obtained with the K-M micromixer for two different water flow rates. The spray drying step was found not altering the quality of the PMMA NPs obtained after nanoprecipitation as the size and PDI do not vary significantly upon spray drying. This result demonstrates that high-quality dry-state drug-loaded NPs can be produced by combination of microfluidic-assisted nanoprecipitation and spray drying techniques.

Figure 6 .

 6 Figure 6. Drug-loaded NPs size obtained with the K-M micromixer before and after spray drying for two different water flow rates (3 and 7 mL/min). Numbers represent the PDI value of each data point.

Figure 7 .

 7 Figure 7. Encapsulation ratio (A) and encapsulation efficiency (B) of non spray-dried and re-dispersed dry-state drug-loaded PMMA NPs obtained with the K-M micromixer at two different water flow rates (3 and 7 mL/min).

Figure 8 .

 8 Figure 8. Cumulative drug release of non spray-dried and re-dispersed dry-state loaded PMMA NPs obtained with the K-M micromixer at two different water flow rate 3 mL/min (a) and 7 mL/min (b). The polymer solution flow rate was fixed at 1 mL/min.

  

  

  

  

  

  

  

Table 1 .

 1 Micromixers' characteristics

	Type of micromixer	Y-type	HPIMM	K-M
	Working principle	Molecular diffusion Molecular diffusion Impact mixing
	Number of channels per inlet stream	1	15	3
	Outlet channel width (w, µm)	-	45	-
	Outlet channel height (h, µm)	-	60	-
	Outlet channel diameter (µm)	1680	-	300

Table 2 .

 2 Reynolds numbers in the outlet microchannel of the three micromixers for different water flow rates.

	Type of micromixers	3	Water flow rate (mL/min)* 4 5 6	7
	T-Junction micromixer	39	52	67	81	96
	HPIMM micromixer	33	44	56	68	81
	K-M micromixer	218	291	373	456	540

* Flow rate of the polymer solution was kept constant to1 mL/min
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