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Abstract


To enhance the scope of therapeutic interventions using star polymeric nanoparticles of desired concentrations, an understanding of the effect of converting aqueous formulations into stable redispersible dry powders by freeze drying on their physicochemical and biological properties is essential. We demonstrate that parameters such as the choice of the cryoprotectant, its molecular weight, and concentration play an important role during lyophilization and reconstitution processes. We hypothesized that utilizing cryoprotectants akin to shell-forming polymers may be ideal in protection against aggregation and keeping the nanostructures intact during lyophilization and reconstitution, as well as retaining the overall biological efficacy of their cargo. Through an evaluation of miktoarm polymer-based nanoparticles, we demonstrate that PEG2k at 1% w/v concentration provides the optimized cryoprotection, and the resulting solid formulations upon redispersion in an aqueous medium preserve the desired nanoparticle and curcumin properties. PEG2k at 1% w/v is more efficient than PEG5k and saccharides including glucose, sucrose, trehalose, and mannitol in enhancing the integrity of micelles during lyophilization and reconstitution. Addition of PEG2k 1% w/v (with or without lyophilization and redispersion) enhances drug release in PBS buffer, while it has no impact in the cell culture media. Nanoformulations protect endothelial cells from cytotoxicity of curcumin, and addition of cryoprotectant or the lyophilization/redispersion processes did not impair anti-inflammatory efficacy of curcumin.
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1. Introduction


Diseases with a high morbidity rate, such as cardiovascular disorders and cancer, continue to pose significant health challenges. Despite considerable progress in the field of pharmacotherapy, the delivery of active pharmaceutical agents to desired sites remains challenging and a topical area of interest [1,2]. The poor pharmacokinetics properties of many drug candidates, such as their low water solubility, limited bioavailability, and stability, particularly among lipophilic drug candidates, necessitates the development of drug delivery systems to address these key issues [1,3,4]. Tremendous research has been dedicated to designing nanocarriers including polymeric [5], lipid-based, and inorganic nanoparticles to enhance drug delivery performance and overcome the pharmacokinetic limitations [6,7]. Polymeric micelles with their ease of preparation, surface modification, and better tunability, continue to attract significant interest for applications in nanomedicine [8]. Miktoarm polymers (mikto, Greek, meaning “different”) have demonstrated advantageous characteristics compared to their linear counterparts, including diversity in the tunability of the overall structure and ease of functionalization. The aqueous self-assemblies from these amphiphilic branched polymeric precursors exhibit higher colloidal stability, smaller and more uniform nanoparticles, denser corona, controlled cargo release, and multi-functionality originating from the presence of different functional arms in a single molecule [9]. We, along with other research groups, have leveraged this platform to develop a variety of soft nanoparticles and demonstrated their promising potential in drug delivery [10,11,12].



The long-term storage of aqueous nanoformulations remains a significant challenge, as drug leakage through diffusion or as a result of nanoparticle instability may alter their therapeutic efficacy [13]. In addition, the need to use large volumes of such formulations for dose-dependent therapies, restricts their usage for intravenous administration [14]. This necessitates the dehydration of nanoformulations and their subsequent redispersion into water at desired concentrations [15]. Freeze drying, often referred to as lyophilization, is an effective strategy for this purpose. This process involves low temperatures and pressure to remove water (ice crystals) from nanoparticles through a sublimation process [16]. In contrast to rotary evaporation and spray drying [17,18], which involve heat to remove solvents, the use of low temperatures/sublimation is more suitable to preserve drug properties. However, lyophilization presents its own challenges, including nanoparticle aggregation, structural disruption, and alterations in the size and morphology upon redispersion, which can negatively impact the stability and performance of the formulation [19]. The recent development of mRNA vaccines against COVID-19 have demonstrated the significance of having readily redispersible lyophilized nanoparticles [20]. Excipients acting as cryoprotectants are essential for preserving the original properties of nanoparticles following the freeze-drying process. Cryoprotectants are generally hydrophilic materials that form a glassy matrix around nanoparticles. The matrix functions as a pseudo-hydrating shell for nanoparticles, protecting them by reducing the mechanical stress during the freeze/drying process and preventing them from aggregation through the establishment of barrier between nanoparticles [21]. Various excipients have demonstrated cryoprotective properties, including sugars [22] (trehalose [23], sucrose [24,25], dextrose, glucose [26], mannitol [27], fructose, and sorbitol [28]), polymers (polyethylene glycol [29], polyvinyl alcohol, poloxamers [30], and polyvinylpyrrolidone [31]), and surfactants (tween 20). The choice of cryoprotectant, as well as its molecular weight and concentration, depends significantly on the type of lyophilizate [32], and it is essential to optimize these parameters [33,34]. Varied characteristics of cryoprotectants including their molecular composition, glass transition temperature, hydrogen bonding ability, interaction with the shell surface of nanoparticles, etc., can significantly influence their stabilization during lyophilization and redispersion. Based on the concentrations used during cryopreservation, excipients with high crystallinity could yield secondary mechanical forces on frozen nanoparticles, leading to aggregation. In addition, in nanocarriers with physically incorporated therapeutic cargo, the cryoprotectant should not interfere with drug release kinetics and their overall biological efficacy [35,36,37,38]. Numerous studies have explored the use of cryoprotectants to enhance the redistribution of various nanoparticle systems, including linear polymeric nanoparticles, silica nanoparticles [39,40], chitosan nanoparticles [41], nanoplexes [42], gold nanoparticles [43], nanocrystals [44], nanogels [45,46], and lipid nanoparticles [34,47,48].



An optimized cryoprotectant should not only preserve the morphology, surface charge, hydrodynamic diameter, and drug encapsulation efficiency of nanoparticles, but it should also help maintain the pharmacotherapeutic efficacy of the drug. Despite the inert characteristics of cryoprotectants, these can still influence nanoparticle–target site interaction and, in some cases, may induce toxicity [49]. These excipients can also alter drug release kinetics, as observed in insulin-loaded PLGA nanoparticles. The insulin release profile was evaluated using different cryoprotectants in comparison to nanoparticles without cryoprotectants, and trehalose was shown to increase the insulin release content, whereas sucrose, glucose, fructose, and sorbitol reduced it [50]. We were intrigued to utilize polyethylene glycol as a cryoprotectant due to its advantageous combination of properties. The latter include biocompatibility and the resemblance and affinity towards shell-forming polymers in nanoparticles, which might offer better protection against aggregation and help retain the nanoformulation integrity during freeze drying. Similar arguments suggest that it will also be an ideal candidate in retaining biological efficacy of the drug-loaded polymeric nanoparticles.



Studies associated with polymeric micelles are mostly limited to the physical stability of nanoparticles, and to the best of our knowledge, there have been limited studies on the lyophilization and redispersion of nanoparticles based on branched star polymers. Holzer et al. found that the dispersibility behavior of PLGA (poly lactic-co-glycolic acid)-based nanoparticles improved using sucrose and trehalose at concentrations of 1% and 2%, respectively [51]. In another study, Ayen et al. explored the lyophilization impacts and lyophilizate long-term storage on the physicochemical stability of doxorubicin-loaded PLA(PEG)3-based polymersomes. They found that 5% w/v inulin was a superior cryoprotectant helping to preserve the structural properties of the lyophilizate [52]. Cryoprotectants can also be integrated in situ into polymeric nanoformulations during the self-assembly process. Mihyar et al. incorporated sucrose as a cryoprotectant into mPEG-N-(2-benzoyloxypropyl) methacrylamide-based polymeric micelles during microfluidic self-assembly. The resulting nanoparticles exhibited 6-month stability at −20 °C [53]. Taking into account the considerable advantages of branched polymers compared to their linear counterparts, there is significant unmet need in determining the effect of lyophilization and redispersion of such nanoparticles [9].



