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Introduction

Freeze-drying is a dehydration method widely used in the pharmaceutical industry to preserve proteins, hormones, vaccines and bacteria, among others [START_REF] Fonseca | Freeze-Drying of Lactic Acid Bacteria[END_REF][START_REF] Pikal | The Effects of Formulation Variables on the Stability of Freeze-Dried Human Growth Hormone[END_REF][START_REF] Pikal | Freeze-Drying of Proteins, in: Formulation and Delivery of Proteins and Peptides[END_REF]Scutellà et al., 2017a). This method consists of three steps: freezing the product, removing the ice by sublimation (primary drying), and desorbing the bound water (secondary drying). Freeze-drying vaccines extends their shelf life during storage and transportation, and is the recommended procedure for formulations that are not stable enough in liquid form. Because of the rapid growth of the biopharmaceutical industry, it is necessary to find ways to accelerate the development phase of new products. Novel devices combining 96-well plates and small glass tubular containersknown as highthroughput vialscould speed-up the formulation development step by increasing the number of formulations tested per freeze-drying cycle, while limiting the amount of active ingredients. The final product containers used for commercial distribution are usually serum vials, which have a vial bottom area three times greater than high-throughput vials, and are directly placed on the freeze dryer shelf usually contained by a bottomless tray.

The US Food and Drug Administration (FDA) now requires that product quality be integrated into process design. This initiative is known as Quality by Design (QbD). Constructing a "design space" is a key step in the QbD initiative. A design space is defined as the "multidimensional combination and interaction of input variables (e.g., material attributes) and process parameters that have been demonstrated to provide assurance of quality" (US Food and Drug Administration, 2009). When considering the primary drying step of the freeze-drying process, the design space is a graphical solution of the heat and mass transfer equations, capable of predicting the product temperature and sublimation rate at a given time during the process. The design space is built taking account of the product container used at the production scale. Changing the product container during the formulation development step implies a change in the heat and mass transfer properties [START_REF] Pikal | Mass and Heat Transfer in Vial Freeze-Drying of Pharmaceuticals: Role of the Vial[END_REF][START_REF] Pisano | Heat transfer in freeze-drying apparatus[END_REF] and, consequently, the design space. The design spaces using high-throughput and serum vials must be connected in order to "translate" the results of high-throughput formulation screening to a pilot or industrial scale. This strategy enables researchers to accelerate the development of new products, particularly when the container used at industrial scale is defined and known before the formulation development step -3 mL serum vials in our case of study. In this work, the connection between design spaces will be done considering the predicted product temperature for each vial geometry. Product temperature is a crucial process parameter that affects product appearance; and that could subsequently result in unacceptable values of residual moisture content and reconstitution time, as well as a loss of product potency. If the product exceeds a critical temperature known as the collapse temperature, it will not present the desired appearance and will therefore not be accepted on the basis of quality standards. We will use the term "scale-up" to refer to the "translation" of the operating conditions that use high-throughput vials to the operating conditions that use serum vials at the same product temperature. Similarly, we will use the term "scale-down" for the "translation" of the operating conditions from serum to high-throughput vials.

Little research has been conducted on the heat transfer during primary drying using high-throughput vials in well plates: [START_REF] Patel | Emerging freeze-drying process development and scale-up issues[END_REF] and von Graberg (2011) estimated a global heat transfer coefficient between the shelf and the high-throughput vial bottom (𝐾 𝑉 ), and [START_REF] Trnka | Well-plate freeze-drying: a high throughput platform for screening of physical properties of freeze-dried formulations[END_REF] measured the temperature of plastic well plates and compared it to that of serum vials for only one set of operating conditions. In our study, we applied the approach of Scutellà et al. (2017a) for investigating heat transfer in serum vials to the high-throughput vial system. Our objective was to propose a graphical solution for interconnecting the design space of both types of product containers. Only vials located in the centre of the well plate and surrounded by other vials were considered. Different types of well plates and highthroughput vials were investigated. The global heat transfer coefficient between the shelf and the highthroughput vial bottom (𝐾 𝑉 ) was experimentally determined and was described as the contribution of two heat transfer coefficients: one between the shelf and the well plate, and one between the well plate and the vial. 𝐾 𝑉 heterogeneity was also quantified and explained by the contact area between the highthroughput vial bottom and the well plate. 𝐾 𝑉 values were used to predict the product temperature during primary drying of an aqueous sucrose solution (5% w/w). Our data on high-throughput vials were systematically compared to the data obtained with serum vials by Scutellà et al. (2017a). Finally, a graphical method was presented to scale-up and scale-down the operating conditions of the process when changing the product container.

Materials and methods

High-throughput vial system

The 96-Well Freeze-Drying System manufactured by VirTis (SP Scientific, Stone Ridge, New York, USA) consisting of aluminium well plates and glass tubular vials, and referred to below as highthroughput vials, was used in our study. Figure 1a presents the two types of well plates used, which differ in their surface finish: (i) brilliant black (A-type well plate), and (ii) matte black (B-type well plate).

A-type well plate bottom surfaces have circular marks due to the way they are manufactured, whereas B-type well plate bottom surfaces do not present such marks (Figure 1c). Furthermore, Figure 1b shows the two high-throughput vial sizes used that differ only in height, which, therefore, present a maximal filling volume of either 500-µL or 1000-µL. Figure 1b also shows a 3-mL serum vial, the traditional container used for vaccine freeze-drying [START_REF] Brülls | Heat transfer in vial lyophilization[END_REF][START_REF] Pikal | Mass and Heat Transfer in Vial Freeze-Drying of Pharmaceuticals: Role of the Vial[END_REF][START_REF] Pisano | Heat transfer in freeze-drying apparatus[END_REF]Scutellà et al., 2017a) for comparison. Seven A-type well plates, five B-type well plates, and 576 high-throughput vials of each size were used for the study.

