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Abstract

:

Freeze-drying is commonly used to increase the shelf-life of pharmaceuticals and biopharmaceuticals. Freezing represents a crucial phase in the freeze-drying process, as it determines both cycle efficiency and product quality. For this reason, different strategies have been developed to allow for a better control of freezing, among them, the so-called vacuum-induced surface freezing (VISF), which makes it possible to trigger nucleation at the same time in all the vials being processed. We studied the effect of different vial types, characterized by the presence of hydrophilic (sulfate treatment) or hydrophobic (siliconization and TopLyo Si–O–C–H layer) inner coatings, on the application of VISF. We observed that hydrophobic coatings promoted boiling and blow-up phenomena, resulting in unacceptable aesthetic defects in the final product. In contrast, hydrophilic coatings increased the risk of fogging (i.e., the undesired creeping of the product upward along the inner vial surface). We also found that the addition of a surfactant (Tween 80) to the formulation suppressed boiling in hydrophobic-coated vials, but it enhanced the formation of bubbles. This undesired bubbling events induced by the surfactant could, however, be eliminated by a degassing step prior to the application of VISF. Overall, the combination of degasification and surfactant addition seems to be a promising strategy for the successful induction of nucleation by VISF in hydrophobic vials.
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1. Introduction


Freeze-drying, or lyophilization, is widely used for the long-term storage of pharmaceuticals and biopharmaceuticals. In a freeze-drying cycle, the product is first frozen, before ice is removed by sublimation during primary drying. This drying step is usually carried out at low temperature, thus avoiding harsh conditions for active ingredients. A further drying step, called secondary drying, is performed to allow for the desorption of residual moisture at a higher temperature, typically in the range 10–40 °C.



The product morphology that is formed during freezing influences process efficiency and critical attributes of the final product. The size of the ice crystals formed during freezing corresponds to the porous structure obtained in the dried cake, provided that no shrinkage or collapse occurs. A larger porous structure promotes sublimation, reducing primary drying times [1], but penalizes desorption, therefore making the secondary drying time longer [2]. Moreover, the formation of ice has a dramatic impact on active molecules. Intracellular ice crystals or osmotic changes caused by ice formation may damage tissues or cells, leading to loss of viability [3]. In addition, small ice crystals expose a larger surface area, which may be detrimental for the conformational stability of proteins [4]. Therefore, the formation of large crystals is desired when dealing with protein-based pharmaceuticals, and an accurate control of ice formation is also needed for cell-based products.



Freezing conditions are crucial for both cycle efficiency and product quality, and it would be of paramount importance to have adequate control over the process of ice formation. In this context, the two factors that mostly affect ice crystal size are cooling rate and nucleation temperature [5,6]. A low cooling rate and/or a high nucleation temperature promotes the formation of larger ice crystals, hence smaller specific surface area of the ice/freeze concentrate interface. Cooling rate can easily be adjusted in a typical freeze-dryer. In contrast, the temperature at which the first nuclei start to grow is generally randomly distributed within the batch. To address this problem, several strategies have been developed to trigger ice nucleation at the desired temperature value [7,8,9] and optimize both process control and vial-to-vial homogeneity.



Among such techniques, vacuum-induced surface freezing (VISF) has been shown to improve process efficiency and product homogeneity [10,11,12,13,14,15,16], and in some cases, to have either a negligible [17] or a positive [18] effect on protein recovery. For the application of VISF, the product is first equilibrated at a temperature Tn above the onset of spontaneous nucleation, then the chamber pressure is subsequently reduced and held for a short amount of time tn (<1 min) to a product-specific value Pn (generally, around 1 mbar [10]). In these conditions, water evaporation from the supercooled solution results in a quick reduction in temperature that induces the formation of ice nuclei at approximately the same time in all vials. After nucleation, pressure is raised back again, and the freezing process continues until complete solidification.



The VISF procedure could also be described as forced nucleation. Indeed, external conditions (temperature and pressure) are created during the application of VISF that will speed up the stochastic nature of nucleation.



The effect of VISF on process performance and product quality has been the subject of detailed investigation, but little is known about the effect of container properties on the application of vacuum-induced nucleation. Among the possible container formats, vials are probably the most commonly used for lyophilized substances [19], and glass is the most widely used material due to its chemical durability, cleanliness, low gas permeability, sterilizability, and transparency [20].



For parenteral drugs, type I borosilicate glass is generally used. Type I glass containers are mainly composed of silicon dioxide (~81%) and boric oxide (~13%), with low levels of non-network-forming oxides such as sodium and aluminum oxides. It is a chemically resistant glass with a low coefficient of thermal expansion [19].



Oxides that cannot enter the structural network of glass are relatively free to migrate from the container to the solution, resulting in leaching. The leaching process is a diffusion-controlled ion-exchange phenomenon involving proton exchange from an aqueous solution for the alkali ions present in glass (e.g., Li+, Na+, K+, Mg2+, Ca2+, and Mg3+). This loss of hydronium ions during leaching leads to a rise in pH value in the product solution, and potential instability of biomolecules [19,21].



During storage of drugs in glass containers, delamination may also occur [22]. Delamination is the result of a chemical attack on the glass surface forming visible or subvisible flakes and particulates that are generally unacceptable [23,24]. Finally, significant quantities of protein or other biomolecules within the solution may adsorb onto the glass of the container, leading to reduced activity and recovery [25,26,27]. To overcome these problems, internal coatings may be applied to the containers [28].



For instance, sulfate-treated vials that underwent a sulfurization treatment with ammonium sulfate salt, are very common. The treatment consists of bringing ammonium sulfate to high temperatures (>490 °C) in such a way that it decomposes. The resulting vapor reacts with surface alkalis (cationic metals), forming water-soluble sodium and potassium salts and displacing calcium with hydrogen. After washing, a silica-enriched layer is formed that acts as a barrier for the further elution of alkali [19,29,30]. Therefore, sulfurization treatment reduces surface alkalinity [31] and suppresses both particle formation phenomena [32] and potential metallic leachates. However, sulfurization may pit the vial surface, enhancing delamination [19,21,33].



Other common surface treatments involve the application of a hydrophobic coating such as siliconization or the deposition of a nonporous Si–O–C–H layer as is the case of the TopLyo vials produced by Schott. Siliconized vials contain lesser quantities of Na and B and more of Si and C than untreated vials, whereas the surface composition of TopLyo vials is dominated by C, Si, and O [34]. Containers displaying an internal hydrophobic coating have some advantages including: (i) a suppression of contact between solution and vial glass [32]; (ii) an effective prevention of alkali elution from glass [31,35], delamination [35,36], and ion leaching; (iii) an improved resistance to nonspecific binding, reducing sample losses, and minimizing protein absorption; and (iv) an almost complete drainage of the product from the vial, allowing for an accurate dosage. The hydrophobic coatings likely prevent the adsorption of hydrophilic excipients/active ingredients, thus being extremely useful in applications where a complete recovery of the material is crucial.