In this study, we evaluated the effects of the lyophilization and redispersion of branched (AB2 [A = poly caprolactone (PCL3.5k), B = polyethylene glycol (PEG2k)])-based nanoformulations on their physical stability and biological properties. The evaluation of cryoprotectants compatible with the nanoformulation was conducted in two steps: (i) physical stability assessment through dynamic light scattering (DLS) and transmission electron microscopy (TEM) analyses and (ii) utilization of the effective least concentration of cryoprotectant for biological studies. Four different types of polysaccharides and polyethylene glycol with 2k and 5k molecular weights were explored for this purpose, and PEG2k, at a concentration of 1% w/v, demonstrated superior efficacy on the physical stability preservation. Using PEG as a compatible cryoprotectant for nanoformulations, we assessed the impact of the freeze-drying process on the nanoparticles’ morphology, drug release profile and kinetics, cytotoxicity, and the anti-inflammatory efficacy of curcumin-loaded nanoparticles. The selection of PEG as a cryoprotectant is based on its similarity to the hydrophilic shell of our miktoarm star nanoparticles and its suitability for maintaining the stability of relatively small polymeric nanoparticles. The drug release profile of curcumin-loaded nanoparticles with 1% PEG2k in PBS media showed an enhanced release; while in cell culture media, the release profiles of the nanoparticles were almost the same with or without cryoprotectants. We demonstrate that an optimal concentration of polyethylene glycol as a cryoprotectant preserves the morphology and prevents aggregation upon redispersion after lyophilization. Its presence has no significant impact on cell viability and drug release parameters, and curcumin retains its anti-inflammatory activity post-processing.




2. Results and Discussion


2.1. Synthesis and Characterization of Miktoarm Polymer


The AB2-based miktoarm polymer utilized in this study was synthesized by adaptation of the procedure reported earlier by our group (Figure S1) [10], and the detailed synthetic procedure and polymer characterization using 1H-NMR (Figurs S2, S4 and S7–S9) 13C-NMR (Figures S3 and S5), MALDI-TOF (Figure S6), FT-IR (Figure S10), and GPC analysis (Figure S11) is provided in the Supplementary Material section. PEG was selected as the FDA-approved hydrophilic arm due to its biocompatibility and the ability to reduce the opsonization of nanoparticles and enhance the nanoparticle circulation time. PCL as a hydrophobic polyester offers biocompatibility and biodegradability. The star amphiphile, which consists of two PEG chains with a molecular weight of 2k each and a PCL arm of 3.5k, results in a hydrophilic fraction of 0.53. The latter is expected to lead to core–shell type micelles upon aqueous self-assembly [54].




2.2. Preparation of Nanoparticles and the Selection of an Optimal Cryoprotectant


Nanoparticles were prepared using co-solvent evaporation method, and their size and polydispersity were studied for the Original (no cryoprotectant added/non-lyophilized), NLyo (cryoprotectant added/non-lyophilized), and Lyo (cryoprotectant added/lyophilized nanoparticles). As expected, the lyophilized and then redispersed nanoparticles to which no cryoprotectant was added showed larger aggregates around 1677 ± 219 nm. We evaluated commonly utilized sugars such as glucose, trehalose, sucrose, and mannitol, as well as polyethylene glycol as cryoprotectants. Considering PEG2k forms the integral hydrophilic component of our amphiphilic star polymers (AB2, B = PEG2k), we chose the cryoprotectant PEG molecular weight to be 2k or 5k. By taking into account the structural similarity of polyethylene glycol (PEG) to the nanoparticle shell forming composition of our miktoarm polymer precursors, we initially directed our studies primarily towards evaluating PEG as a cryoprotectant. PEG with molecular weight of 2kDa was tested at concentrations of 1%, 5%, and 10%, while PEG 5kDa was evaluated at 1% and 5% w/v. The relative diameters of the blank Lyo nanoparticles, compared to their original size with and without the addition of cryoprotectants, are summarized in Figure 1 and Table S1. The results showed that 1% w/v concentration of PEG is the optimal cryoprotectant level for nanoparticle suspension at 2.5 mg/mL. At this concentration, Lyo-nanoparticles containing PEG with both molecular weights demonstrated a smaller relative size compared to the original nanoparticles. Higher cryoprotectant concentrations resulted in larger relative sizes of redispersed nanoparticles with increased batch-to-batch variability due to the aggregation of excess cryoprotectants.



Based on these results, PEG2k and PEG5k at 1% w/v concentration were further evaluated as cryoprotectants for blank and curcumin-loaded nanoparticles with or without lyophilization. The curcumin-loaded nanoparticles, Cur-Original NP, Cur-NLyo NP, and Cur-Lyo NP, are defined as Original (no cryoprotectant added/non-lyophilized), NLyo (cryoprotectant added/non-lyophilized), and Lyo (cryoprotectant added/lyophilized), respectively. Addition of cryoprotectants (1%, PEG2k or PEG5k) to nanoparticle solutions without further lyophilization and redispersion has no effect on their size distributions. It was found to be true for both blank and curcumin-loaded formulations, suggesting no aggregation resulting from cryoprotectant addition. Upon lyophilization and redispersion, the sizes of nanoparticles containing PEG5k for both blank and curcumin-loaded samples were larger than 200 nm, while the ones lyophilized and redispersed with PEG2k (blank and curcumin-loaded) were less than 200 nm, suitable for biomedical applications (Figure 2 and Table S2).



Considering that 1% w/v was the optimal concentration of cryoprotectant for nanoparticles, we also evaluated alternative cryoprotectants: trehalose, glucose, mannitol, and sucrose at 1% w/v concentration. It should be noted that higher concentrations of sugars were not tested in this study, as the major goal here was the comparative analysis of different sugars with PEG at its optimal concentration. There are studies devoted to sugars that have also shown that depending on the lyophilizate, lower concentrations of sugars may in fact be more suitable in retaining the stability of nanoparticles [46,51,55]. The relevant data are summarized in Figure 3 and Table S3. Nanoparticles containing sugars exhibited larger relative sizes compared to PEG2k, and there was higher variability from one batch to another. Our results agree well with those reported earlier. For example, Le et al. studied the lyophilization of polyelectrolyte nanogels using sugars at 1% w/v concentration. They reported that all sugar-based cryoprotectants increased the nanoparticle size upon lyophilization and redispersion; trehalose was the most and glucose the least effective cryoprotectant [46].



Nanoparticles containing cryoprotectants including PEG2k, glucose, and trehalose were evaluated further using TEM. Based on our results (Figure 4), we determined the following: (i) the original blank nanoparticles are spherical in nature with uniform size distribution (Figure 4A,B with Figure 4B as a magnified image of Figure 4A); (ii) there was aggregation in lyophilized and redispersed nanoparticles containing glucose (Figure 4C,D with Figure 4D as a magnified image of Figure 4C) and trehalose (Figure 4E,F); and (iii) there was no significant difference between original and lyophilized/redispersed nanoparticles containing PEG2k, with no sign of aggregation (Figure 4G representing blank nanoparticles and Figure 4H showing curcumin-loaded nanoparticles). The observed aggregation in nanoparticles containing glucose and trehalose is in agreement with the size variations and larger sizes seen during DLS analyses. Rod-type aggregation around spherical nanoparticles was visible in these images, as shown by the arrows in Figure 4C–F. TEM analysis together with DLS measurements further validated PEG2k as an optimal cryoprotectant for nanoparticles. Our findings are consistent with a previously reported study about the evaluation of different cryoprotectant for PEG-PLA-based polymeric micelles. PEG was shown to be more efficient than saccharides in enhancing the integrity of micelles after reconstitution for copolymers containing a higher ratio of PLA/PEG content. For amphotericin-loaded PEG5k-PLA15k micelles, the optimum concentration of PEG2k, PEG4k, and PEG6k were 20, 20, and 10 mg/mL, respectively [56].



In order to study the effects of cryoprotectant addition on the surface charge of nanoparticles, we evaluated Original, NLyo, and Lyo nanoparticles containing 1% w/v PEG2k (Figure 5). The zeta potential analysis demonstrated that the Original nanoparticles and NLyo nanoparticles had nearly identical surface charges. In contrast, the Lyo nanoparticles, upon redispersion, showed lower surface charge, likely resulting from a change in the polymeric arrangements on the surface of nanoparticles due to increased interaction between cryo-PEG chains and the nanoparticles, which might lead to the formation of a pseudo shell on the nanoparticles.



Zeta potential modulates protein adsorption and cell entry. Patil et al. have reported that a positive charge boosts bovine serum albumin adsorption, whereas a negative charge favors uptake by lung epithelial cells [57]. Ross et al. noted an optimum Caco-2 permeability and viability at a zeta potential near −12 millivolts in media [58]. Walkey et al. provide further details as to how the surface charge, augmented by polyethylene glycol density or exposed amines, interacts with protein corona composition to affect cell association [59]. We believe that in situ characterization, using methods such as dynamic light scattering and electron microscopy in physiologically relevant media, combined with the systematic evaluation of the size, surface charge, and chemistry, could address more clearly the link between these nanoparticle properties and biological outcomes.




