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Abstract

:

Biodegradable nanocarriers represent promising tools for controlled drug delivery. However, one major drawback related to their use is the long-term stability, which is largely influenced by the presence of water in the formulations, so to solve this problem, freeze-drying with cryoprotectants has been proposed. In the present study, the influence of the freeze-drying procedure on the storage stability of poly(lactide-co-glycolide) (PLGA) nanoparticles and liposomes was evaluated. In particular, conventional cryoprotectants were added to PLGA nanoparticle and liposome formulations in various conditions. Additionally, hyaluronic acid (HA), known for its ability to target the CD44 receptor, was assessed as a cryoprotective excipient: it was added to the nanocarriers as either a free molecule or conjugated to a phospholipid to increase the interaction with the polymer or lipid matrix while exposing HA on the nanocarrier surface. The formulations were resuspended and characterized for size, polydispersity index, zeta potential and morphology. It was demonstrated that only the highest percentages of cryoprotectants allowed the resuspension of stable nanocarriers. Moreover, unlike free HA, HA-phospholipid conjugates were able to maintain the particle mean size after the reconstitution of lyophilized nanoparticles and liposomes. This study paves the way for the use of HA-phospholipids to achieve, at the same time, nanocarrier cryoprotection and active targeting.
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1. Introduction


Applications of nanoparticulate systems for drug delivery have been extensively discussed over the years for their promising therapeutic and diagnostic purposes [1,2,3]. Indeed, nanocarriers make it possible to overcome the bioavailability hurdles of poorly water-soluble drugs, improve pharmaceutical efficacy and prevent significant side effects by modulating their physico-chemical characteristics [4,5]. However, formulation and long-term storage of drug delivery systems can be challenging [6]. Lipids or polymers used for developing biodegradable nanocarriers in aqueous solutions are usually affected by chemical and/or physical instability. Hydrolysis of nanoparticles, which may lead to polymer degradation and loss of encapsulated drug, and aggregation frequently occur when the nanosystems are stored as aqueous suspensions for an extended period [7]. To control the nanoscale morphology and avoid alteration of the final suspension, surfactant agents can be added to prevent particle agglomeration, although the potential toxicity can limit their application. As an alternative, the coating of the particle surface with a surrounding shell has been proposed: the stability of a liposome-based formulation was enhanced by a coating of chitosan that protected liposomes from rapid degradation and improved controlled drug release [8]. As an alternative, to increase particle stability, the nanocarriers can be formulated as dry powders to restrict Brownian motion and reduce the chance of particles aggregating upon storage.



Freeze drying, also named lyophilization, is the most used method to remove water and handle the long-lasting stability of nanoparticle formulations [9,10]. As an example, over the last two years of the COVID-19 pandemic, the urgent need to achieve a dry form of nanoparticle-based therapeutics highlighted the importance of lyophilization studies to improve the storage stability of lipid nanoparticle vaccines [11,12]. Freeze drying removes water from a frozen sample by sublimation and desorption under a vacuum in three main steps: freezing, primary drying and secondary drying (Figure 1). The first freezing phase is the key step known to generate a variety of stresses, which have a significant impact on nanoparticle stability concerning aggregation and formation of macroscopic particles [13,14,15]. Furthermore, the freeze-drying procedure may alter drug content, particle size distribution and production of a workable cake with a short reconstitution time [16,17]. For these reasons, to protect the formulations from possible alterations induced by the dehydration process, it is advisable to add some excipients that act as protectants during freeze drying [18]. The excipients routinely employed include cryo- and/or lyoprotectants that are chemically innocuous and protect the nanoparticles during the freezing or drying stage of the process, respectively. The addition of protective excipients should depend on the nature of nanoparticles and the different components added during the formulation. For instance, as cited before, polymer-based nanoparticles can be formulated with the addition of surfactant agents, such as polyvinyl alcohol (PVA), that can protect the system during the freeze-drying process [19,20]. However, free-surfactant formulations require cryo- or lyoprotectants to retain nanoparticle physico-chemical properties.



Since they show the ability to act as integrity membrane protectants, short-chain saccharides are the preferable aid-molecules useful to minimize nanoparticle instability during the freezing steps of lipid and polymer nanoparticles [6,21,22]. They act by replacing the bound water around nanocarriers and forming a viscous matrix which reduces their mobility through the process [23,24]. Different theories have been proposed to explain the stabilization effects of saccharides during lyophilization [25,26]. Thanks to their influence on the polymer glass transition temperature, they are the most commonly used excipients to obtain an amorphous form, a suitable redispersibility and good drug stabilization of dried samples [27]. Classical saccharides, such as sucrose, glucose and mannitol, proved to stabilize various nanosystems by protecting them during the freezing step and/or during the drying step and/or storage [28]. It was demonstrated that mono- and disaccharides provided resuspended nanoparticle stability thanks to their flexibility, which let them be less affected by steric hindrance. However, oligo-/polysaccharides and short-chain sugars may have a synergistic action in cryoprotection and water replacement [29].



Besides the reported studies on conventional cryo- and lyoprotectants, to the best of our knowledge, a comparative study between polymer nanoparticles and liposomes stabilized with short and long-chain saccharides has not been assessed yet. To this aim, we selected sucrose, trehalose, mannitol and glucose as cryoprotectants and tested their protective activity on poly(lactide-co-glycolide) (PLGA) nanoparticles and liposomes at different concentrations. Moreover, a comparative study with hyaluronic acid (HA) at a low molecular weight (4.8 kDa and 14.8 kDa) as a free saccharide or conjugated to a phospholipid [30] was assessed to investigate the influence of HA interactions with liposome or PLGA nanoparticle matrix in obtaining a workable dried product in which HA is stably associated to the nanocarriers (Figure 1).