It is evident from this short review that an internal coating can bring important advantages to freeze-dried products. In this work, we studied the effect of such coatings (sulfate-treated, siliconized, and TopLyo vials) on the application of VISF. Different model solutions comprising both an amorphous (sucrose) and a crystalline (mannitol) lyoprotectant as well as a surfactant (polysorbate Tween 80) were considered. We showed that the internal coating affected both the process variables for the application of VISF and final product appearance, displaying a delicate interplay with the formulation.




2. Materials and Methods


2.1. Materials and Instrumentation


Four vial types (2R size, type I glass) were evaluated: untreated (S−), sulfate-treated (ST), siliconized (S+), and TopLyo (TL). Untreated vials were purchased from Müller + Müller (Holzminden, Germany), sulfate-treated vials were obtained from Nuova Ompi (Piombino Dese, Italy), and TopLyo vials were provided by Schott (Müllheim, Germany). Siliconization was performed by GSK Vaccines (Rixensart, Belgium) on some untreated vials by using a pilot washing and siliconization station (ASVG 100, Groninger, Groninger & Co. GMBH, Crailsheim, Allemagne). A non-ionic emulsion of dimethicone oil-in-water at 35% (silbione emulsion 70001 SP) was applied to the internal surface of vials for this purpose, followed by washing and sterilization (1 h at 260 °C). Helvoet FM 460 igloo stoppers (ultra-pure bromobutyl formulation with extremely high chemical purity and low gas permeability) were used to partially close all vial types during freeze-drying.



Sucrose, mannitol, and Tween 80 were obtained from VWR, Roquette, and NOF Corporation, respectively, and used as supplied. The formulations tested were: water (DW), water + 0.02% w/v Tween 80 (DW + TW80), 5% w/w sucrose (Suc), 5% w/w sucrose + 0.02% w/v Tween 80 (Suc + TW80), 5% w/w mannitol (Man), and 5% w/w mannitol + 0.02% w/v Tween 80 (Man + TW80). All solutions were prepared in demineralized water and filtered through a 0.22-μm filter before use. The freezing experiments were performed in a pilot-scale freeze-dryer (HETO DW 8030, Thermo Fisher Scientific, Waltham, MA, USA), equipped with a Thermovac TM 101 vacuum meter, and Tempris probes (Tempris GmbH, Holzkirchen, Allemagne) for monitoring the product temperature in selected vials. The Thermovac TM 101 sensor is equipped with a Piezo/Pirani combination sensor, allowing for an accurate pressure measurement in the whole range of 1200–5 × 10−4 mbar. This represents an advantage for induced nucleation experiments, where the phenomena involved (bubbling, boiling, nucleation, and blow-up, as detailed later) occur in a wide range of pressure values (from 50 mbar to less than 1 mbar). However, due to the Pirani sensor, measurements below 15 mbar depend on the gas type, and are not accurate when the gas inside the drying chamber is different from nitrogen because of, for instance, water evaporation from the vials. For this reason, the Thermovac TM 101 sensor was used only in freezing experiments, where the number of vials used (20, see following Section 2.2 and Section 2.3) was small enough to result in a negligible rate of evaporation inside the chamber. Moreover, some of the freezing experiments were repeated in a lab scale freeze-dryer (REVO, Millrock Technology, Kingston, NY, USA) equipped with an MKS Baratron pressure sensor, and no noticeable difference was observed from the experiments carried out in the HETO freeze-dryer. Specifically, the values of pressure at which nucleation started to occur in the vials (Pfirst), and at which all the vials had nucleated (Plast), did not show any remarkable difference when the VISF protocol was applied in the two different freeze dryers. The MKS Baratron sensor used in the REVO freeze dryer cannot measure pressure values above 2 mbar and is therefore not optimal to capture the whole range of phenomena involved in nucleation events. However, its readings are independent of gas type, and allowed us to validate the results obtained with the Thermovac TM 101 sensor. The freeze-drying experiments (Section 2.4) were then performed directly in the REVO freeze-dryer, as the large number of vials used in this case (200), and the correspondingly high evaporation rate, would have risked compromising the Thermovac TM 101 readings.




2.2. Determination of the Nucleation Pressure


Twenty vials for each type and formulation (with 0.5 mL filling volume) were loaded onto the freeze-dryer HETO DW 8030, placing them on the central shelf in a staggered way at 4 cm from the edge of the shelf. Tempris sensors were used to monitor the solution temperature inside three vials, and loading was always performed at 4 °C. After 15 min equilibration at 4 °C, shelf temperature was decreased to either −6.5 °C (corresponding to Tn = −5 °C in the solution) in 10 min or to −11.5 °C (corresponding to Tn = −10 °C in the solution) in 15 min. When the vials reached Tn and their temperature was stable, as measured by the Tempris probes, the vacuum pump was switched on to gradually decrease the chamber pressure. The pressure values, Pfirst and Plast, corresponding to the pressure values at which nucleation was observed in the first or last vial, respectively, were noted down. Atmospheric pressure was then re-established after the last vial nucleated.



Once Pfirst and Plast had been determined, further experiments (with the same number of vials, filling volume, and cooling ramps previously described) were performed with the objective to determine the time tn required to induce nucleation at a specific pressure value Pn. For each vial type, formulation, and nucleation temperature (Tn), the value of Pn was calculated as follows:


   P n  =  P  f i r s t   −    P  f i r s t   −  P  l a s t    c   



(1)




where c is a coefficient initially set to a value of 3. This value of 3 was an empirical choice to discretize the Pfirst − Plast interval into a reasonable number of points, so that experimental testing could be more straightforward. Once the Pn value was reached, the valve between the condenser and vacuum chamber was closed, and the vacuum chamber remained isolated until nucleation was observed in all vials. The time tn required to induce nucleation after isolation of the chamber was noted down. After nucleation was triggered in all vials, atmospheric pressure was re-established. If less than 70% of the vials nucleated in a maximum time tn of five minutes, the experiment was repeated by decreasing the value of c by one unit or half a unit. The arbitrary value of 70% was chosen in this work as a compromise between nucleation efficiency (in terms of % of nucleated vials) and mitigation of blow-up phenomena.