2.3. Effect of Cryoprotectant on the Drug Release Profiles


Curcumin, a naturally occurring polyphenol with varied medicinal efficacy [60], was used, as a hydrophobic drug model, to assess the impact of cryoprotectant addition and lyophilization on the drug release profile of nanoparticles. The curcumin encapsulation efficiency and curcumin loading capacity of nanoparticles were found to be 74% and 3.57%, respectively. PEG2k at 1% w/v was used as a cryoprotectant to evaluate the drug release profile in PBS and cell culture media. The release studies conducted in PBS buffer revealed that the presence of 1% cryo-PEG in both non-lyophilized (NLyo) and lyophilized and then redispersed (Lyo) samples, enhances curcumin release from the nanoparticles. For example, over 24 h, only 34% of Cur is released from the Original nanoformulation (Figure 6A, black curve), while in the NLyo or Lyo samples containing 1% PEG2k, it is 54% (Figure 6A, red curve) and 62% (Figure 6A, blue curve), respectively. This indicates an enhancement of ~1.6 and 1.8 times with respect to the Original nanoparticles. A similar increase is noted over a 48 h period. This could be due to the ability of cryo-PEG chains, with their hydrophobic pockets, to stabilize curcumin and alter its distribution within nanoparticles, primarily shifting it towards the shell, which makes curcumin more readily available for release. However, the release study carried out in cell culture media with serum exhibited (i) a slightly faster release in Original nanoparticles compared to the one in PBS buffer (Figure 6A,B, blue curves) and (ii) nearly similar drug release for all three samples, regardless of cryoprotectant addition or lyophilization process (Figure 6B, Original, NLyo and Lyo). All three measured in cell culture media had about 75% cumulative release after 48 h, which was similar to the cumulative release in the cryo-PEG added samples (NLyo and Lyo) studied in PBS buffer. The interaction of proteins present in the cell culture media with nanoparticles may be dominated, thereby mitigating the interactions of nanoparticles with the added cryo-PEG chains. These interactions seem to increase curcumin release in all the samples (Figure 6B). Overall, at a concentration of 1% w/v, PEG2k seems to have no impact on the curcumin release behavior in cell culture media.




2.4. Drug Release Kinetics Study


We subsequently evaluated the release kinetics of curcumin from Original, NLyo, and Lyo nanoformulations. For release studies in PBS (Table 1), the Baker–Lonsdale model provided the best fit for the Original nanoformulation with the highest R2 value of 0.9981. The Korsmeyer–Peppas and Weibull followed closely, with R2 values of 0.9978 and 0.9975, respectively, requiring the AIC values to be compared for finding the best fit. The Baker–Lonsdale model revealed the lowest AIC value of 14.20 confirming the best fit for Original nanoparticles. The Weibull model with the highest R2 was found to be the best fit for NLyo and Lyo nanoparticles. Our data suggest that the drug release from Original nanoparticles, which follows the Baker–Lonsdale model, is mainly controlled by diffusion. For NLyo and Lyo nanoparticles, the drug release that followed the Weibull model, could be attributed to a combination of release mechanisms including diffusion and relaxation. For a better understanding of the release mechanism in Weibull model, the β values for nanoparticles were evaluated. The β values were found to be 0.538, 0.536, and 0.352 for the Original, NLyo-1%PEG2k, and Lyo-PEG2k 1%, respectively. Since all values were below 0.75, these suggest that the release behavior can be mainly attributed to Fickian diffusion, where transport is primarily governed by a concentration gradient. The most important parameters by which the suitable model was selected are highlighted in the red boxes in Table 1.



In cell culture media (Table 2), the Weibull model again showed the best fit across all formulations, with R2 values ranging from 0.9166 to 0.9542. The β values (0.441, 0.544, and 0.349) stayed within the same range, reinforcing that the release was still diffusion controlled. Overall, our results suggest that diffusion is the primary mechanism of drug release in both PBS and cell culture media and indicate that presence of the cryoprotectant and lyophilization process do not significantly alter the release kinetics parameters. The highest R2_adj values for all three nanoformulations confirming the Weibull model are highlighted in red boxes in Table 2.




2.5. Biological Evaluation of Cryoprotectant Addition and Freeze-Drying Effects


We previously reported that exposure to free curcumin can be cytotoxic to endothelial cells [61]. To further investigate this effect and compare the potential benefits of nanoparticle encapsulation across different formulations, the viability of HUVEC (human umbilical vein endothelial) cells was assessed following a 24 h exposure to free curcumin, curcumin-loaded nanoparticles (at equivalent curcumin concentrations), and blank nanoparticles. Cell viability was measured using the MTT assay, which evaluates the mitochondrial metabolic activity via a colorimetric readout. All measurements were normalized to untreated control cells.



As shown in Figure 7, exposure to free curcumin at concentrations equal to or exceeding 20 μM led to a significant decrease in HUVEC cell viability and complete loss of detectable viable cells at 40 μM and above. In contrast, exposure to all curcumin-loaded nanoparticle formulations at concentrations of 20 μM or higher resulted in improved HUVEC cell viability compared to treatment with free curcumin at the equivalent concentration, thus indicating a protective effect of the nanoparticle delivery systems.



Moreover, exposure to all nanoparticle formulations did not induce statistically significant cytotoxicity compared to the untreated control cells, with the sole exception of NLyo-PEG-Cur at 75 μM. No statistical difference in cell viability was observed between NLyo-PEG-CUR and Lyo-PEG-CUR, indicating that the lyophilization process did not introduce any toxic effects. Additionally, comparisons between Original vs. NLyo-PEG and Original-CUR vs. NLyo-PEG-CUR formulations revealed no statistically significant differences, indicating that addition of PEG as a cryoprotectant did not contribute to toxicity. These findings are consistent with a study assessing the toxicity of solid lipid nanoparticles supplemented with 5% mannitol, which reported no cryoprotectant-induced toxicity [62].



Curcumin concentrations ranging from 2 to 50 µM have been widely used in macrophage cultures in vitro, consistently demonstrating anti-inflammatory and antioxidant effects without significant cytotoxicity for this cell type. We and others have previously demonstrated that this concentration range effectively modulates key inflammatory mediators, including TNF-α, IL-6, and IL-1β, across various cellular models, such as THP-1-derived macrophages [63,64]. To evaluate the anti-inflammatory activity of curcumin and curcumin-loaded nanoparticles, the inflammasome pathway was activated in THP-1 macrophages using nigericin, a well-established inflammasome activator that induces the secretion of the pro-inflammatory cytokine, interleukin-1β (IL-1β). Figure 8 shows that pretreatment of the cells with NLyo-PEG and Lyo-PEG nanoparticles had no significant effect on IL-1β secretion, while pretreatment with 50 μM free Cur, Original-Cur, NLyo-PEG-Cur, or Lyo-PEG-Cur significantly decreased IL-1β secretion by 96%, 69%, 72%, and 86%, respectively. The unmodified original nanoparticles induced a statistically significant increase in IL-1β secretion; however, this increase was no longer significant in nanoparticle formulations containing PEG. There was no statistical difference in IL-1β secretion level between free Cur and the Cur-loaded nanoparticles, regardless of lyophilization, indicating that the cryoprotectant and freeze-drying process did not impair the anti-inflammatory activity of the encapsulated curcumin. A similar trend was observed in a study investigating the influence of trehalose on the antimicrobial property of gallium protoporphyrin-loaded lipid nanoparticles, where the cryoprotectant did not compromise the functional efficacy of the formulation [65].





3. Materials and Methods


3.1. Blank and Curcumin-Loaded Nanoparticle Preparation


The co-solvent evaporation method was utilized for the preparation of blank and curcumin-loaded nanoparticles. Briefly, for the preparation of blank nanoparticles, 5 mg of AB2 polymer was dissolved in 2 mL of HPLC grade acetone. The organic phase was added dropwise into 2 mL of Milli-Q water at the rate of 1 drop every three seconds while being stirred at 400 RPM overnight. Upon complete evaporation of acetone, the nanoparticles were filtered using a PVDF syringe filter with a 0.22 μm pore size to remove any aggregated particles.



Curcumin-loaded nanoparticles were prepared following the same procedure with the additional step of co-dissolving 0.5 mL of curcumin stock solution (1 mg/mL) in acetone along with AB2 polymer in a 1:10 ratio, followed by degassing.