2. Materials and Methods


2.1. Materials


All the phospholipids, cholesterol (CHOL), PLGA 50:50 (Resomer® RG 502 H, 7–17 kDa), PLGA 75:25 (Resomer® RG 752 H, 4–15 kDa), PEG2000-PLGA 50:50 (PLGA 11.5 kDa), D-(+)-glucose, D-(+)-sucrose, D-(+)-trehalose, D-(+)-mannitol (purity minimum 95%) and solvents (analytical grade) were purchased from Merck (Milan, Italy). Sodium hyaluronate (HA) (4.8 kDa or 14.8 kDa) was purchased from Lifecore Biomedical (Chaska, MN, USA). The compound 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) was conjugated to 4.8 kDa or 14.8 kDa HA (HA4.8-DPPE or HA14.8-DPPE) using the method described by Arpicco et al. [30]. Filtered MilliQ® water (Millipore, Merck) was used. Solvents were evaporated using a rotating evaporator (Heidolph Laborota 400, Heidolph Instruments, Schwabach, Germany) equipped with a vacuum pump (Diaphragm Vacuum Pump DC-4).




2.2. Preparation of Nanoparticles and Liposomes


PLGA nanoparticles were prepared by the nanoprecipitation technique [31]. To this aim, 6 mg of PLGA (50:50 or 75:25) were dissolved in 500 µL of acetone. The organic solution was then poured into 1 mL of MilliQ® water under magnetic stirring. Precipitation of nanoparticles occurred spontaneously without using any surfactant. After solvent elimination under rotary evaporation, an aqueous suspension was obtained (PLGA concentration: 6 mg/mL). Further batches were prepared by 2:1 (w/w) polymer blends between PLGA (50:50 or 75:25) and PEG2000-PLGA 50:50, as previously described (total polymer concentration: 6 mg/mL) [32].



Liposomes were prepared using the thin lipid film-hydration method by mixing 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), CHOL and L-α-phosphatidylglycerol (PG) in 70:30:3 molar ratio. Lipids were dissolved in chloroform and then evaporated by a rotary evaporator. The resulting thin film was dried under vacuum overnight and then hydrated with 900 µL of 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic acid (HEPES) buffer 0.02 M pH 7.4, vortexed and bath sonicated. Afterward, the obtained suspension was extruded (Extruder, Lipex, Vancouver, BC, Canada) at 60 °C under nitrogen through a 200 nm-polycarbonate membrane (Costar, Corning Inc., New York, NY, USA).



All the suspensions were stored at 4 °C until further use.




2.3. Preparation of HA-Decorated Nanoparticles and Liposomes


For PLGA nanoparticles, HA4.8-DPPE or HA14.8-DPPE conjugates were added in the aqueous phase before the addition of the polymer acetone solution during the nanoprecipitation procedure. Practically, 3.1 mg of HA4.8-DPPE or 15.3 mg of HA14.8-DPPE were added to 1 mL of MilliQ® water. Then, for each preparation, 6 mg of PLGA (50:50 or 75:25) were dissolved in 500 µL of acetone and poured into the aqueous phase containing the HA derivative under magnetic stirring. Acetone was then eliminated under rotary evaporation.



HA-decorated liposomes were prepared as described above for plain liposomes by adding to the phospholipid mixture (composed of DPPC/CHOL 70:30 molar ratio) HA4.8-DPPE or HA14.8-DPPE conjugates (3 molar ratio) in 900 μL of HEPES buffer during the hydration of the lipid film.




2.4. Freeze-Drying Studies


Once the development of nanosystems was optimized, PLGA nanoparticles and liposomes (both blank and HA-decorated) were freeze-dried with an Alpha 1–4 LSCplus freeze-drier (Martin Christ, Osterode am Harz, Germany). In addition, different saccharides (mannitol, glucose, sucrose, trehalose, free HA) were evaluated as cryoprotective agents for blank nanoparticles or liposomes.



In particular, for PLGA nanoparticles, mannitol, glucose, sucrose or trehalose were added at the concentration of 2.5, 5, 10 or 20% (w/w) either in the aqueous phase prior to the addition of acetone to the aqueous solution or after the evaporation of the organic solvent. Moreover, the addition of free HA was compared with the insertion of HA-DPPE conjugates: to this aim, free 4.8 kDa HA (1.31 mg) or free 14.8 kDa HA (3.95 mg) were added to nanoparticle suspensions after organic solvent evaporation.



Sucrose, trehalose and free HA were selected to test the cryoprotective effect on liposomes. Sucrose and trehalose were added directly both to the hydration buffer and after liposome formation in a 5:1 (w/w) sugar:lipids ratio or only to the resulting liposome suspensions. Free HA was added in the same conditions in a 3% molar ratio.



For all the formulations, the freeze-drying program consisted of an initial freezing of the samples in liquid nitrogen. After that, the freeze-dryer was pre-cooled at −54 °C and samples were introduced therein. Then, the temperature of the shelf was increased to −20 °C for 21 h with a chamber pressure of 0.1 mbar to remove ice by sublimation (primary drying). Finally, a secondary drying step was carried out at 25 °C and 0.010 mbar for 3 h.



To test the cryoprotective effect, freeze-dried formulations were then resuspended by vortex-mixing (and bath sonication for PLGA nanoparticles) in the same volume of MilliQ® water or HEPES buffer as before freeze-drying.




2.5. Physicochemical Characterization of Nanoparticles and Liposomes


The mean particle hydrodynamic diameter and the polydispersity index (PDI) of the different nanoparticle and liposome samples were determined at 25 °C by quasi-elastic light scattering (QELS) using a nanosizer (Nanosizer Nano Z, Malvern Inst., Malvern, UK). The selected angle was 173°, and the measurement was made after 1/10 dilution of the particulate suspensions in MilliQ® water. Each measurement was performed in triplicate both before and after the freeze-drying process. The particle surface charge of the formulations was investigated by zeta potential measurements at 25 °C using the Smoluchowski equation and the Nanosizer Nano Z after 1/10 dilution of the suspensions in MilliQ® water. Each value reported is the average of three measurements both before and after the freeze-drying process.