2.3. Determination of the Influence of the Degasification Process


The effect of degasification was evaluated on the DW and DW + TW80 formulations. Ten TopLyo vials were filled with 0.5 mL of the chosen solution, while another group of ten TopLyo vials was filled with 0.6 mL of the same solution. One Tempris probe was inserted into each group to monitor the temperature of the solution. The group of vials filled with 0.6 mL of solution were placed in a staggered way on the left part of the central shelf of the vacuum chamber at a distance of 4 cm from the front edge of the shelf and were subjected to degasification. In the absence of Tween 80, degasification was performed at 10 °C and 10 mbar for 10 min, followed by a further step at 10 °C and 7 mbar for 20 min. In the presence of Tween 80, degasification consisted of three steps: 10 °C and 10 mbar for 5 min, followed by 10 °C and 7 mbar for 10 min, and eventually 10 °C and 4 mbar for 15 min. The degassing procedure included several stages at different pressures because directly decreasing the pressure to the lower pressure value would cause too intense bubbling, with possible nucleation of the solution inside the vials or leakage of the product from the vials. After completing degasification (which, in all cases, lasted 30 min) atmospheric pressure was re-established, temperature was decreased to 4 °C, and the second group of vials with a filling volume of 0.5 mL was loaded in a staggered way on the right part of the central shelf of the vacuum chamber at a distance of 4 cm from the front edge of the shelf. An additional 0.1 mL of solution in the degassed vials was foreseen to compensate for the evaporation of the solution during degasification.



After loading the second group of vials, the shelf temperature was kept at 4 °C for 15 min, and then lowered to −6.5 °C in 10 min (corresponding to Tn = −5 °C in the solution). When the vials reached Tn and their temperature was stable, the vacuum pump was switched on to gradually decrease the chamber pressure. After the last vial nucleated, atmospheric pressure could be re-established.




2.4. Freeze Drying Experiments


The Suc and Suc + TW80 formulations were further subjected to a complete freeze-drying cycle. For this purpose, both untreated and siliconized vials were considered for a total of four different batches (2 formulations × 2 vial types). Each batch comprised 200 vials, with a 0.5 mL filling volume. The freeze-drying experiments were carried out in the REVO freeze-dryer, and two T-type thermocouples were inserted in each batch, inside two selected vials and close to the vial bottom, to monitor temperature evolution. Vials were equilibrated at Tn = −5 °C (corresponding to a shelf temperature of −6.5 °C). The chamber pressure was then decreased to the value of Pn previously determined (see Section 2.2). Once the Pn value was reached, the valve between the condenser and the vacuum chamber was closed, and the chamber isolated for a time tn (as determined in Section 2.2) before re-establishing atmospheric pressure. Completion of product freezing, and the primary drying and secondary drying phases were then performed as detailed in Table 1.



An additional freeze-drying cycle for the Suc + TW80 formulation inside siliconized vials was also performed, using the same batch setup and cycle details previously described. However, vials were filled with 0.6 mL of solution in this case, and subjected to preliminary degassing, carried out in three steps: 10 °C and 10 mbar for 5 min, followed by 10 °C and 7 mbar for 10 min, and eventually 10 °C and 4 mbar for 15 min. The objective was to investigate the effect of degasification on product appearance after freeze-drying. After the freeze-drying cycles, the vials were visually inspected for the presence of defects due to boiling, bubbling, blow-up, or fogging phenomena. Only vials without any trace of wall staining or cake imperfections were deemed as acceptable.





3. Results and Discussion


3.1. Effect of Formulation and Vial Type on the Nucleation Pressure


As a first objective of the present work, a series of experiments was carried out to determine the effect of vial type and formulation on nucleation pressure. As detailed in Section 2.2, we first measured the values of Pfirst and Plast (i.e., the pressures at which the first and last vials nucleated, respectively). The nucleation event was detected by visual inspection, and the nucleation pressure values of the vials containing a Tempris probe were discarded because the probes can act as nucleating agents, altering the nucleation behavior. The results of this first analysis are shown in Table 2.



We observed that the Pfirst and Plast values were close to 1 mbar, as previously reported [10]. Moreover, neither vial type nor the presence of the surfactant Tween 80 had a marked influence on Pfirst and Plast. However, Pfirst and Plast were slightly lower in the presence of sucrose and, even more so, in mannitol. This can be explained considering that the addition of a non-volatile solute to a solution decreases vapor pressure, thus limiting evaporation phenomena. This means that lower chamber pressures are needed in this case to achieve high evaporation rates, and to eventually induce nucleation by VISF.



Another interesting observation is that Pfirst and Plast were slightly higher at Tn = −10 °C than at Tn = −5 °C (Table 2), albeit the effect was not dramatic (the ANOVA test indicated that the difference was not statistically relevant, with p-values above 0.1 for both Pfirst and Plast). This observation can be explained when thinking about the mechanism of nucleation induction by VISF: a decrease in chamber pressure promotes increased evaporation from the solution, and a consequent decrease in temperature, which eventually promotes ice nucleation. If the starting temperature of the solution (Tn) is lower (−10 °C vs. –5 °C), the temperature decrease needed to induce nucleation is smaller, and the pressure decrease required to induce evaporation is also reduced.




3.2. Effect of Formulation and Vial Type on Bubbling and Boiling Phenomena


While performing the first experiments for the determination of nucleation pressure, we noted the occurrence of undesired phenomena (boiling and bubbling) in some vial types and for specific formulations.



Decreasing pressure in the chamber promotes degassing of the solution in the vials. For pressures below 50 mbar, small bubbles start to form between the internal surface of the vials and the solution. These bubbles keep growing at lower pressures, until they burst out at around 10 mbar. This phenomenon, denominated bubbling, stops at pressures in the range of 2–3 mbar.



The other phenomenon induced by pressure reduction is boiling. The boiling point is the temperature at which the vapor pressure of the liquid equals the pressure exerted on the liquid. When chamber pressure decreases below 35–40 mbar, small bubbles begin to form at the bottom of the vials, and the solution may start boiling if too low pressures are reached.



Both bubbling and boiling negatively influence the morphology of the cake, often making it unacceptable because of aesthetic defects, and therefore need to be minimized. Defects induced by bubbling and boiling can be observed in Figure 1A,D.



We analyzed both the diffusion and intensity of bubbling/boiling phenomena during our experiments. Regarding diffusion, the following qualitative scale was used: (I) isolated, indicating a phenomenon observed in less than 1/3 of the vials; (W) widespread, for phenomena observed in more than 1/3 of the vials. Regarding intensity, we distinguished between: (W) weak, for a phenomenon of low intensity that only slightly agitates the solution; (M) moderate, for a phenomenon with significant magnitude that moderately agitates the solution; and (S) strong, for a very tumultuous phenomenon that may lead to nucleation and that negatively affects product morphology. The results of this analysis are summarized in Table 3.