3.2. Dynamic Light Scattering (DLS) and Zeta Potential Analyzer


The Brookhaven instrument (NanoBrook Omni, Holtsville, NY, USA) was employed to assess the nanoparticles’ hydrodynamic diameter, size distribution, and zetapotential before and after adding cryoprotectants, as well as the followed lyophilization and redispersion process. The equipment features a 40 mW diode laser (640 nm) and operates at a detection angle of 90°. All measurements were performed in triplicate, with each measurement comprising 4 cycles, each lasting 2 min.




3.3. Transmission Electron Microscopy (TEM)


The overall physical characteristics of nanoparticles (before and after lyophilization in the presence of cryoprotectants) including their morphology, size, size distribution, the potential aggregation induced by cryoprotectant addition, or incomplete redispersion of nanoparticles were evaluated using TS Talos F200X TEM (Thermo Fisher Scientific, Waltham, MA, USA). To prepare TEM grids, carbon-coated copper TEM grids were glow discharged at 10 mA for 10 s. Then, 5 μL of 5 times-diluted nanoparticles was applied to the carbon side of the TEM grid; after 5 min, the excess water was removed using a paper. To enhance the contrast of TEM images, 5 μL of 2% uranyl acetate solution was added to the grid, and the excess was removed after 45 s. Grids were air-dried prior to imaging.




3.4. Freeze-Drying Procedure


A FreeZone 2.5 Liter-50C (Labconco, Kansas City, MO, USA) benchtop freeze dryer was used to carry out the freeze-drying process. In a standard experiment, a desired concentration of selected cryoprotectant was added to 2 mL of nanoparticles with a concentration of 2.5 mg/mL. The mixture was vortexed gently for 2 h at room temperature to ensure the uniform distribution of cryoprotectant among nanoparticles. Nanoparticles were then frozen at −30 °C overnight, followed by a 24 h drying process in the lyophilizer. The lyophilizate was reconstituted to the original concentration of nanoparticles by adding 2 mL of milli-Q water dropwise. As the final step, redispersed nanoparticles were vortexed at a mild speed at room temperature for 2 h prior to analysis.




3.5. Drug Loading and Release Studies


The encapsulation efficiency (EE) and drug loading percentage (DL) of nanoparticles were obtained using following equations, referring to the curcumin calibration equation obtained by plotting the absorbance of curcumin at 425 nm against different curcumin concentrations in the range of 0.98–31.25 μg/mL in methanol. In a typical measurement, 30 μL of curcumin-loaded nanoparticles was diluted 40 times with methanol, and the corresponding absorbance was then measured.


  E E % =    E n c a p s u l a t e d   D r u g   T o t a l   D r u g   u s e d    × 100  










  D L % =    E n c a p s u l a t e d   D r u g   P o l y m e r + D r u g    × 100  











The dialysis method was used to study the curcumin release profile and the potential impacts of cryoprotectant addition and lyophilization process on the drug release kinetics. Briefly, 2 mL of nanoparticle suspension was placed into a Spectra/Por 3 (Spectrum Chemical, Waltham, MA, USA) dialysis membrane (Standard RC, 3.5 kDa MWCO) and dialyzed against 140 mL of phosphate-buffered saline (PBS, pH = 7.4, 0.01M, 37 °C) supplemented with 1% v/v Tween 80. Then, 40 μL of nanoparticles was aliquoted from the inside of the dialysis tubing at specified time intervals over a 48 h period, and the corresponding unreleased curcumin was measured by the 40 times dilution of nanoparticles with methanol. The cumulative release percentages were then calculated using the following equation:


  C u m u l a t i v e   R e l e a s e   % =   1 −    U n r e l e a s e d   D r u g   I n i t i a l   E n c a p s u l a t e d   D r u g       











In order to evaluate the influence of the cryoprotectant and lyophilization on the release profile of nanoparticles, three sets of nanoparticles were prepared for comparison: (i) Original nanoparticle; (ii) nanoparticle + 1% w/v of PEG2k (non-lyophilized; NLyo); (iii) nanoparticle + 1% w/v of PEG2k (Lyophilized; Lyo). Curcumin release was studied against PBS buffer at 37 °C.



To further investigate the impact of the cryoprotectants and lyophilization on the release profile in a more biologically relevant context, the cell culture media (RPMI 1440, 1×), supplemented with 10% FBS and 1% v/v Tween 80, was used as release media instead of PBS at 37 °C. Moreover, the three aforementioned sets of nanoparticle formulations were mixed with cell culture media with a 3:1 v/v ratio and vortexed gently for 10 min prior to the release study, simulating curcumin release in the cell culture media. At designated time intervals over 48 h, 40 μL of nanoparticles was collected from the inside of the dialysis tubing. Nanoparticles were diluted 40 times with methanol and incubated for 6 h at room temperature before UV–Vis measurements. To separate the precipitated cell media proteins upon methanol addition, the diluted samples were centrifuged at 10,000 RPM for 10 min, and the supernatant solution was used for the measurement.




3.6. Drug Release Kinetics Study


Release kinetics was evaluated to unravel the drug release mechanism of nanoparticle formulations with and without cryoprotectants in PBS and cell culture media. DDSolver was used to conduct release kinetics evaluations. Seven models in DDSolver including Zero-order, First-order, Higuchi, Hixson–Crowell, Korsmeyer–Peppas, Baker–Lonsdale, and Weibull were tested. Each model was applied to the release data studied in PBS and cell culture medium. The fit was assessed using R2, and for the Korsmeyer–Peppas and Weibull, the n and β values were applied to interpret the release mechanism, as well [66,67].




3.7. Cell Viability Assay


Human umbilical vein endothelial cells (HUVEC, ATCC #CRL-1730) were used between passages 5 and 8. Cells were cultured in EGM-2 medium (Lonza Cat. No. CC-3162), seeded at a density of 5000 cells per well in 96-well plates, and incubated at 37 °C in a humidified atmosphere containing 5% CO2. After 24 h, cell culture media were replaced with fresh media containing nanoformulations with curcumin concentrations ranging from 0 to 80 μM, and cells were incubated for an additional 24 h. Cell proliferation was assessed using the MTT assay, which measures the mitochondrial activity in viable cells. Following treatment, the cells were washed with PBS and incubated with 100 µL of a 0.5 mg/mL solution of 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide prepared in EGM-2 for 4 h in the dark. After incubation, the media were replaced with 100 μL DMSO to solubilize the formazan crystals. The absorbance was measured at 575 nm using a Synergy H1 plate reader (BioTek, Winooski, VT, USA), and the survival rate was obtained by normalization with measured optical densities from untreated cells.




3.8. Quantification of Interleukin-1b Secretion by Western Blotting


Human monocytic THP-1 cells (ATCC #TIB-202) were used between passages 6 and 10 and cultured in RPMI 1640 medium (Wisent, Cat. No. 350-000-CL, Saint-Jean-Baptiste de Rouville, QC, Canada), supplemented with 10% fetal bovine serum (FBS, Wisent, Cat. No. 090150), at 37 °C in a humidified atmosphere containing 5% CO2. Cells were seeded at 750,000 cells/mL (1 mL per well) in 12-well plates and treated with phorbol 12-myristate 13-acetate (PMA, Millipore Sigma, Cat. No. P1585, Burlington, MA, USA) at 100 ng/mL to induce their differentiation into macrophages. After 72 h, the medium was replaced, and the adhered macrophages were pretreated with Cur or an equivalent Cur concentration of nanoparticles of 50 μM or an equivalent volume of medium (control). After 24 h, the media were replaced with serum-free medium supplemented with nigericin at 10 μM for 30 min or an equivalent volume of medium (control nigericin). At the end of the treatment, media were collected for immunoblotting analyses. Immunoblotting was performed using 45 μL of the conditioned media, and the samples were electrophoresed using 12% TGX Stain-Free gels (Bio-Rad, Mississauga, ON, Canada). Separated proteins were then transferred to a PVDF membrane overnight at 10 V. The membrane was blocked with 5% nonfat dry milk in standard TBST buffer, then incubated with an anti-IL-1β rabbit monoclonal antibody (dilution 1/2000, Cell Signaling, #83186, Danvers, MA, USA) overnight at 4 °C, washed in TBST, and incubated with an HRP-conjugated goat anti-rabbit antibody (dilution 1/10,000, ThermoScientific, #32460, Waltham, MA, USA). Protein detection was achieved using Western Lighting Ultra chemiluminescence substrate (Perkin Elmer, NEL10501EA, Waltham, MA, USA) to reveal and quantify the interleukin-1β (IL-1β) signal using a Chemidoc MP Imaging System (Bio-Rad, Mississauga, ON, Canada). Stain-free gels allowed for the quantification of total protein in acrylamide gel for normalization. Finally, the results were expressed as ratios of nigericin-exposed cells without treatment.