Finally, the physical stability of resuspended nanoparticles and liposomes was determined in the storage conditions (4 °C) by evaluating mean hydrodynamic diameter, PDI and zeta potential at different interval times during 4 weeks at 4 °C (measures performed after 7, 14, 21 and 28 days).



In order to have information on the morphology and size of the HA-decorated nanoparticles and liposomes, Field Emission Scanning Electron Microscopy (FESEM) analyses were performed by a Tescan S9000G FESEM 3010 microscope (Tescan Orsay Holding a. s., Brno-Kohoutovice, Czech Republic) working at 30 kV, equipped with a high brightness Schottky emitter and fitted with Energy Dispersive X-ray Spectroscopy (EDS) analysis by an Ultim Max Silicon Drift Detector (SDD, Oxford, UK). HA4.8-DPPE-decorated nanoparticles and liposomes were examined both before and after the freeze-drying process as well as after further resuspension. For analyses, one drop of the as prepared and resuspended samples was placed on an aluminum stub coated with a conducting adhesive and left to dry in air at room temperature. As for the freeze-dried samples, the powder was briefly contacted with the same kind of stub described previously. All samples were then simply submitted to metallization with Cr (ca. 5 nm) to avoid any charging effect (Emitech K575X sputter coater, Quorumtech, Laughton, East Sussex, UK) and inserted in the chamber by a fully motorized procedure.





3. Results and Discussion


Freeze drying allows drug delivery systems, such as nanoparticles and liposomes, to be obtained and stored as dry forms, thus avoiding chemical and physical instability and improving long-term storage [33,34]. However, several factors can lead to colloidal instability during the freeze-drying process, and many strategies are considered to avoid particle aggregation [7]. Among them, the use of cryoprotectants to embed nanocarriers in an amorphous matrix is one of the most used approaches, and saccharides are largely used to prevent aggregation and facilitate redispersion of the lyophilized powder [6]. Nevertheless, the choice of the saccharide and the conditions of use are crucial for the process, and they differ according to the considered nanosystem. On these bases, the objective of the present study was the preparation of PLGA nanoparticles and liposomes in the presence of various saccharides (monosaccharides, such as mannitol and glucose, disaccharides, such as sucrose and trehalose, and a polysaccharide, HA) to evaluate the cryoprotective effect on the selected nanosystems (Figure 2). Furthermore, concerning HA, it was added to nanoparticles and liposomes in its free form and also as DPPE-conjugates to allow a stronger association with both nanoparticles and liposomes.



Glucose, sucrose, trehalose and mannitol were added between 2.5% and 20% (w/w) to PLGA or PEG2000-PLGA nanoparticle samples according to the percentages reported in the literature [18]. In particular, in the first set of experiments with PLGA 75:25, sugars were added either to the aqueous phase before the nanoprecipitation process or immediately after the elimination of organic solvents by rotary evaporation, based on previous findings [35]. Then, the nanoparticles were characterized before freeze-drying in terms of mean hydrodynamic diameter and PDI. Results showed that, although the PDI value was less than 0.1 for all the samples, the mean hydrodynamic diameter trend was different according to the preparation procedure. Indeed, when the cryoprotectants were added to the aqueous phase before pouring the organic solution, the mean hydrodynamic diameter tended to increase as a function of the saccharide concentration, as shown in Figure 3. The presence of sugars before the spontaneous formation of nanoparticles can probably lead to sugar encapsulation into the polymer matrix, thus increasing the mean size and probably competing with a potential active principle [36]. On the contrary, when the cryoprotectants were added after the nanoparticle formation (i.e., after solvent evaporation), the mean hydrodynamic diameter did not vary as a function of the sugar concentration, although a 10–20% increase for glucose, trehalose and mannitol was observed. Thus, considering the size analysis, we selected the sugar addition after nanoparticle formation as the most efficient preparation method for PLGA nanoparticles. Indeed, even with PLGA 50:50, the mean hydrodynamic diameter did not change in these conditions.



Again, for PEGylated nanoparticles prepared from a blend of PLGA (75:25 or 50:50) and PEG2000-PLGA, the cryoprotectants were added to the formulations after solvent evaporation. Even in this case, the mean hydrodynamic diameter was not affected by the addition of the saccharides, although the particle size was smaller than that of pure PLGA nanoparticles and comprised in the range 85–105 nm, probably due to the amphiphilic nature of PEG2000-PLGA.



The zeta potential values measured for all PLGA nanoparticles were found in the range between −36 mV and −21 mV, regardless of the nanoparticle composition; these values allow nanoparticles to be stable thanks to charge repulsion.



PLGA nanoparticles were then freeze-dried without cryoprotectants or in the presence of glucose, sucrose, trehalose or mannitol at different concentrations. Particle characterization was then carried out on samples resuspended in MilliQ® water. All the samples could be resuspended except for nanoparticles without cryoprotectant and those with mannitol, which gave a precipitate. After lyophilization, these samples appeared as a very compact powder, which probably hampered the rehydration. On the contrary, the formulations with glucose, sucrose or trehalose were able to be resuspended. Nevertheless, only the highest percentages of sucrose and trehalose (reported in Table 1) allowed nanoparticles to retain the size they had before freeze-drying. As reported elsewhere, the level of stabilization afforded by saccharides often depends on their concentration [37]. Indeed, the lowest percentages of cryoprotectants did not avoid particle aggregation after resuspension [24]. However, high concentrations of sugars (e.g., up to 25% of glucose and trehalose) could not stabilize nanoparticles, and they may even destabilize them [38]. Furthermore, all glucose-associated PLGA 75:25 nanoparticles showed a mean hydrodynamic diameter at least three times higher than that before freeze-drying (an exception was represented by PLGA 50:50 nanoparticles freeze-dried in the presence of glucose, which retained the size in the presence of 10% glucose). With PEG2000-PLGA in the polymer matrix, even at a high percentage of cryoprotectants, the mean hydrodynamic diameter and PDI increased, probably due to the interaction of sugars with the outer PEG layer [16,39]. Finally, the samples with the highest percentages of cryoprotectants were also stable for 4 weeks after resuspension during storage at 4 °C.