It is possible to notice that bubbling was promoted by Tween 80 (Figure 1A, Table 3), and, in a less pronounced way, also by sucrose and mannitol. The reduction in surface tension induced by Tween, and consequent promotion of bubble formation, was probably the basis of the observed fostering of the bubbling phenomena. Sucrose and other sugars were also observed to inhibit bubble coalescence over a concentration range 0.01–0.3 M [38], which may be the basis of our observations. Bubbling was also generally weaker for Tn = −10 °C than for Tn = −5 °C. This may be explained by considering that both oxygen and nitrogen solubility values increase in water at lower temperature, and this reduces their phase separation as bubbles. Finally, it can be observed that bubbling was slightly less widespread and intense in sulfate-treated vials than in untreated ones.



Concerning boiling, this phenomenon seemed to be promoted by the presence of a hydrophobic coating, as was the case in siliconized and, even more so, in TopLyo vials (Figure 1D, Table 3). This occurs because the reduced surface wettability in these conditions, and the consequently weaker interactions between the solution and container, promote a tumultuous release of bubbles at low pressures. We speculate that the reason behind this may be the formation of voids between the solution and the container in conditions of low wettability. These voids act as nucleating spots during boiling, exacerbating this phenomenon. Surface wettability is improved by the surfactant Tween 80, which may prevent the formation of voids between the solution and container, and which was revealed to be extremely effective in suppressing the boiling phenomena (Table 3).



Fogging was also observed in our experiments. Fogging is defined as the spreading of the product and its deposition in spots or as a thin layer on the internal surface of the container above the cake [28,39]. Fogging is promoted by high surface wettability, as such being favored by hydrophilic coatings and surfactants [34,40]. In line with this, we observed fogging in untreated vials and, to an even greater extent, in sulfate-treated vials (Figure 1B) where it is promoted by the low contact angles between the solution and container. The phenomenon was, in contrast, completely absent for the siliconized and TopLyo vials because of their hydrophobic surfaces and reduced wettability [39].




3.3. Effect of Formulation and Vial Type on Nucleation Time and Blow Up


As described in Section 2.2, a series of experiments was performed to obtain the combination of pressure (Pn) and holding time (tn), leading to nucleation in at least 70% of vials. Again, vials containing Tempris probes were not considered for this analysis.



We observed that tn did not vary much with vial type/formulation and was generally quite short (Table 4). The average value of tn was on the order of 9 s. Specifically, tn = 0 means that all vials had already nucleated when the vacuum chamber was isolated from the condenser.



The Pn value was generally comprised between Pfirst and Plast, according to Equation (1). However, there was one case only where the best combination (Pn, tn) corresponded to Pn < Plast (Man + TW80 in siliconized vials, c = 0.75). In general, we also noted that the c factor (Equation (1)) was slightly larger for untreated vials (i.e., Pn closer to Pfirst) than for other vial types (Table 4), but this effect was not very pronounced. Looking at Table 4, it becomes evident that Pn was not influenced by vial type and was slightly lower only for the mannitol-based formulations.



If pressure release after induction of nucleation occurs too slowly, blow-up may occur (i.e., the frozen product may climb up the surface of the container), driven by a difference in pressure between the vial headspace and bottom (Figure 1C). The holding time tn determined in our experiments was sufficiently short to avoid, in most cases, the blow-up of the frozen cake. However, some blow-up was observed during the experiments (as evidenced by the presence of the symbol * in Table 4), and we found that this phenomenon was promoted by hydrophobic coatings (siliconized and TopLyo vials). This occurs because the hydrophobic coating results in an extremely homogeneous surface, where friction with the cake is minimized. In the case of blow-up involving solutions with Tween 80, we also noted the formation of bubbles under the lifted cake, leading to unacceptable aesthetic defects (Figure 1C).




3.4. Effect of Degasification


Following the procedure described in Section 2.3, the effect of adding a degassing step was also investigated. We focused our attention on the DW and DW + TW80 formulations. Only the TopLyo vial type was considered for this analysis, because we previously found that it was particularly critical in terms of bubbling and boiling phenomena.



In the case of the DW formulation, we observed that boiling took place both in the degassed and non-degassed samples when inducing nucleation. The intensity of boiling was lower for degassed vials, but the product aesthetic was still unacceptable (Figure 2A).



The behavior changed upon the addition of the surfactant. During degassing of the solution, we noted moderate bubbling, but the presence of Tween 80 effectively prevented the boiling phenomena. Afterward, when lowering the chamber pressure to induce nucleation, marked bubbling was found to occur only in samples that had not been subjected to degassing (Figure 2B).



We can therefore conclude that the combination of Tween 80 and a preliminary degassing step succeeded in eliminating nucleation defects in hydrophobic containers; the surfactant suppresses boiling due to improved wettability of the internal surface of vials and, in turn, bubbling phenomena are eliminated by degassing.



As can be seen in Figure 2C, the morphology of the frozen cake obtained after nucleation was acceptable for vials subjected to degassing, whereas non-degassed samples presented small defects due to bubbling. This analysis allowed us to conclude that the addition of a degassing step prior to the induction of nucleation is important to improve product appearance and minimize aesthetic defects, especially for vials with an internal hydrophobic coating. We therefore set out to test a whole freeze-drying cycle at the optimized conditions determined from these preliminary experiments.




3.5. Optimized Vacuum Induced Surface Freezing Conditions for Freeze-Drying


Following the procedure fully described in Section 2.4, full freeze-drying cycles were performed using the Suc or Suc + TW80 formulations in either untreated or siliconized vials. Siliconized vials were selected because they behave similarly to TopLyo containers, but are more commonly used in industrial processes.



For these freeze-drying cycles, we based the VISF protocol on the results shown in Table 4 (i.e., we employed the values of Pn and tn previously determined). This is extremely useful for automatizing the controlled-freezing protocol, as the presence of an operator is not required if the values of Pn and tn are already known. Moreover, this is a necessary requirement for a whole batch, where most of the vials are not in-sight of the operator, and the only way to properly select the nucleation pressure and time is by means of prior knowledge (as in this work), or alternatively, through the use of a suitable monitoring device (for instance, heat flux sensors [41] or infrared thermography [42] that were recently applied to the VISF protocol).



In the case of untreated vials and the Suc formulation, the freeze-dried cakes obtained displayed a fairly good pharmaceutical appearance (Figure 3A). The batch was visually inspected, and about 83.3% of the vials within the batch were found to be aesthetically acceptable (thermocouple-containing vials were excluded from the calculation). Only some minor surface defects due to bubbling or fogging (Figure 3B) were observed.



In the case of siliconized vials and the Suc formulation, only 10.6% of the freeze-dried cakes were aesthetically acceptable, while the remaining 89.4% displayed blow-up or surface defects due to boiling and, marginally, bubbling (Figure 3C). Siliconization results in a hydrophobic surface that resists nonspecific binding and reduces friction with the cake, promoting blow-up.