4. Conclusions


Polymeric soft nanoparticles from amphiphilic asymmetric branched star polymers (also referred to as miktoarm polymers) have offered an advantageous platform to address key issues in drug delivery. The lyophilization and redispersion of such nanoparticles are essential for extending the shelf life and formulating therapeutic interventions at desired concentrations upon demand. There are limited studies on the effects of freeze drying and aqueous reconstitution of the resulting solid nanoparticles on their physicochemical properties and biological efficacy. We evaluated nanoparticles from well-studied branched macromolecule compositions, containing a combination of FDA approved, biocompatible, and biodegradable polymeric arms, and curcumin, a natural polyphenol with diverse beneficial medicinal traits. Through an analysis of varied cryoprotectants at different concentrations, we demonstrated that polyethylene glycol, which is akin to the composition in the star polymer precursor, with a molecular weight of 2000 Da and at a concentration of 1% w/v, is ideal for the [46] redispersion of the freeze-dried nanoparticles. There was no effect of the addition of 1% PEG to nanoformulations with/without lyophilization on the curcumin release profiles in cell culture medium; while in PBS buffer, the drug release was accelerated due to PEG addition. Nanoformulations, before and after lyophilization/redispersion, exerted no significant change in cell viability of endothelial cells at varied concentrations and, in fact, protected cells from the cytotoxicity of free curcumin at concentrations of 20 μM or higher. Curcumin retains its anti-inflammatory activity in the nanoformulations, and curcumin loading into nanoparticles, freeze drying, and reconstitution processes did not cause any change in its biological activity. Our studies demonstrate that with a careful choice of the cryoprotectant at optimal concentrations, one can transform aqueous formulations from miktoarm star polymers into stable solid form with retention of their key properties. The significance of polyethylene glycol in nanoformulation development and enhanced circulation times upon their administration has been widely established. Our results suggest additional advantages of utilizing PEG during freeze drying and subsequent reconstitution of powders as aqueous dispersions. It is a more effective and better choice as a cryoprotectant especially for polymeric nanoparticles containing PEG as an integral part of the core–shell structure. During lyophilization and redispersion of the resulting powder form, interactions of cryoprotectant PEG with the shell surface of the nanoparticles helps enhance their stability and avoid collapse of their morphological integrity under stress and upon slow development to the original colloidal form.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms262010015/s1.





Author Contributions


S.Y.A.: experimental investigation, data acquisition, manuscript writing, review, and editing; G.T.-J.: experimental investigation, data acquisition, manuscript writing, review, and editing; F.F.P.G.: experimental investigation, data acquisition; R.B.M.: experimental investigation, data acquisition; X.M.M.: experimental investigation, data acquisition, manuscript writing; É.R.: conceptualization, experimental investigation, manuscript writing, review, and editing; J.-C.T.: conceptualization, manuscript review and editing; A.K.: conceptualization, funding acquisition, experimental investigation, manuscript writing, review, and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by funding from the Natural Sciences and Engineering Research Council of Canada (NSERC, grant number RGPIN-2023-03565) and New Frontiers in Research Fund—Exploration, Canada (NFRF-E, grant number NFRFE-2022-00356).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data for this work are contained within the article and Supplementary Materials section.




Acknowledgments


A.K. thanks NSERC and NFRF-E for financial assistance. We would also like to thank Kang Rui Xu for assistance in preparing the figures in Origin (version 2025).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance. Signal Transduct. Target. Ther. 2018, 3, 7. [Google Scholar] [CrossRef]

	



Sapio, L.; Naviglio, S. Innovation through Tradition: The Current Challenges in Cancer Treatment. Int. J. Mol. Sci. 2022, 23, 5296. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Liu, H.; Ye, Y.; Lei, Y.; Islam, R.; Tan, S.; Tong, R.; Miao, Y.B.; Cai, L. Smart nanoparticles for cancer therapy. Signal Transduct. Target. Ther. 2023, 8, 418. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Yang, L.; Chen, G.; Xu, F.; Yang, F.; Yu, H.; Li, L.; Dong, X.; Han, J.; Cao, C.; et al. A Review on Drug Delivery System for Tumor Therapy. Front. Pharmacol. 2021, 12, 735446. [Google Scholar] [CrossRef] [PubMed]

	



Salari, N.; Faraji, F.; Torghabeh, F.M.; Faraji, F.; Mansouri, K.; Abam, F.; Shohaimi, S.; Akbari, H.; Mohammadi, M. Polymer-based drug delivery systems for anticancer drugs: A systematic review. Cancer Treat. Res. Commun. 2022, 32, 100605. [Google Scholar] [CrossRef]

	



Edis, Z.; Wang, J.; Waqas, M.K.; Ijaz, M.; Ijaz, M. Nanocarriers-Mediated Drug Delivery Systems for Anticancer Agents: An Overview and Perspectives. Int. J. Nanomed. 2021, 16, 1313–1330. [Google Scholar] [CrossRef]

	



Sanchez-Moreno, P.; Ortega-Vinuesa, J.L.; Peula-Garcia, J.M.; Marchal, J.A.; Boulaiz, H. Smart Drug-Delivery Systems for Cancer Nanotherapy. Curr. Drug Targets 2018, 19, 339–359. [Google Scholar] [CrossRef]

	



Elumalai, K.; Srinivasan, S.; Shanmugam, A. Review of the efficacy of nanoparticle-based drug delivery systems for cancer treatment. Biomed. Technol. 2024, 5, 109–122. [Google Scholar] [CrossRef]

	



Lotocki, V.; Kakkar, A. Miktoarm Star Polymers: Branched Architectures in Drug Delivery. Pharmaceutics 2020, 12, 827. [Google Scholar] [CrossRef] [PubMed]

	



Lotocki, V.; Yazdani, H.; Zhang, Q.; Gran, E.R.; Nyrko, A.; Maysinger, D.; Kakkar, A. Miktoarm Star Polymers with Environment-Selective ROS/GSH Responsive Locations: From Modular Synthesis to Tuned Drug Release through Micellar Partial Corona Shedding and/or Core Disassembly. Macromol. Biosci. 2021, 21, e2000305. [Google Scholar] [CrossRef]

	



Maglio, G.; Nicodemi, F.; Conte, C.; Palumbo, R.; Tirino, P.; Panza, E.; Ianaro, A.; Ungaro, F.; Quaglia, F. Nanocapsules based on linear and Y-shaped 3-miktoarm star-block PEO-PCL copolymers as sustained delivery system for hydrophilic molecules. Biomacromolecules 2011, 12, 4221–4229. [Google Scholar] [CrossRef]

	



Yin, H.; Kang, S.-W.; Bae, Y.H. Polymersome Formation from AB2 Type 3-Miktoarm Star Copolymers. Macromolecules 2009, 42, 7456–7464. [Google Scholar] [CrossRef]

	



Zielinska, A.; Carreiro, F.; Oliveira, A.M.; Neves, A.; Pires, B.; Venkatesh, D.N.; Durazzo, A.; Lucarini, M.; Eder, P.; Silva, A.M.; et al. Polymeric Nanoparticles: Production, Characterization, Toxicology and Ecotoxicology. Molecules 2020, 25, 3731. [Google Scholar] [CrossRef]

	



Shi, D.; Beasock, D.; Fessler, A.; Szebeni, J.; Ljubimova, J.Y.; Afonin, K.A.; Dobrovolskaia, M.A. To PEGylate or not to PEGylate: Immunological properties of nanomedicine’s most popular component, polyethylene glycol and its alternatives. Adv. Drug Deliv. Rev. 2022, 180, 114079. [Google Scholar] [CrossRef]

	



Pardeshi, S.R.; Deshmukh, N.S.; Telange, D.R.; Nangare, S.N.; Sonar, Y.Y.; Lakade, S.H.; Harde, M.T.; Pardeshi, C.V.; Gholap, A.; Deshmukh, P.K.; et al. Process development and quality attributes for the freeze-drying process in pharmaceuticals, biopharmaceuticals and nanomedicine delivery: A state-of-the-art review. Future J. Pharm. Sci. 2023, 9, 99. [Google Scholar] [CrossRef]

	