Concerning zeta potential measurements after resuspension, for polymer nanoparticles, the overall values were found to be slightly more negative than those of the suspensions before freeze drying (between −41 mV and −27 mV).



The effect of disaccharides as protective agents in the freeze-drying process was also assessed on liposomes. Liposomal formulations were prepared by hydration of the lipid film followed by extrusion through polycarbonate filters to obtain homogenous small unilamellar vesicles. Sucrose and trehalose were investigated for their ability to prevent aggregation of liposomes after freeze-drying [23] since disaccharides are considered the excipients of choice to stabilize the liposome membrane [26]. Similar to the nanoparticle-based approach, cryoprotectants were added to the hydration buffer and after liposome formation (“in/out” addition method) or directly in the final liposomal suspension (“out” addition method). As shown in Table 2, the two additional methods demonstrated no important variations in liposome size, and their surface charge remained slightly similar (around −15 mV). For liposomes, the sugar:lipid ratio of 5:1 (w/w) was used since it was reported to be able to maximize the stabilization effect, in particular in the case of disaccharides [40]. On the contrary, in the case of monosaccharides, a higher ratio (9:1) is generally required to preserve the physical integrity of resuspended liposomes [41].



Thus, to set a comparative study between polymer and lipid nanoparticles, further tests were performed by adding the cryoprotectants after nanosystem formation (“out” addition method). As a first result, we confirmed that, as for polymer nanoparticles, for lipid-based nanocarriers, significant amounts of cryoprotectants are required to supersaturate the surface and lead to the formation of a glassy matrix all around their structure for efficient carrier protection during lyophilization [42].



After considering different sugars, we moved towards the use of a polysaccharide, namely HA, which is an anionic glycosaminoglycan already studied for the cryopreservation of cell membranes [43]. Furthermore, HA has received particular attention for its interesting biological and/or pharmacological properties and as a potential active targeting agent for the CD44 receptor [44,45,46]. In this work, free HA was added to the nanocarrier suspensions to assess its protective activity during the freeze-drying process. Furthermore, HA of different molecular weights was also conjugated to DPPE to allow the insertion of the lipophilic DPPE chains into the polymer or lipid matrix, thus achieving a more stable association of HA to the nanocarriers (Figure 4).



Free HA (4.8 kDa or 14.8 kDa) was directly added to the final PLGA (75:25 or 50:50) nanosuspensions, and then the freeze-drying procedure was carried out. After the addition of water, lyophilized samples could not be resuspended, as they formed large aggregates. We can thus highlight that free HA at the two considered molecular weights does not have a protective effect on PLGA nanoparticles during the freeze-drying process.



The potential cryoprotectant effect of free HA was also assessed on liposomes. As for nanoparticles, HA was added directly to the final liposomal suspensions. Characterization of liposomes after freeze-drying in the presence of free HA showed a weak cryoprotectant effect for HA 14.8 kDa. On the contrary, a significant size increase was observed for HA at a lower molecular weight (Figure 5).



In the further set of experiments, we evaluated the effect of HA as a cryoprotectant agent when it is associated with polymer- and lipid-nanocarrier structure by hydrophobic interactions. Since it is highly hydrophilic, HA (4.8 kDa or 14.8 kDa) was linked to the DPPE phospholipid, which is able to associate with a polymer matrix or phospholipid bilayer and obtain HA-coated nanoparticles. These conjugates have already been used in several settings to prepare HA-decorated liposomes for cell targeting that have been proposed for either intravenous or cutaneous administration [47,48,49,50]. For PLGA nanoparticles, HA-DPPE conjugates were added into the aqueous phase since they are not soluble in acetone, while for liposomes, conjugates were added during the hydration of the lipid film. The potential activity of HA-DPPE conjugates as cryoprotectants during lyophilization was assessed by analyzing the particle size and PDI of PLGA nanoparticles and liposomes before and after freeze drying (Figure 6). All formulations in the presence of HA-DPPE conjugates could be easily redispersed after freeze-drying. In particular, the mean hydrodynamic diameter of PLGA 50:50 nanoparticles was slightly affected (11% size variation using HA4.8-DPPE) by the freeze-drying process, thanks to the presence of HA-DPPE in the formulations. Comparable results were achieved for liposomes, which showed a size variation below 20% (Figure 6). All the resuspended formulations were stable during 4-weeks storage at 4 °C (see Figure S1 for PLGA 50:50 nanoparticles prepared with HA4.8-DPPE or HA14.8-DPPE).



Concerning zeta potential values, the addition of HA-DPPE conjugates lowered the surface charge of the nanocarriers (between −53 mV and −40 mV for PLGA nanoparticles and between −43 mV and −31 mV for liposomes) due to the presence of negatively charged functional groups of HA. After lyophilization, the overall obtained resuspended formulations maintained the strongly negative zeta potential, thus guaranteeing colloidal stability through electrostatic repulsion forces, according to the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory [51].