In the case of untreated vials and the Suc + TW80 formulation, fogging and bubbling phenomena were observed, most likely promoted by the surfactant (Figure 3D). About 36.3% of the freeze-dried cakes were aesthetically acceptable, while the remaining 63.7% displayed surface defects.



The Suc + TW80 formulation inside siliconized vials was freeze-dried both with and without preliminary degassing. In the absence of degassing, blow-up and bubbling were observed, with about 38.7% of the freeze-dried cakes being aesthetically unacceptable (Figure 3E).



When a preliminary degassing step was added, freeze-dried cakes with a good morphology were instead obtained for 99.01% of the vials (Figure 3F) due to the absence of bubbling and boiling phenomena prior to nucleation. The presence of Tween 80 abolished boiling by improving surface wettability, and the degassing process minimized bubbling, as discussed in the previous section.



Overall, the use of vials with a hydrophobic coating (that reduces non-specific binding and minimizes sample loss), in combination with a surfactant (that suppresses boiling phenomena) and a degassing step (that prevents bubbling) seems a promising approach for the application of vacuum-induced surface freezing.





4. Conclusions


In this paper, we studied the effect of different surface coatings (sulfate treatment, siliconization, and TopLyo Si–O–C–H layer) on the application of vacuum-induced surface freezing. The study was extended to both amorphous (sucrose) and crystalline (mannitol) formulations, and the presence of a surfactant (Tween 80) was also considered.



We found that the presence of a surface coating did not markedly affect the nucleation pressure (Pn) or time (tn). However, hydrophobic coatings (i.e., siliconized and TopLyo vials) seemed to promote boiling and blow-up phenomena, while the presence of a hydrophilic inner surface (i.e., untreated and sulphate-treated vials) increased the risk of fogging.



A delicate interplay was found to occur between surface coatings and the composition of the formulation. For instance, the addition of Tween 80 to siliconized and TopLyo vials effectively suppressed the boiling phenomena, but it increased the risk of bubbling. Sucrose and mannitol did not exert any pronounced effect on boiling, but they slightly promoted bubbling events.



We further observed that the addition of a degasification step prior to nucleation could significantly reduce bubbling. We therefore hypothesized that the combination of degassing in the presence of Tween 80, which inhibits boiling, could be a promising strategy for a successful induction of nucleation by VISF. We applied this strategy to the freeze-drying of a sucrose-based formulation in siliconized vials, and eventually obtained elegant cakes, without apparent surface defects. It should, however, be noticed that the drawback of the degasification is the risk of volume loss before freezing, which may be an additional source of heterogeneity inside the batch.



These effects need to be taken into account for a successful cycle development. As a possible future development, it could be interesting to repeat this investigation for other types of container such as ampoules, dual chamber syringes, or cartridges. It could also be instructive to evaluate the application of vacuum-induced surface freezing to super-hydrophilic containers. Fogging phenomena may be exacerbated, but boiling and blow-up phenomena would be eliminated by the high affinity between the aqueous solution and the container surface. Bubbling could be controlled by degassing, and there would be no need to add a surfactant, the presence of which is undesired in some formulations.







Author Contributions


Conceptualization, F.R., A.A., E.B., B.S. and R.P.; Formal analysis, F.R. and A.A.; Investigation, F.R. and A.A.; Resources, E.B., B.S. and R.P.; Data curation, F.R. and A.A.; Writing—original draft preparation, F.R. and A.A.; Writing—review and editing, F.R., A.A., E.B., B.S. and R.P.; Supervision, E.B., B.S. and R.P.; Project administration, E.B., B.S. and R.P.; Funding acquisition, E.B., B.S. and R.P. 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


Data not included within the manuscript are available upon request.




Acknowledgments


The authors would like to thank Vincent Ronsse (GSK Vaccines) and Alain Philippart (GSK Vaccines) for their valuable help during sample preparation and experimental setups. Furthermore, the authors thank Pascal Cadot (GSK Vaccines) for the language review of this work.




Conflicts of Interest


E.B. and B.S. are employees of the GSK group of companies. F.R. performed his master’s research work at GlaxoSmithKline Biologicals SA. The company had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results. The other authors declare no conflict of interest.




References


	



Searles, J.A.; Carpenter, J.F.; Randolph, T.W. The Ice Nucleation Temperature Determines the Primary Drying Rate of Lyophilization for Samples Frozen on a Temperature-Controlled Shelf. J. Pharm. Sci. 2001, 90, 860–871. [Google Scholar] [CrossRef]

	



Oddone, I.; Barresi, A.A.; Pisano, R. Influence of Controlled Ice Nucleation on the Freeze-Drying of Pharmaceutical Products: The Secondary Drying Step. Int. J. Pharm. 2017, 524, 134–140. [Google Scholar] [CrossRef] [PubMed]

	



Jang, T.H.; Park, S.C.; Yang, J.H.; Kim, J.Y.; Seok, J.H.; Park, U.S.; Choi, C.W.; Lee, S.R.; Han, J. Cryopreservation and Its Clinical Applications. Integr. Med. Res. 2017, 6, 12–18. [Google Scholar] [CrossRef]

	



Arsiccio, A.; Pisano, R. The Ice-Water Interface and Protein Stability: A Review. J. Pharm. Sci. 2020, 109, 2116–2130. [Google Scholar] [CrossRef] [PubMed]

	



Arsiccio, A.; Pisano, R. Application of the Quality by Design Approach to the Freezing Step of Freeze-Drying: Building the Design Space. J. Pharm. Sci. 2018, 107, 1586–1596. [Google Scholar] [CrossRef]

	



Bald, W.B. On Crystal Size and Cooling Rate. J. Microsc. 1986, 143, 89–102. [Google Scholar] [CrossRef]

	



Pisano, R. Alternative Methods of Controlling Nucleation in Freeze Drying. In Lyophilization of Pharmaceuticals and Biologicals: New Technologies and Approaches; Ward, K.R., Matejtschuk, P., Eds.; Springer: New York, NY, USA, 2019; pp. 79–111. [Google Scholar] [CrossRef]

	



Geidobler, R.; Winter, G. Controlled Ice Nucleation in the Field of Freeze-Drying: Fundamentals and Technology Review. Eur. J. Pharm. Biopharm. 2013, 85, 214–222. [Google Scholar] [CrossRef]

	



Kasper, J.C.; Friess, W. The Freezing Step in Lyophilization: Physico-Chemical Fundamentals, Freezing Methods and Consequences on Process Performance and Quality Attributes of Biopharmaceuticals. Eur. J. Pharm. Biopharm. 2011, 78, 248–263. [Google Scholar] [CrossRef] [PubMed]