Andreana, I.; Bincoletto, V.; Manzoli, M.; Roda, F.; Giarraputo, V.; Milla, P.; Arpicco, S.; Stella, B. Freeze Drying of Polymer Nanoparticles and Liposomes Exploiting Different Saccharide-Based Approaches. Materials 2023, 16, 1212. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Feng, J.; McManus, S.A.; Lu, H.D.; Ristroph, K.D.; Cho, E.J.; Dobrijevic, E.L.; Chan, H.K.; Prud’homme, R.K. Design and Solidification of Fast-Releasing Clofazimine Nanoparticles for Treatment of Cryptosporidiosis. Mol. Pharm. 2017, 14, 3480–3488. [Google Scholar] [CrossRef]

	



Ristroph, K.D.; Feng, J.; McManus, S.A.; Zhang, Y.; Gong, K.; Ramachandruni, H.; White, C.E.; Prud’homme, R.K. Spray drying OZ439 nanoparticles to form stable, water-dispersible powders for oral malaria therapy. J. Transl. Med. 2019, 17, 97. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Ai, L.; Li, Y.; Zhou, L.; Yao, W.; Zhang, H.; Hu, Z.; Han, J.; Wang, W.; Wu, J.; Xu, P.; et al. Lyophilized mRNA-lipid nanoparticle vaccines with long-term stability and high antigenicity against SARS-CoV-2. Cell Discov. 2023, 9, 9. [Google Scholar] [CrossRef]

	



Yasmin, R.; Tan, A.; Bremmell, K.E.; Prestidge, C.A. Lyophilized silica lipid hybrid (SLH) carriers for poorly water-soluble drugs: Physicochemical and in vitro pharmaceutical investigations. J. Pharm. Sci. 2014, 103, 2950–2959. [Google Scholar] [CrossRef]

	



Mitrovic, J.R.; Bjelosevic Ziberna, M.; Vukadinovic, A.; Knutson, D.E.; Sharmin, D.; Kremenovic, A.; Ahlin Grabnar, P.; Planinsek, O.; Lunter, D.; Cook, J.M.; et al. Freeze-dried nanocrystal dispersion of novel deuterated pyrazoloquinolinone ligand (DK-I-56-1): Process parameters and lyoprotectant selection through the stability study. Eur. J. Pharm. Sci. 2023, 189, 106557. [Google Scholar] [CrossRef]

	



Patel, M.N.; Lakkadwala, S.; Majrad, M.S.; Injeti, E.R.; Gollmer, S.M.; Shah, Z.A.; Boddu, S.H.; Nesamony, J. Characterization and evaluation of 5-fluorouracil-loaded solid lipid nanoparticles prepared via a temperature-modulated solidification technique. AAPS PharmSciTech 2014, 15, 1498–1508. [Google Scholar] [CrossRef]

	



Athaydes Seabra Ferreira, H.; Ricardo Aluotto Scalzo Junior, S.; Kelton Santos de Faria, K.; Henrique Costa Silva, G.; Tullio Rodrigues Alves, M.; Oliveira Lobo, A.; Pires Goulart Guimaraes, P. Cryoprotectant optimization for enhanced stability and transfection efficiency of pDNA-loaded ionizable lipid nanoparticles. Int. J. Pharm. 2024, 665, 124696. [Google Scholar] [CrossRef] [PubMed]

	



Gutierrez-Ruiz, S.C.; Cortes, H.; Gonzalez-Torres, M.; Almarhoon, Z.M.; Gurer, E.S.; Sharifi-Rad, J.; Leyva-Gomez, G. Optimize the parameters for the synthesis by the ionic gelation technique, purification, and freeze-drying of chitosan-sodium tripolyphosphate nanoparticles for biomedical purposes. J. Biol. Eng. 2024, 18, 12. [Google Scholar] [CrossRef]

	



Campos, J.R.; Fernandes, A.R.; Sousa, R.; Fangueiro, J.F.; Boonme, P.; Garcia, M.L.; Silva, A.M.; Naveros, B.C.; Souto, E.B. Optimization of nimesulide-loaded solid lipid nanoparticles (SLN) by factorial design, release profile and cytotoxicity in human Colon adenocarcinoma cell line. Pharm. Dev. Technol. 2019, 24, 616–622. [Google Scholar] [CrossRef] [PubMed]

	



Alihosseini, F.; Ghaffari, S.; Dabirsiaghi, A.R.; Haghighat, S. Freeze-drying of ampicillin solid lipid nanoparticles using mannitol as cryoprotectant. Braz. J. Pharm. Sci. 2015, 51, 797–802. [Google Scholar] [CrossRef]

	



Emami, J.; Rezazadeh, M.; Varshosaz, J.; Tabbakhian, M.; Aslani, A.; Liu, L.-H. Formulation of LDL Targeted Nanostructured Lipid Carriers Loaded with Paclitaxel: A Detailed Study of Preparation, Freeze Drying Condition, and In Vitro Cytotoxicity. J. Nanomater. 2012, 2012, 358782. [Google Scholar] [CrossRef]

	



Ramos Yacasi, G.R.; Garcia Lopez, M.L.; Espina Garcia, M.; Parra Coca, A.; Calpena Campmany, A.C. Influence of freeze-drying and gamma-irradiation in preclinical studies of flurbiprofen polymeric nanoparticles for ocular delivery using d-(+)-trehalose and polyethylene glycol. Int. J. Nanomed. 2016, 11, 4093–4106. [Google Scholar] [CrossRef]

	



Suksiriworapong, J.; Rungvimolsin, T.; A-gomol, A.; Junyaprasert, V.B.; Chantasart, D. Development and characterization of lyophilized diazepam-loaded polymeric micelles. AAPS PharmSciTech 2014, 15, 52–64. [Google Scholar] [CrossRef]

	



Parnsubsakul, A.; Sapcharoenkun, C.; Warin, C.; Ekgasit, S.; Pienpinijtham, P. Selection of cryoprotectants for freezing and freeze-drying of gold nanoparticles towards further uses in various applications. Colloids Surf. B Biointerfaces 2022, 217, 112702. [Google Scholar] [CrossRef]

	



Wang, Y.; Quinsaat, J.E.Q.; Ono, T.; Maeki, M.; Tokeshi, M.; Isono, T.; Tajima, K.; Satoh, T.; Sato, S.I.; Miura, Y.; et al. Enhanced dispersion stability of gold nanoparticles by the physisorption of cyclic poly(ethylene glycol). Nat. Commun. 2020, 11, 6089. [Google Scholar] [CrossRef]

	



Chen, G.; Wang, Y.; Xie, R.; Gong, S. Tumor-targeted pH/redox dual-sensitive unimolecular nanoparticles for efficient siRNA delivery. J. Control. Release 2017, 259, 105–114. [Google Scholar] [CrossRef]

	



Lamoot, A.; Lammens, J.; De Lombaerde, E.; Zhong, Z.; Gontsarik, M.; Chen, Y.; De Beer, T.R.M.; De Geest, B.G. Successful batch and continuous lyophilization of mRNA LNP formulations depend on cryoprotectants and ionizable lipids. Biomater. Sci. 2023, 11, 4327–4334. [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] [PubMed]

	



Murray, A.; Kilbride, P.; Gibson, M.I. Trehalose in cryopreservation. Applications, mechanisms and intracellular delivery opportunities. RSC Med. Chem. 2024, 15, 2980–2995. [Google Scholar] [CrossRef] [PubMed]

	



Drake, A.C.; Lee, Y.; Burgess, E.M.; Karlsson, J.O.M.; Eroglu, A.; Higgins, A.Z. Effect of water content on the glass transition temperature of mixtures of sugars, polymers, and penetrating cryoprotectants in physiological buffer. PLoS ONE 2018, 13, e0190713. [Google Scholar] [CrossRef] [PubMed]

	



Fan, P.C.; Chiou, L.C.; Lai, T.H.; Sharmin, D.; Cook, J.; Lee, M.T. The deuterated pyrazoloquinolinone targeting α6 subunit-containing GABAA receptor as novel candidate for inhibition of trigeminovascular system activation: Implication for migraine therapy. Front. Pharmacol. 2024, 15, 1451634. [Google Scholar] [CrossRef]

	



Picco, A.S.; Ferreira, L.F.; Liberato, M.S.; Mondo, G.B.; Cardoso, M.B. Freeze-drying of silica nanoparticles: Redispersibility toward nanomedicine applications. Nanomedicine 2018, 13, 179–190. [Google Scholar] [CrossRef]

	