FESEM analyses carried out on HA4.8-DPPE/PLGA 75:25 nanoparticles, and HA4.8-DPPE-liposomes further validated the beneficial effect of HA-DPPE in the formulations (Figure 7). In particular, HA4.8-DPPE-associated nanoparticles and liposomes in their as prepared form appear as embedded in a matrix formed upon drying of the solution. Moreover, HA4.8-DPPE/PLGA 75:25 nanoparticles showed an almost spherical shape (a), whereas HA4.8-DPPE-liposomes displayed a slightly globular shape (d) due to the drying step carried out to prepare the sample for the measurements (Figure 7). The samples were also examined after the freeze-drying process (b,e) as well as after further resuspension (c,f); the results showed that both morphology and size were maintained, which indicates that (i) HA-DPPE-associated lyophilized nanoparticles and liposomes can be redispersed after freeze drying, and (ii) the addition of HA-DPPE effectively enhanced the stability of the nanosystems.



The ability of HA conjugated on a liposome surface to act as a cryoprotectant has been previously reported by Peer et al. [52]: HA was linked to the surface of preformed liposomes by covalent conjugation. However, we used a different approach since the preformed HA-DDPE conjugates were added during liposome preparation, and the presence of the lipid anchor permitted the insertion of the conjugate into the bilayer [30,53]. To the best of our knowledge, for the first time, the insertion of these conjugates is described for polymer nanoparticles and proposed as cryoprotectants.




4. Conclusions


This comparative study confirms the crucial importance of the choice of a suitable cryoprotectant to obtain a redispersible lyophilized nanoparticle product. Indeed, the efficacy of the process strongly depends not only on the nature and concentration of the cryoprotective agent but also on the type of nanocarrier (lipidic or polymeric, with or without PEG or HA). As a consequence, the process conditions have to be selected by testing different experimental settings. Moreover, this type of study has to be repeated for each modification in the nanocarrier composition, e.g., the addition of an active principle or a fluorescent dye. Concerning our results, only the highest percentages (10–20%) of sucrose and trehalose showed to be able to act as cryoprotectant agents for both PLGA nanoparticles and liposomes.



Besides the classical saccharides used during the freeze-drying process, this work proposes the use of HA of different molecular weights as either a free molecule or conjugated to a phospholipid to achieve nanocarrier lyophilization. Although a moderate effect was observed for free HA-associated liposomes, more interesting are the results with HA-DPPE conjugates for both PLGA nanoparticles and liposomes: thanks to the lipophilic moiety, these molecules showed to be able to anchor to the PLGA matrix or to the liposome bilayer and to stably associate HA to the nanocarrier surface; in this way, HA-DPPE-decorated nanoparticles and liposomes can be resuspended after freeze-drying. This approach is particularly interesting since the HA moiety could act not only as a cryoprotectant agent but also as a targeting molecule towards the CD44 receptor, which is highly expressed in several cancer cells. Future steps will concern the evaluation of the ability of resuspended HA-associated nanoparticles and liposomes to target the CD44 receptor.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma16031212/s1.





Author Contributions


Conceptualization, S.A. and B.S.; methodology, P.M.; investigation, I.A., V.B., M.M., F.R. and V.G.; data curation, S.A. and B.S.; writing—original draft preparation, I.A. and V.B.; writing—review and editing, M.M., P.M., S.A. and B.S.; supervision, B.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available from the corresponding author upon reasonable request.




Acknowledgments


We thank Daniele Zonari for technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [Google Scholar] [CrossRef]

	



Amreddy, N.; Babu, A.; Muralidharan, R.; Panneerselvam, J.; Srivastava, A.; Ahmed, R.; Mehta, M.; Munshi, A.; Ramesh, R. Recent Advances in Nanoparticle-Based Cancer Drug and Gene Delivery. Adv. Cancer Res. 2018, 137, 115–170. [Google Scholar] [CrossRef] [PubMed]

	



Najahi-Missaoui, W.; Arnold, R.D.; Cummings, B.S. Safe Nanoparticles: Are We There Yet? Int. J. Mol. Sci. 2020, 22, 385. [Google Scholar] [CrossRef] [PubMed]

	



Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. ACS Nano 2009, 3, 16–20. [Google Scholar] [CrossRef] [PubMed]

	



Hoshyar, N.; Gray, S.; Han, H.; Bao, G. The effect of nanoparticle size on in vivo pharmacokinetics and cellular interaction. Nanomedicine 2016, 11, 673–692. [Google Scholar] [CrossRef] [PubMed]

	



Abdelwahed, W.; Degobert, G.; Stainmesse, S.; Fessi, H. Freeze-drying of nanoparticles: Formulation, process and storage considerations. Adv. Drug Deliv. Rev. 2006, 58, 1688–1713. [Google Scholar] [CrossRef]

	



Trenkenschuh, E.; Friess, W. Freeze-drying of nanoparticles: How to overcome colloidal instability by formulation and process optimization. Eur. J. Pharm. Biopharm. 2021, 165, 345–360. [Google Scholar] [CrossRef]

	



Kelkawi, A.H.A.; Hashemzadeh, H.; Pashandi, Z.; Tiraihi, T.; Naderi-Manesh, H. Differentiation of PC12 cell line into neuron by Valproic acid encapsulated in the stabilized core-shell liposome-chitosan Nano carriers. Int. J. Biol. Macromol. 2022, 210, 252–260. [Google Scholar] [CrossRef]

	



Mohammady, M.; Mohammadi, Y.; Yousefi, G. Freeze-Drying of Pharmaceutical and Nutraceutical Nanoparticles: The Effects of Formulation and Technique Parameters on Nanoparticles Characteristics. J. Pharm. Sci. 2020, 109, 3235–3247. [Google Scholar] [CrossRef]

	



Wu, L.; Zhang, J.; Watanabe, W. Physical and chemical stability of drug nanoparticles. Adv. Drug Deliv. Rev. 2011, 63, 456–469. [Google Scholar] [CrossRef]

	