	



Arsiccio, A.; Barresi, A.; De Beer, T.; Oddone, I.; Van Bockstal, P.J.; Pisano, R. Vacuum Induced Surface Freezing as an Effective Method for Improved Inter- and Intra-Vial Product Homogeneity. Eur. J. Pharm. Biopharm. 2018, 128, 210–219. [Google Scholar] [CrossRef]

	



Oddone, I.; Pisano, R.; Bullich, R.; Stewart, P. Vacuum-Induced Nucleation as a Method for Freeze-Drying Cycle Optimization. Ind. Eng. Chem. Res. 2014, 53, 18236–18244. [Google Scholar] [CrossRef]

	



Oddone, I.; Van Bockstal, P.-J.; De Beer, T.; Pisano, R. Impact of Vacuum-Induced Surface Freezing on Inter- and Intra-Vial Heterogeneity. Eur. J. Pharm. Biopharm. 2016, 103, 167–178. [Google Scholar] [CrossRef]

	



Liu, J.; Viverette, T.; Virgin, M.; Anderson, M.; Dalal, P. A Study of the Impact of Freezing on the Lyophilization of a Concentrated Formulation with a High Fill Depth. Pharm. Dev. Technol. 2005, 10, 261–272. [Google Scholar] [CrossRef] [PubMed]

	



Wenzel, T.; Gieseler, M.; Gieseler, H. Investigation of Two Different Pressure-Based Controlled Ice Nucleation Techniques in Freeze-Drying: The Integral Role of Shelf Temperature After Nucleation in Process Performance and Product Quality. J. Pharm. Sci. 2020, 109, 2746–2756. [Google Scholar] [CrossRef]

	



Wenzel, T.; Gieseler, M.; Gieseler, H. Design of Vacuum-Induced Freezing Protocols for High Fill Volume Formulations in Freeze-Drying: A Strategic Approach. J. Pharm. Sci. 2020, 109, 3035–3044. [Google Scholar] [CrossRef] [PubMed]

	



Allmendinger, A.; Butt, Y.L.; Mietzner, R.; Schmidt, F.; Luemkemann, J.; Lema Martinez, C. Controlling Ice Nucleation during Lyophilization: Process Optimization of Vacuum-Induced Surface Freezing. Processes 2020, 8, 1263. [Google Scholar] [CrossRef]

	



Oddone, I.; Arsiccio, A.; Duru, C.; Malik, K.; Ferguson, J.; Pisano, R.; Matejtschuk, P. Vacuum-Induced Surface Freezing for the Freeze-Drying of the Human Growth Hormone: How Does Nucleation Control Affect Protein Stability? J. Pharm. Sci. 2020, 109, 254–263. [Google Scholar] [CrossRef]

	



Arsiccio, A.; Matejtschuk, P.; Ezeajughi, E.; Riches-Duit, A.; Bullen, A.; Malik, K.; Raut, S.; Pisano, R. Impact of Controlled Vacuum Induced Surface Freezing on the Freeze Drying of Human Plasma. Int. J. Pharm. 2020, 582, 119290. [Google Scholar] [CrossRef] [PubMed]

	



Sacha, G.A.; Saffell-Clemmer, W.; Abram, K.; Akers, M.J. Practical Fundamentals of Glass, Rubber, and Plastic Sterile Packaging Systems. Pharm. Dev. Technol. 2010, 15, 6–34. [Google Scholar] [CrossRef]

	



Schaut, R.A.; Peanasky, J.S.; DeMartino, S.E.; Schiefelbein, S.L. A New Glass Option for Parenteral Packaging. PDA J. Pharm. Sci. Technol. 2014, 68, 527–534. [Google Scholar] [CrossRef]

	



Ennis, R.D.; Pritchard, R.; Nakamura, C.; Coulon, M.; Yang, T.; Visor, G.C.; Lee, W.A. Glass Vials for Small Volume Parenterals: Influence of Drug and Manufacturing Processes on Glass Delamination. Pharm. Dev. Technol. 2001, 6, 393–405. [Google Scholar] [CrossRef]

	



Ditter, D.; Nieto, A.; Mahler, H.-C.; Roehl, H.; Wahl, M.; Huwyler, J.; Allmendinger, A. Evaluation of Glass Delamination Risk in Pharmaceutical 10 ML/10R Vials. J. Pharm. Sci. 2018, 107, 624–637. [Google Scholar] [CrossRef]

	



Cailleteau, C.; Angeli, F.; Devreux, F.; Gin, S.; Jestin, J.; Jollivet, P.; Spalla, O. Insight into Silicate-Glass Corrosion Mechanisms. Nat. Mater. 2008, 7, 978–983. [Google Scholar] [CrossRef]

	



Iacocca, R.G.; Allgeier, M. Corrosive Attack of Glass by a Pharmaceutical Compound. J. Mater. Sci. 2007, 42, 801–811. [Google Scholar] [CrossRef]

	



Petty, C.; Cunningham, N.L. Insulin Adsorption by Glass Infusion Bottles, Polyvinylchloride Infusion Containers, and Intravenous Tubing. Anesthesiology 1974, 40, 400–404. [Google Scholar] [CrossRef]

	



Höger, K.; Mathes, J.; Frieß, W. IgG1 Adsorption to Siliconized Glass Vials—Influence of PH, Ionic Strength, and Nonionic Surfactants. J. Pharm. Sci. 2015, 104, 34–43. [Google Scholar] [CrossRef] [PubMed]

	



Grohganz, H.; Rischer, M.; Brandl, M. Adsorption of the Decapeptide Cetrorelix Depends Both on the Composition of Dissolution Medium and the Type of Solid Surface. Eur. J. Pharm. Sci. 2004, 21, 191–196. [Google Scholar] [CrossRef] [PubMed]

	



Ditter, D.; Mahler, H.-C.; Roehl, H.; Wahl, M.; Huwyler, J.; Nieto, A.; Allmendinger, A. Characterization of Surface Properties of Glass Vials Used as Primary Packaging Material for Parenterals. Eur. J. Pharm. Biopharm. 2018, 125, 58–67. [Google Scholar] [CrossRef]

	



Mochel, E.L.; Nordberg, M.E.; Elmer, T.H. Strengthening of Glass Surfaces by Sulfur Trioxide Treatment. J. Am. Ceram. Soc. 1966, 49, 585–589. [Google Scholar] [CrossRef]

	



Preston, W.A.; Neil, R.A. Glass and Rubber Closure Effects on the PH of Water l.A Preliminary Investigation. PDA J. Pharm. Sci. Technol. 1984, 38, 11–17. [Google Scholar]