Moore, C.J.; Monton, H.; O’Kennedy, R.; Williams, D.E.; Nogues, C.; Crean Nee Lynam, C.; Gubala, V. Controlling colloidal stability of silica nanoparticles during bioconjugation reactions with proteins and improving their longer-term stability, handling and storage. J. Mater. Chem. B 2015, 3, 2043–2055. [Google Scholar] [CrossRef]

	



Xing, Z.H. Preparation of Folate-Decorated Hydroxycamptothecin Nanoparticle Lyophilized Powder and its Antitumor Activity on Mice Bearing S180. Adv. Mater. Res. 2014, 905, 28–31. [Google Scholar] [CrossRef]

	



Chua, A.; Tran, T.T.; Pu, S.; Park, J.W.; Hadinoto, K. Lyophilization of Curcumin-Albumin Nanoplex with Sucrose as Cryoprotectant: Aqueous Reconstitution, Dissolution, Kinetic Solubility, and Physicochemical Stability. Int. J. Mol. Sci. 2022, 23, 11731. [Google Scholar] [CrossRef]

	



Jauregui-Gomez, D.; Bermejo-Gallardo, O.M.; Moreno-Medrano, E.D.; Perez-Garcia, M.G.; Ceja, I.; Soto, V.; Carvajal-Ramos, F.; Gutierrez-Becerra, A. Freeze-drying storage method based on pectin for gold nanoparticles. Nanomater. Nanotechnol. 2017, 7, 184798041769732. [Google Scholar] [CrossRef]

	



Jakubowska, E.; Bielejewski, M.; Milanowski, B.; Lulek, J. Freeze-drying of drug nanosuspension– study of formulation and processing factors for the optimization and characterization of redispersible cilostazol nanocrystals. J. Drug Deliv. Sci. Technol. 2022, 74, 103528. [Google Scholar] [CrossRef]

	



Rurarz, B.P.; Gibka, N.; Bukowczyk, M.; Kadłubowski, S.; Ulański, P. Radiation synthesis of poly(acrylic acid) nanogels for drug delivery applications—Post-synthesis product colloidal stability. Nukleonika 2021, 66, 179–186. [Google Scholar] [CrossRef]

	



Le, H.V.; Dulong, V.; Picton, L.; Le Cerf, D. Lyophilization for Formulation Optimization of Drug-Loaded Thermoresponsive Polyelectrolyte Complex Nanogels from Functionalized Hyaluronic Acid. Pharmaceutics 2023, 15, 929. [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]

	



Pena-Rodriguez, E.; Mata-Ventosa, A.; Garcia-Vega, L.; Perez-Torras, S.; Fernandez-Campos, F. The Physicochemical, Biopharmaceutical, and In Vitro Efficacy Properties of Freeze-Dried Dexamethasone-Loaded Lipomers. Pharmaceutics 2021, 13, 1322. [Google Scholar] [CrossRef]

	



Susa, F.; Limongi, T.; Millone, M.; Cauda, V.; Pisano, R. Cytotoxicity and Thermal Characterization Assessment of Excipients for the Development of Innovative Lyophilized Formulations for Oncological Applications. Processes 2022, 10, 2641. [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] [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] [PubMed]

	



Ayen, W.Y.; Kumar, N. A systematic study on lyophilization process of polymersomes for long-term storage using doxorubicin-loaded (PEG)3-PLA nanopolymersomes. Eur. J. Pharm. Sci. 2012, 46, 405–414. [Google Scholar] [CrossRef] [PubMed]

	



Mihyar, R.; Shalmani, A.A.; Wildt, V.; Sheybanifard, M.; Wang, A.; May, J.N.; Shahzad, S.; Buhl, E.M.; Rutten, S.; Behrens, D.; et al. Microfluidic formulation, cryoprotection and long-term stability of paclitaxel-loaded pi electron-stabilized polymeric micelles. J. Control. Release 2024, 375, 614–626. [Google Scholar] [CrossRef]

	



Loverde, S.M.; Klein, M.L.; Discher, D.E. Nanoparticle shape improves delivery: Rational coarse grain molecular dynamics (rCG-MD) of taxol in worm-like PEG-PCL micelles. Adv. Mater. 2012, 24, 3823–3830. [Google Scholar] [CrossRef]

	



Stupar, P.; Pavlović, V.; Nunić, J.; Cundrič, S.; Filipič, M.; Stevanović, M. Development of lyophilized spherical particles of poly(epsilon-caprolactone) and examination of their morphology, cytocompatibility and influence on the formation of reactive oxygen species. J. Drug Deliv. Sci. Technol. 2014, 24, 191–197. [Google Scholar] [CrossRef]

	



Yang, Z.L.; Li, X.R.; Yang, K.W.; Liu, Y. Amphotericin B-loaded poly(ethylene glycol)-poly(lactide) micelles: Preparation, freeze-drying, and in vitro release. J. Biomed. Mater. Res. A 2008, 85, 539–546. [Google Scholar] [CrossRef]

	



Patil, S.; Sandberg, A.; Heckert, E.; Self, W.; Seal, S. Protein adsorption and cellular uptake of cerium oxide nanoparticles as a function of zeta potential. Biomaterials 2007, 28, 4600–4607. [Google Scholar] [CrossRef]

	



Ross, A.M.; Cahalane, R.M.; Walsh, D.R.; Grabrucker, A.M.; Marcar, L.; Mulvihill, J.J.E. Identification of Nanoparticle Properties for Optimal Drug Delivery across a Physiological Cell Barrier. Pharmaceutics 2023, 15, 200. [Google Scholar] [CrossRef]

	



Dai, Q.; Walkey, C.; Chan, W.C. Polyethylene glycol backfilling mitigates the negative impact of the protein corona on nanoparticle cell targeting. Angew. Chem. Int. Ed. Engl. 2014, 53, 5093–5096. [Google Scholar] [CrossRef]

	



El-Saadony, M.T.; Yang, T.; Korma, S.A.; Sitohy, M.; Abd El-Mageed, T.A.; Selim, S.; Al Jaouni, S.K.; Salem, H.M.; Mahmmod, Y.; Soliman, S.M.; et al. Impacts of turmeric and its principal bioactive curcumin on human health: Pharmaceutical, medicinal, and food applications: A comprehensive review. Front. Nutr. 2022, 9, 1040259. [Google Scholar] [CrossRef]

	



Yong, H.W.; Ojagh, S.M.A.; Theberge-Julien, G.; Castellanos, L.S.R.; Tebbji, F.; van de Ven, T.G.M.; Sellam, A.; Rheaume, E.; Tardif, J.C.; Kakkar, A. Soft nanoparticles as antimicrobial agents and carriers of microbiocides for enhanced inhibition activity. J. Mater. Chem. B 2024, 12, 9296–9311. [Google Scholar] [CrossRef] [PubMed]

	



Ji, P.; Yu, T.; Liu, Y.; Jiang, J.; Xu, J.; Zhao, Y.; Hao, Y.; Qiu, Y.; Zhao, W.; Wu, C. Naringenin-loaded solid lipid nanoparticles: Preparation, controlled delivery, cellular uptake, and pulmonary pharmacokinetics. Drug Des. Devel. Ther. 2016, 10, 911–925. [Google Scholar] [CrossRef] [PubMed]

	



Singh, L.; Sharma, S.; Xu, S.; Tewari, D.; Fang, J. Curcumin as a Natural Remedy for Atherosclerosis: A Pharmacological Review. Molecules 2021, 26, 4036. [Google Scholar] [CrossRef]

	



Yong, H.W.; Ferron, M.; Mecteau, M.; Mihalache-Avram, T.; Levesque, S.; Rheaume, E.; Tardif, J.C.; Kakkar, A. Single Functional Group Platform for Multistimuli Responsivities: Tertiary Amine for CO2/pH/ROS-Triggered Cargo Release in Nanocarriers. Biomacromolecules 2023, 24, 4064–4077. [Google Scholar] [CrossRef]

	



Awad, M.; Barnes, T.J.; Prestidge, C.A. Lyophilized Lipid Liquid Crystalline Nanoparticles as an Antimicrobial Delivery System. Antibiotics 2023, 12, 1405. [Google Scholar] [CrossRef]

	



Kir, F.; Al-Sulaiti, F.K.; Sahin, S. Evaluation of in vitro dissolution profiles of modified-release metoprolol succinate tablets crushed using mortar and pestle technique. Eur. J. Pharm. Sci. 2024, 194, 106694. [Google Scholar] [CrossRef]