Muramatsu, H.; Lam, K.; Bajusz, C.; Laczko, D.; Kariko, K.; Schreiner, P.; Martin, A.; Lutwyche, P.; Heyes, J.; Pardi, N. Lyophilization provides long-term stability for a lipid nanoparticle-formulated, nucleoside-modified mRNA vaccine. Mol. Ther. 2022, 30, 1941–1951. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, Y.; Miyazaki, T.; Muto, H.; Kubara, K.; Mukai, Y.; Watari, R.; Sato, S.; Kondo, K.; Tsukumo, S.I.; Yasutomo, K.; et al. Design and lyophilization of lipid nanoparticles for mRNA vaccine and its robust immune response in mice and nonhuman primates. Mol. Ther. Nucleic Acids 2022, 30, 226–240. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Ma, Y.; Gu, Y.; Liu, Y.; Zhao, J.; Yan, B.; Wang, Y. Cryoprotectant choice and analyses of freeze-drying drug suspension of nanoparticles with functional stabilisers. J. Microencapsul. 2018, 35, 241–248. [Google Scholar] [CrossRef] [PubMed]

	



Sylvester, B.; Porfire, A.; Van Bockstal, P.J.; Porav, S.; Achim, M.; Beer, T.; Tomuta, I. Formulation Optimization of Freeze-Dried Long-Circulating Liposomes and In-Line Monitoring of the Freeze-Drying Process Using an NIR Spectroscopy Tool. J. Pharm. Sci. 2018, 107, 139–148. [Google Scholar] [CrossRef] [PubMed]

	



Abdelwahed, W.; Degobert, G.; Fessi, H. Investigation of nanocapsules stabilization by amorphous excipients during freeze-drying and storage. Eur. J. Pharm. Biopharm. 2006, 63, 87–94. [Google Scholar] [CrossRef]

	



Umerska, A.; Paluch, K.J.; Santos-Martinez, M.J.; Corrigan, O.I.; Medina, C.; Tajber, L. Freeze drying of polyelectrolyte complex nanoparticles: Effect of nanoparticle composition and cryoprotectant selection. Int. J. Pharm. 2018, 552, 27–38. [Google Scholar] [CrossRef]

	



de la Fuente, M.; Seijo, B.; Alonso, M.J. Novel hyaluronan-based nanocarriers for transmucosal delivery of macromolecules. Macromol. Biosci. 2008, 8, 441–450. [Google Scholar] [CrossRef]

	



Fonte, P.; Reis, S.; Sarmento, B. Facts and evidences on the lyophilization of polymeric nanoparticles for drug delivery. J. Control. Release 2016, 225, 75–86. [Google Scholar] [CrossRef]

	



Abdelwahed, W.; Degobert, G.; Fessi, H. A pilot study of freeze drying of poly(epsilon-caprolactone) nanocapsules stabilized by poly(vinyl alcohol): Formulation and process optimization. Int. J. Pharm. 2006, 309, 178–188. [Google Scholar] [CrossRef]

	



Luo, W.C.; O’Reilly Beringhs, A.; Kim, R.; Zhang, W.; Patel, S.M.; Bogner, R.H.; Lu, X. Impact of formulation on the quality and stability of freeze-dried nanoparticles. Eur. J. Pharm. Biopharm. 2021, 169, 256–267. [Google Scholar] [CrossRef]

	



Amis, T.M.; Renukuntla, J.; Bolla, P.K.; Clark, B.A. Selection of Cryoprotectant in Lyophilization of Progesterone-Loaded Stearic Acid Solid Lipid Nanoparticles. Pharmaceutics 2020, 12, 892. [Google Scholar] [CrossRef] [PubMed]

	



Holzer, M.; Vogel, V.; Mantele, W.; Schwartz, D.; Haase, W.; Langer, K. Physico-chemical characterisation of PLGA nanoparticles after freeze-drying and storage. Eur. J. Pharm. Biopharm. 2009, 72, 428–437. [Google Scholar] [CrossRef]

	



Guimaraes, D.; Noro, J.; Silva, C.; Cavaco-Paulo, A.; Nogueira, E. Protective Effect of Saccharides on Freeze-Dried Liposomes Encapsulating Drugs. Front. Bioeng. Biotechnol. 2019, 7, 424. [Google Scholar] [CrossRef]

	



Fonte, P.; Soares, S.; Costa, A.; Andrade, J.C.; Seabra, V.; Reis, S.; Sarmento, B. Effect of cryoprotectants on the porosity and stability of insulin-loaded PLGA nanoparticles after freeze-drying. Biomatter 2012, 2, 329–339. [Google Scholar] [CrossRef]

	



Mensink, M.A.; Frijlink, H.W.; van der Voort Maarschalk, K.; Hinrichs, W.L. How sugars protect proteins in the solid state and during drying (review): Mechanisms of stabilization in relation to stress conditions. Eur. J. Pharm. Biopharm. 2017, 114, 288–295. [Google Scholar] [CrossRef] [PubMed]

	



Franze, S.; Selmin, F.; Samaritani, E.; Minghetti, P.; Cilurzo, F. Lyophilization of Liposomal Formulations: Still Necessary, Still Challenging. Pharmaceutics 2018, 10, 139. [Google Scholar] [CrossRef]

	



Kumar, S.; Gokhale, R.; Burgess, D.J. Sugars as bulking agents to prevent nano-crystal aggregation during spray or freeze-drying. Int. J. Pharm. 2014, 471, 303–311. [Google Scholar] [CrossRef] [PubMed]

	



Kasper, J.C.; Hedtrich, S.; Friess, W. Lyophilization of Synthetic Gene Carriers. Methods Mol. Biol. 2019, 1943, 211–225. [Google Scholar] [CrossRef]

	