	



Iacocca, R.G.; Toltl, N.; Allgeier, M.; Bustard, B.; Dong, X.; Foubert, M.; Hofer, J.; Peoples, S.; Shelbourn, T. Factors Affecting the Chemical Durability of Glass Used in the Pharmaceutical Industry. AAPS PharmSciTech 2010, 11, 1340–1349. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, T.; Miyajima, M.; Wakiyama, N.; Terada, K. Effects of Phosphate Buffer in Parenteral Drugs on Particle Formation from Glass Vials. Chem. Pharm. Bull. 2013, 61, 539–545. [Google Scholar] [CrossRef] [PubMed]

	



Roseman, T.J.; Brown, J.A.; Scothorn, W.W. Glass for Parenteral Products: A Surface View Using the Scanning Electron Microscope. J. Pharm. Sci. 1976, 65, 22–29. [Google Scholar] [CrossRef]

	



Huang, M.; Childs, E.; Roffi, K.; Karim, F.; Juneau, J.; Bhatnagar, B.; Tchessalov, S. Investigation of Fogging Behavior in a Lyophilized Drug Product. J. Pharm. Sci. 2019, 108, 1101–1109. [Google Scholar] [CrossRef]

	



White, F.; Koberda, M.; Chilamkurti, R. A Systematic Approach for Screening Glass Containers and Elastomeric Closures for Use with Parenteral Solutions. PDA J. Pharm. Sci. Technol. 2008, 62, 157–176. [Google Scholar] [PubMed]

	



Ogawa, T.; Miyajima, M.; Nishimoto, N.; Minami, H.; Terada, K. Comparisons of Aluminum and Silica Elution from Various Glass Vials. Chem. Pharm. Bull. 2016, 64, 150–160. [Google Scholar] [CrossRef]

	



Patel, S.M.; Doen, T.; Pikal, M.J. Determination of End Point of Primary Drying in Freeze-Drying Process Control. AAPS PharmSciTech 2010, 11, 73–84. [Google Scholar] [CrossRef]

	



Henry, C.L.; Craig, V.S.J. Inhibition of Bubble Coalescence by Osmolytes: Sucrose, Other Sugars, and Urea. Langmuir 2009, 25, 11406–11412. [Google Scholar] [CrossRef]

	



Langer, C.; Mahler, H.-C.; Koulov, A.; Marti, N.; Grigore, C.; Matter, A.; Chalus, P.; Singh, S.; Lemazurier, T.; Joerg, S.; et al. Method to Predict Glass Vial Fogging in Lyophilized Drug Products. J. Pharm. Sci. 2020, 109, 323–330. [Google Scholar] [CrossRef]

	



Abdul-Fattah, A.M.; Oeschger, R.; Roehl, H.; Bauer Dauphin, I.; Worgull, M.; Kallmeyer, G.; Mahler, H.-C. Investigating Factors Leading to Fogging of Glass Vials in Lyophilized Drug Products. Eur. J. Pharm. Biopharm. 2013, 85, 314–326. [Google Scholar] [CrossRef] [PubMed]

	



Moino, C.; Bourlés, E.; Pisano, R.; Scutellà, B. In-Line Monitoring of the Freeze-Drying Process by Means of Heat Flux Sensors. Ind. Eng. Chem. Res. 2021, 60, 9637–9645. [Google Scholar] [CrossRef]

	



Harguindeguy, M.; Stratta, L.; Fissore, D.; Pisano, R. Investigation of the Freezing Phenomenon in Vials Using an Infrared Camera. Pharmaceutics 2021, 13, 1664. [Google Scholar] [CrossRef]








[image: Pharmaceutics 13 01766 g001 550] 





Figure 1. (A) Bubbling observed in untreated vials filled with 5% w/w mannitol + 0.02% w/v Tween 80 (the chamber pressure was 6 mbar). (B) Fogging observed in sulfate-treated vials (left), but not in TopLyo vials (right) filled with 5% w/w mannitol, immediately after nucleation. (C) Blow up observed in TopLyo vials filled with 5% w/w sucrose + 0.02% w/v Tween 80. (D) Irregular product in TopLyo vials filled with demineralized water, caused by boiling. All these pictures were taken immediately after nucleation. 
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Figure 2. Two groups of TopLyo vials were filled with the DW (A) or DW + TW80 (B,C) formulations. (A) Defects due to boiling were observed in both degassed (left) and non-degassed (right) DW vials. (B) In the non-degassed DW + TW80 group (right), bubbling phenomena were observed while inducing nucleation. (C) The morphology of the DW + TW80 frozen product was acceptable when degassing was performed (left), whereas small defects due to bubbling (as indicated by arrows) could be observed in the non-degassed samples (right). All these pictures were taken immediately after nucleation. 
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Figure 3. Most freeze-dried cakes of 5% w/w sucrose in untreated vials were aesthetically acceptable (A), but some of them showed fogging (B). When 5% w/w sucrose was dried in siliconized vials, prominent blow-up and boiling were observed (C). Freeze-dried cakes of 5% w/w sucrose + 0.02% w/v Tween 80 in untreated (D) or siliconized (E) vials displayed aesthetic defects, mostly due to fogging and bubbling/blow-up, respectively. Freeze-dried cakes obtained for 5% w/w sucrose + 0.02% w/v Tween 80 in siliconized vials after degassing (F) showed instead a good appearance. All these pictures were taken after secondary drying. 
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Table 1. Details of the freeze-drying cycles performed in the present work.
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	Phase
	t, min
	T, °C
	P, μbar





	Loading
	-
	4
	atm



	Cooling ramp
	10
	−6.5
	atm



	Equilibration
	see (1)
	−6.5
	atm



	Nucleation
	tn
	−6.5
	Pn



	Freezing ramp
	38
	−45
	atm



	Freezing holding
	60
	−45
	atm



	Primary drying ramp
	12
	−20
	100



	Primary drying holding
	see (2)
	−20
	100



	Secondary drying ramp
	120
	20
	100



	Secondary drying holding
	400
	20
	100







(1) Until thermocouples readings were stable at −5 °C. (2) Until completion of sublimation, as determined by comparative pressure measurement [37].
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Table 2. Pfirst and Plast values for the different solutions and vial types considered in this work. S−: untreated, ST: sulfate treated, S+: siliconized, TL: TopLyo.
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S−