	



Zhang, Y.; Huo, M.; Zhou, J.; Zou, A.; Li, W.; Yao, C.; Xie, S. DDSolver: An add-in program for modeling and comparison of drug dissolution profiles. AAPS J. 2010, 12, 263–271. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 26 10015 g001] 





Figure 1. Cryoprotectant concentration assessment: Lyophilization with no cryoprotectant added, as well as with different concentrations (w/v %) of PEG2k and PEG5k as cryoprotectants were evaluated for blank nanoparticles. Relative hydrodynamic diameter (nm) of blank Lyo nanoparticles compared to original nanoparticles are reported. All measurements were carried out in triplicate. For nanoparticles containing PEG2k-10% and PEG5k-5%, we observed a very high percentage error and reported the best fit for measurements in duplicate. 
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Figure 2. Systematic evaluation of PEG2k and PEG5k at 1% w/v: Hydrodynamic diameter of blank and curcumin-loaded nanoparticles was explored in the presence of PEG2k and PEG5k at 1% w/v and reported as Original (no lyophilization), NLyo (PEG cryoprotectant added but no lyophilization), and Lyo (cryoprotectant added and lyophilized). 
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Figure 3. The size increase ratio of blank lyophilized nanoparticles containing 1% w/v of PEG2k, glucose, trehalose, sucrose, and mannitol as cryoprotectant relative to original nanoparticles. The size of Lyo nanoparticles was normalized to the size of original nanoparticles (first bar, non-lyophilized original nanoparticles) to evaluate the efficacy of each cryoprotectant on physical stability. All measurements were carried out in triplicate. 
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Figure 4. TEM images of nanoparticles: (A,B) represent Original blank nanoparticles with different magnifications, depicting spherical morphology; (C,D) are for lyophilized and redispersed blank nanoparticles containing glucose 1% w/v as cryoprotectant with different magnifications; (E,F) are for lyophilized and redispersed blank nanoparticles with trehalose 1% w/v as cryoprotectant. White arrows show spherical nanoparticles are surrounded by cryoprotectant-induced rod-type aggregates; (G,H) represent lyophilized and redispersed blank and curcumin-loaded nanoparticles, respectively, with PEG2k at 1% w/v as cryoprotectant. 
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Figure 5. Zeta potential analysis of blank nanoparticles containing PEG2k at 1% w/v in triplicate: the effect of cryoprotectant addition and lyophilization process on the surface charge of nanoparticles were assessed at different stages including Original, NLyo, and Lyo nanoparticles. 
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Figure 6. Evaluation of the effect of PEG2k-1% addition and lyophilization on curcumin release for Original, NLyo, and Lyo nanoparticles over 48 h: (A,B) illustrate the drug release profile conducted in PBS buffer and cell culture media, respectively. Drug release studies were carried out in PBS buffer and cell culture media containing 1% v/v Tween 80 using dialysis, and all measurements were performed in triplicate. 
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Figure 7. Cell viability of HUVEC endothelial cells assessed by MTT assay after 24 h of exposure to free curcumin (Cur), Cur-loaded nanoparticles (Original-Cur, NLyo-PEG-Cur, and Lyo-PEG-Cur), or blank nanoparticles (Original, NLyo-PEG, and Lyo-PEG). Data are expressed as mean ± SD from n = 5 biological replicates and were analyzed using two-way ANOVA. $ p < 0.05 for Original-CUR vs. Cur. * p < 0.05 for NLyo-PEG-Cur vs. Cur. # p < 0.05 for Lyo-PEG-Cur vs. Cur. n = 5. 
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Figure 8. Anti-inflammatory activity of curcumin (Cur) assessed by quantification of interleukin-1β (IL-1β) secretion in THP-1 macrophages. Cells were pretreated for 24 h with 50 μM free Cur, Cur-loaded nanoparticles, or blank nanoparticles followed by stimulation with 10 μM nigericin for 30 min. IL-1β levels were analyzed by Western blotting. “Ctl” refers to cells treated with nigericin alone. Data represent n = 3 independent experiments and were analyzed using one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Table 1. Drug release kinetics model evaluation of curcumin-loaded NPs in PBS using DDSolver.
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Model

	
Parameter

	
Original

	
NLyo

	
Lyo






	
Zero-order

	
R2_adj

	
0.5628

	
0.4662

	
0.1055




	
AIC

	
68.78

	
80.5272

	
76.9778




	
MSC

	
0.4196

	
0.2279

	
−0.3717




	
k0

	
1.196

	
1.882

	
1.833




	
First-order

	
R2_adj

	
0.7349

	
0.8315

	
0.6463




	
k1

	
0.018

	
0.044

	
0.062




	
AIC

	
63.7871

	
68.9974

	
68.6274




	
MSC

	
0.9197

	
1.3812

	
0.5561




	
Higuchi

	
R2_adj

	
0.9925

	
0.9575

	
0.8198




	
AIC

	
28.1145

	
55.2121

	
62.5602




	
MSC

	
4.4870

	
2.7594

	
1.2302




	
kH

	
7.102

	
11.356

	
11.968




	
Hixson–Crowell

	
R2_adj

	
0.6813

	
0.7420

	
0.5146




	
AIC

	
65.6262

	
73.2591

	
71.4762




	
MSC

	
0.7358

	
0.9547

	
0.2396




	
kHC

	
0.005

	
0.012

	
0.020




	
Korsmeyer–Peppas

	
R2_adj

	
0.9978

	
0.9676

	
0.9132




	
AIC

	
16.4943

	
53.3254

	
56.7789




	
MSC

	
5.6490

	
2.9481

	
1.8726




	
kKP

	
8.145

	
13.954

	
19.745




	
Baker–Lonsdale

	
R2_adj

	
0.9981

	
0.9785

	
0.9078




	
AIC

	
14.2003

	
48.4298

	
56.5281




	
MSC

	
5.8784

	
3.4377

	
1.9005




	
kBL

	
0.001

	
0.003

	
0.004




	
Weibull

	
R2_adj

	
0.9975

	
0.9921

	
0.9914




	
AIC

	
18.8299

	
39.8791

	
36.5458




	
MSC

	
5.4155

	
4.2927

	
4.1207




	
β

	
0.538

	
0.536

	
0.352











 





Table 2. Drug release kinetics model evaluation of curcumin-loaded NPs in cell culture media using DDSolver.
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Model

	
Parameter

	
Original

	
NLyo

	
Lyo






	
Zero-order

	
R2_adj

	
0.0110

	
0.3807

	
−0.4453




	
AIC

	
86.6090

	
83.7011

	
90.2645




	
MSC

	
−0.4371

	
0.0844

	
−0.9773




	
k0

	
1.845

	
1.217

	
1.287




	
First-order

	
R2_adj

	
0.6578

	
0.7679

	
0.4341




	
AIC

	
75.9956

	
73.8856

	
80.8882




	
MSC

	
0.6243

	
1.0660

	
−0.0397




	
k1

	
0.058

	
0.031

	
0.056




	
Higuchi

	
R2_adj

	
0.7977

	
0.8718

	
0.6205




	
AIC

	
70.7397

	
67.9503

	
76.8926




	
MSC

	
1.1498

	
1.6595

	
0.3599




	
kH

	
11.760

	
9.319

	
10.394




	
Hixson–Crowell

	
R2_adj

	
0.5215

	
0.6606

	
0.2780




	
AIC

	
79.3490

	
77.6863

	
83.3233




	
MSC

	
0.2889

	
0.6859

	
−0.2832




	
kHC

	
0.019

	
0.008

	
0.016




	
Korsmeyer–Peppas

	
R2_adj

	
0.8786

	
0.8936

	
0.9339




	
AIC

	
66.4524

	
66.9126

	
60.2363




	
MSC

	
1.5786

	
1.7633

	
2.0255




	
kKP

	
18.750

	
13.692

	
24.795




	
Baker–Lonsdale

	
R2_adj

	
0.8860

	
0.9162

	
0.8022




	
AIC

	
65.0041

	
63.7047

	
70.3783




	
MSC

	
1.7234

	
2.0841

	
1.0113




	
kBL

	
0.004

	
0.002

	
0.003




	
Weibull

	
R2_adj

	
0.9326

	
0.9166

	
0.9542




	
AIC

	
61.2426

	
65.1366

	
57.2354




	
MSC

	
2.0995

	
1.9409

	
2.3256




	
β

	
0.538

	
0.536

	
0.352
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