Tonnis, W.F.; Mensink, M.A.; de Jager, A.; van der Voort Maarschalk, K.; Frijlink, H.W.; Hinrichs, W.L. Size and molecular flexibility of sugars determine the storage stability of freeze-dried proteins. Mol. Pharm. 2015, 12, 684–694. [Google Scholar] [CrossRef]

	



Arpicco, S.; Lerda, C.; Dalla Pozza, E.; Costanzo, C.; Tsapis, N.; Stella, B.; Donadelli, M.; Dando, I.; Fattal, E.; Cattel, L.; et al. Hyaluronic acid-coated liposomes for active targeting of gemcitabine. Eur. J. Pharm. Biopharm. 2013, 85, 373–380. [Google Scholar] [CrossRef]

	



Fessi, H.; Puisieux, F.; Devissaguet, J.P.; Ammoury, N.; Benita, S. Nanocapsule formation by interfacial polymer deposition following solvent displacement. Int. J. Pharm. 1989, 55, R1–R4. [Google Scholar] [CrossRef]

	



Stella, B.; Andreana, I.; Zonari, D.; Arpicco, S. Pentamidine-Loaded Lipid and Polymer Nanocarriers as Tunable Anticancer Drug Delivery Systems. J. Pharm. Sci. 2020, 109, 1297–1302. [Google Scholar] [CrossRef] [PubMed]

	



Susa, F.; Bucca, G.; Limongi, T.; Cauda, V.; Pisano, R. Enhancing the preservation of liposomes: The role of cryoprotectants, lipid formulations and freezing approaches. Cryobiology 2021, 98, 46–56. [Google Scholar] [CrossRef] [PubMed]

	



Vallorz, E.L.; Encinas-Basurto, D.; Schnellmann, R.G.; Mansour, H.M. Design, Development, Physicochemical Characterization, and In Vitro Drug Release of Formoterol PEGylated PLGA Polymeric Nanoparticles. Pharmaceutics 2022, 14, 638. [Google Scholar] [CrossRef]

	



Fonte, P.; Araujo, F.; Seabra, V.; Reis, S.; van de Weert, M.; Sarmento, B. Co-encapsulation of lyoprotectants improves the stability of protein-loaded PLGA nanoparticles upon lyophilization. Int. J. Pharm. 2015, 496, 850–862. [Google Scholar] [CrossRef]

	



Fonte, P.; Soares, S.; Sousa, F.; Costa, A.; Seabra, V.; Reis, S.; Sarmento, B. Stability study perspective of the effect of freeze-drying using cryoprotectants on the structure of insulin loaded into PLGA nanoparticles. Biomacromolecules 2014, 15, 3753–3765. [Google Scholar] [CrossRef]

	



Schwarz, C.; Mehnert, W. Freeze-drying of drug-free and drug-loaded solid lipid nanoparticles (SLN). Int. J. Pharm. 1997, 157, 171–179. [Google Scholar] [CrossRef]

	



Sameti, M.; Bohr, G.; Ravi Kumar, M.N.; Kneuer, C.; Bakowsky, U.; Nacken, M.; Schmidt, H.; Lehr, C.M. Stabilisation by freeze-drying of cationically modified silica nanoparticles for gene delivery. Int. J. Pharm. 2003, 266, 51–60. [Google Scholar] [CrossRef]

	



Craig, D.Q.M. A review of thermal methods used for the analysis of the crystal form, solution thermodynamics and glass transition behaviour of polyethylene glycols. Thermochimica. Acta 1995, 248, 189–203. [Google Scholar] [CrossRef]

	



Chaudhury, A.; Das, S.; Lee, R.F.; Tan, K.B.; Ng, W.K.; Tan, R.B.; Chiu, G.N. Lyophilization of cholesterol-free PEGylated liposomes and its impact on drug loading by passive equilibration. Int. J. Pharm. 2012, 430, 167–175. [Google Scholar] [CrossRef]

	



Wolkers, W.F.; Oldenhof, H.; Tablin, F.; Crowe, J.H. Preservation of dried liposomes in the presence of sugar and phosphate. Biochim. Biophys. Acta 2004, 1661, 125–134. [Google Scholar] [CrossRef] [PubMed]

	



Slade, L.; Levine, H. Glass transitions and water-food structure interactions. Adv. Food Nutr. Res. 1995, 38, 103–269. [Google Scholar] [CrossRef] [PubMed]

	



Qian, L.; Yu, S.; Zhou, Y. Protective effect of hyaluronic acid on cryopreserved boar sperm. Int. J. Biol. Macromol. 2016, 87, 287–289. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, S.M.; McMorrow, J.; Umerska, A.; Patel, H.B.; Kornerup, K.N.; Tajber, L.; Murphy, E.P.; Perretti, M.; Corrigan, O.I.; Brayden, D.J. An intra-articular salmon calcitonin-based nanocomplex reduces experimental inflammatory arthritis. J. Control. Release 2013, 167, 120–129. [Google Scholar] [CrossRef]

	



Arpicco, S.; De Rosa, G.; Fattal, E. Lipid-Based Nanovectors for Targeting of CD44-Overexpressing Tumor Cells. J. Drug Deliv. 2013, 2013, 860780. [Google Scholar] [CrossRef]

	



Choi, K.Y.; Chung, H.; Min, K.H.; Yoon, H.Y.; Kim, K.; Park, J.H.; Kwon, I.C.; Jeong, S.Y. Self-assembled hyaluronic acid nanoparticles for active tumor targeting. Biomaterials 2010, 31, 106–114. [Google Scholar] [CrossRef]

	



Franze, S.; Marengo, A.; Stella, B.; Minghetti, P.; Arpicco, S.; Cilurzo, F. Hyaluronan-decorated liposomes as drug delivery systems for cutaneous administration. Int. J. Pharm. 2018, 535, 333–339. [Google Scholar] [CrossRef]