	
ST

	
S+

	
TL




	
Solution

	
Tn °C

	
Pfirst

mbar

	
Plast

mbar

	
Pfirst

mbar

	
Plast

mbar

	
Pfirst

mbar

	
Plast

mbar

	
Pfirst

mbar

	
Plast

mbar






	
DW

	
−5

	
1.3

	
0.7

	
1.2

	
0.9

	
1.2

	
0.8

	
1.3

	
1.2




	
DW

	
−10

	
1.3

	
0.8

	
1.3

	
0.9

	
1.2

	
0.9

	
1.2

	
0.9




	
DW + TW80

	
−5

	
1.2

	
0.8

	
1.2

	
0.9

	
1.2

	
0.9

	
1.3

	
0.7




	
DW + TW80

	
−10

	
1.3

	
0.8

	
1.3

	
0.8

	
1.1

	
0.8

	
1.2

	
0.8




	
Suc

	
−5

	
1.2

	
0.8

	
1.1

	
0.8

	
1.1

	
0.8

	
1.2

	
0.9




	
Suc

	
−10

	
1.2

	
0.8

	
1.1

	
0.8

	
1.0

	
0.8

	
1.1

	
0.8




	
Suc + TW80

	
−5

	
1.2

	
1.0

	
1.2

	
0.9

	
1.2

	
0.8

	
1.1

	
0.7




	
Suc + TW80

	
−10

	
1.2

	
0.9

	
1.3

	
0.9

	
1.1

	
0.9

	
1.2

	
0.8




	
Man

	
−5

	
1.2

	
0.7

	
1.2

	
0.6

	
1.1

	
0.6

	
1.1

	
0.8




	
Man

	
−10

	
1.0

	
0.7

	
1.3

	
0.7

	
1.2

	
0.8

	
1.2

	
0.8




	
Man + TW80

	
−5

	
1.1

	
0.7

	
1.2

	
0.7

	
1.1

	
0.8

	
0.9

	
0.7




	
Man + TW80

	
−10

	
1.1

	
0.7

	
1.2

	
0.7

	
1.2

	
0.8

	
1.1

	
0.7
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Table 3. Diffusion and intensity of bubbling and boiling phenomena for the different solutions and vial types considered in this work. S−: untreated, ST: sulfate treated, S+: siliconized, TL: TopLyo. Diffusion scale: I isolated, W widespread. Intensity scale: W weak, M moderate, S strong.
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S−

	
ST

	
S+

	
TL




	
Solution

	
Tn °C

	
Bubbling

	
Boiling

	
Bubbling

	
Boiling

	
Bubbling

	
Boiling

	
Bubbling

	
Boiling






	
DW

	
−5

	
-

	
-

	
-

	
-

	
-

	
I/W

	
-

	
W/S




	
DW

	
−10

	
-

	
-

	
-

	
-

	
-

	
I/W

	
-

	
W/S




	
DW + TW80

	
−5

	
I/M

	
-

	
W/M

	
-

	
W/M

	
-

	
W/S

	
-




	
DW + TW80

	
−10

	
I/M

	
-

	
W/W

	
-

	
W/M

	
-

	
W/M

	
-




	
Suc

	
−5

	
I/M

	
-

	
I/W

	
-

	
I/M

	
I/W

	
I/M

	
W/S




	
Suc

	
−10

	
I/W

	
-

	
I/W

	
-

	
I/W

	
I/W

	
I/M

	
W/S




	
Suc + TW80

	
−5

	
I/M

	
-

	
I/M

	
-

	
W/M

	
-

	
W/S

	
-




	
Suc + TW80

	
−10

	
I/M

	
-

	
I/W

	
-

	
W/M

	
-

	
W/S

	
-




	
Man

	
−5

	
W/M

	
-

	
-

	
-

	
I/M

	
I/W

	
-

	
W/S




	
Man

	
−10

	
I/W

	
-

	
-

	
-

	
I/W

	
I/W

	
-

	
W/S




	
Man + TW80

	
−5

	
W/M

	
-

	
I/M

	
-

	
W/M

	
-

	
W/S

	
-




	
Man + TW80

	
−10

	
W/M

	
-

	
I/W

	
-

	
W/M

	
-

	
W/S

	
-
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Table 4. Nucleation pressure Pn, nucleation time tn, and c factor (see Equation (1)) for the different solutions and vial types considered in the present work. If a * is present in the tn column, blow up was observed. S−: untreated, ST: sulfate treated, S+: siliconized, TL: TopLyo.
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S−

	
ST

	
S+

	
TL




	
Solution

	
Tn

°C

	
Pn

mbar

	
tn

s

	
c

-

	
Pn

mbar

	
tn

s

	
c

-

	
Pn

mbar

	
tn

s

	
c

-

	
Pn

mbar

	
tn

s

	
c

-






	
DW

	
−5

	
1.1

	
17

	
3

	
1.0

	
12

	
2

	
1.0

	
1

	
2

	
1.2

	
26 *

	
1




	
DW

	
−10

	
1.1

	
15

	
3

	
1.1

	
4

	
2

	
1.1

	
9

	
3

	
1.0

	
3 *

	
1.5




	
DW + TW80

	
−5

	
1.1

	
21

	
3

	
1.0

	
5

	
1.5

	
0.9

	
24

	
1

	
0.9

	
28

	
1.5




	
DW + TW80

	
−10

	
1.0

	
0

	
2

	
1.0

	
3

	
1.5

	
0.9

	
1

	
1.5

	
0.9

	
1

	
1.5




	
Suc

	
−5

	
1.0

	
1

	
2

	
0.9

	
1

	
1.5

	
0.9

	
7 *

	
1.5

	
1.0

	
31 *

	
1.5




	
Suc

	
−10

	
1.0

	
2 *

	
2

	
0.9

	
9

	
1.5

	
0.9

	
8 *

	
2

	
0.9

	
0 *

	
1.5




	
Suc + TW80

	
−5

	
1.0

	
0 *

	
1.5

	
1.0

	
2

	
1.5

	
0.9

	
1 *

	
1.5

	
0.8

	
7 *

	
1.5




	
Suc + TW80

	
−10

	
1.0

	
1 *

	
1.5

	
1.0

	
2

	
1.5

	
1.0

	
1 *

	
2

	
0.9

	
0 *

	
1.5




	
Man

	
−5

	
0.9

	
4

	
2

	
0.8

	
2

	
1.5

	
1.0

	
24 *

	
1.5

	
0.9

	
0 *

	
1.5




	
Man

	
−10

	
0.8

	
0

	
2

	
0.9

	
58

	
1.5

	
1.0

	
30 *

	
2

	
1.0

	
17 *

	
2




	
Man + TW80

	
−5

	
0.9

	
28

	
2

	
0.8

	
4

	
1.5

	
0.7

	
1 *

	
0.75

	
0.7

	
0 *

	
1




	
Man + TW80

	
−10

	
0.9

	
21

	
2

	
0.8

	
1

	
1.5

	
0.9

	
2 *

	
1.5

	
0.8

	
3 *

	
1.5
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