	



Pandolfi, L.; Marengo, A.; Japiassu, K.B.; Frangipane, V.; Tsapis, N.; Bincoletto, V.; Codullo, V.; Bozzini, S.; Morosini, M.; Lettieri, S.; et al. Liposomes Loaded with Everolimus and Coated with Hyaluronic Acid: A Promising Approach for Lung Fibrosis. Int. J. Mol. Sci. 2021, 22, 7743. [Google Scholar] [CrossRef]

	



Franze, S.; Rama, F.; Rocco, P.; Debernardi, M.; Bincoletto, V.; Arpicco, S.; Cilurzo, F. Rationalizing the Design of Hyaluronic Acid-Decorated Liposomes for Targeting Epidermal Layers: A Combination of Molecular Dynamics and Experimental Evidence. Mol. Pharm. 2021, 18, 3979–3989. [Google Scholar] [CrossRef]

	



Cannito, S.; Bincoletto, V.; Turato, C.; Pontisso, P.; Scupoli, M.T.; Ailuno, G.; Andreana, I.; Stella, B.; Arpicco, S.; Bocca, C. Hyaluronated and PEGylated Liposomes as a Potential Drug-Delivery Strategy to Specifically Target Liver Cancer and Inflammatory Cells. Molecules 2022, 27, 1062. [Google Scholar] [CrossRef]

	



Tadros, T. General Principles of Colloid Stability and the Role of Surface Forces. In Colloid Stability: The Role of Surface Forces—Part I; Wiley: Hoboken, NJ, USA, 2011; Volume 1, pp. 1–22. [Google Scholar]

	



Peer, D.; Florentin, A.; Margalit, R. Hyaluronan is a key component in cryoprotection and formulation of targeted unilamellar liposomes. Biochim. Biophys. Acta 2003, 1612, 76–82. [Google Scholar] [CrossRef] [PubMed]

	



Dosio, F.; Arpicco, S.; Stella, B.; Fattal, E. Hyaluronic acid for anticancer drug and nucleic acid delivery. Adv. Drug Deliv. Rev. 2016, 97, 204–236. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 16 01212 g001 550] 





Figure 1. Schematic representation of the freeze-drying process for PLGA nanoparticles and liposomes formulated with different cryoprotectants (created with BioRender.com). 
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Figure 2. Chemical structures of the excipients used in this study. 
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Figure 3. PLGA 75:25 nanoparticle mean hydrodynamic diameter as a function of the percentage of the different cryoprotectants when added before pouring the acetone solution into the aqueous phase (n = 3, S.D. < 10% for all samples). 
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Figure 4. Schematic representation of the association of HA and HA-DPPE conjugates to polymer and lipid nanocarriers (created with BioRender.com). 
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Figure 5. Particle hydrodynamic diameter and PDI of liposomes before and after freeze-drying in the presence of free HA (n = 3). 
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Figure 6. Mean particle hydrodynamic diameter and PDI of rehydrated freeze-dried PLGA nanoparticles and liposomes with HA-DPPE conjugates (n = 3). 
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Figure 7. FESEM representative images of HA4.8-DPPE/PLGA 75:25 nanoparticles (a–c) and HA4.8-DPPE-liposomes (d–f) in their as prepared form (a,d), after freeze drying (b,e) and after resuspension (c,f). Images collected at 10 kV with the In-Beam SE detector. Instrumental magnification: 200,000× (a), 270,000× (d), 300,000× (b,f), 350,000× (c), and 550,000× (e), respectively. 
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Table 1. Mean hydrodynamic diameter and PDI of PLGA formulations before and after the freeze-drying process (n = 3).
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Before Freeze Drying

	
After Freeze Drying




	
Formulation

	
Cryoprotectant %

(w/w)

	
Hydrodynamic Diameter (nm)

	
PDI

	
Hydrodynamic Diameter (nm)

	
PDI






	
PLGA 75:25

	
Sucrose 10

	
136

	
0.086

	
140

	
0.120




	
PLGA 75:25

	
Sucrose 20

	
127

	
0.005

	
132

	
0.172




	
PLGA 75:25

	
Trehalose 10

	
144

	
0.072

	
143

	
0.090




	
PLGA 50:50

	
Glucose 10

	
131

	
0.177

	
141

	
0.111




	
PLGA 50:50

	
Sucrose 20

	
124

	
0.087

	
129

	
0.106




	
PLGA 75:25/PEG2000-PLGA

	
Glucose 20

	
104

	
0.090

	
147

	
0.338




	
PLGA 75:25/PEG2000-PLGA

	
Trehalose 5

	
85

	
0.080

	
132

	
0.351




	
PLGA 50:50/PEG2000-PLGA

	
Glucose 20

	
105

	
0.083

	
124

	
0.139











[image: Table] 





Table 2. Mean hydrodynamic diameter and PDI of liposomes before and after freeze-drying using a disaccharide:lipid ratio of 5:1 (w/w) (n = 3).
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Before Freeze Drying

	
After Freeze Drying




	
Formulation

	
Cryoprotectant

	
Addition Method

	
Hydrodynamic Diameter (nm)

	
PDI

	
Hydrodynamic Diameter (nm)

	
PDI






	
Liposomes

	
Trehalose

	
Out *

	
204

	
0.163

	
218

	
0.190




	
Liposomes

	
Trehalose

	
In/Out **

	
210

	
0.139

	
221

	
0.143




	
Liposomes

	
Sucrose

	
Out *

	
200

	
0.138

	
190

	
0.163




	
Liposomes

	
Sucrose

	
In/Out **

	
201

	
0.165

	
204

	
0.208








* cryoprotectant added to the final liposomal suspension. ** cryoprotectant added during the lipid film hydration and in the final liposomal suspension.
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