A robotic tube handler (model XL9; BioMicrolab, Concord, CA, USA) shown in Figure 1d was used to weigh the high-throughput vials. The tube handler consisted of a mechanical arm and an analytical scale (± 0.0001 g). Vials were manually placed in a custom-made plate designed to fit on the loading area of the robot. The mechanical arm took the vials one by one, placed them on the analytical scale, and returned them to the custom-made plate.

Freeze dryer

A laboratory-scale freeze dryer (Epsilon 2-25D, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) was used in this study. The freeze dryer had seven shelves measuring 0.27 m 2 each, a distance between shelves of 57 mm, a drying chamber volume of 0.38 m 3 , a duct between the chamber and the condenser closed by a mushroom valve, and a capacitance manometer to monitor the pressure inside the chamber. Tempris wireless temperature probes (iQ-mobil solution GMbH, Holwkirchen, Germany) were used to register the ice temperature.

Ice sublimation experiments

Ice sublimation experiments were performed using well plates with and without high-throughput vials inside. The procedure previously described by Scutellà et al. (2017a) for serum vials was applied with some modifications. Stoppers were not inserted into the vial necks.

The 1000-µL vials were filled with 600 µL of distilled water. Three A-type well plates and three B-type well plates, each filled with 96 1000-µL vials, were placed on the middle shelf of the freeze dryer according to the arrangement shown in Figure 2a. During each experiment, the same vial was placed in the same well of the same well plate, and the same well plate was placed in the same position on the shelf. Well plates were quickly loaded onto the pre-cooled shelf at -50 °C. Relative air humidity was limited by a dry air laminar flow in front of the freeze dryer door, reducing condensation on the shelves.

A freezing step of 2 hours was carried out to ensure complete water solidification. The sublimation step began after the freezing step by decreasing the chamber pressure and increasing the shelf temperature at a rate of 1 °C.min -1 . Experiments were carried out at 4, 6, 12, 25, and 65 Pa with a shelf fluid inlet temperature (shelf temperature) of -15 °C. Sublimation lasted long enough to remove approximately 20% of the initial ice mass. Tempris probes were inserted into three vials located in the centre of A-type well plates.

During experiments with 500-µL vials, well plates were arranged as shown in Figure 2b, and Tempris probes were not used since they could not be properly placed in the vials. Four A-type well plates and two B-type well plates were each charged with 96 500-µL vials filled with 400 µL of distilled water.

During experiments without vials, well plates were arranged as in Figure 2a, and one Tempris probe was placed in a well in the centre of each well plate. Well plates were filled with 60 mL of distilled water.

The time-averaged sublimation mass flow was gravimetrically measured for each vial, 𝑚̇𝐻 𝑉 , kg.s -1 (experiments with vials), and for each well plate, 𝑚̇𝑊 𝑃 , kg.s -1 (experiments without vials). 𝑚̇𝐻 𝑉 and 𝑚̇𝑊 𝑃 were calculated as the mass loss divided by the time the sublimation lasted. Vials of 500 µL and 1000 µL were individually weighed before and after the experiment using a robotic tube handler. The mass loss during waiting and weighing times was quantified and shown to be negligible (< 0.5% of the initial ice mass). Well plates were weighed on a precision scale (± 0.001 g; Mettler Toledo, Zaventem, 142 Belgium). Sublimation time was considered to begin when the shelf fluid inlet temperature was greater than the ice-vapour equilibrium temperature at the chamber pressure.

Measurement of dimensions and emissivity of well plates and high-throughput vials

The dimensions of 96 vials of each size (500-µL and 1000-µL), and one well plate were measured by Precis&Mans (Le Mans, Pays de la Loire, France). The following geometrical parameters were determined with a precision of 0.01 mm: (i) inner and outer bottom diameters of the vial; (ii) maximum and minimum vial bottom concavity; (iii) length and width of the well plate; and (iv) diameter and depth of the wells. These values were used to calculate additional dimensions: (i) inner and outer bottom areas of the vial; and (ii) well plate bottom area.

Emissivity measurements of the well plate surfaces and the high-throughput vials were carried out by Themacs Ingénierie (Champs sur Marne, France) using a Fourier Transform Infrared Spectrometer Frontier (PerkinElmer, Waltham, MA, USA). The emissivity of well plates and vials varied less than 0.02 between -40 °C and -10 °C; for our purposes, the emissivity values were considered to be constant and equal to the temperature-averaged values.

Furthermore, the imprint method proposed by [START_REF] Kuu | Rapid freeze-drying cycle optimization using computer programs developed based on heat and mass transfer models and facilitated by tunable diode laser absorption spectroscopy (TDLAS)[END_REF] was used to evaluate the vial bottomwell plate contact area (𝐴 𝐻𝑉 𝐶 ) of 96 vials. This method consisted of placing the vials on an inkpad and then on a piece of white paper. The ink marks left on the paper were scanned and pixels with ink were counted using a code especially developed for this task using MATLAB R2017a (The MathWorks, Inc, Natick, MA, USA). Finally, the number of pixels per mm 2 was established using a figure of known area treated by the same procedure. The measured dimensions and surface emissivity values are given in Table 1.

Characterisation of the bottom surface of the well plate in contact with the freeze dryer shelf

The surface of A-type and B-type well plates in contact with the shelf was characterised by detailed inspection through high-definition photography. Two A-type and two B-type well plates were placed in a light-controlled cabin and were photographed using a Reflex Canon EOS camera (Canon France, Paris, France). The image of each well plate bottom surface contained 4892 × 3294 pixels. Pictures were treated using Adobe Photoshop (Adobe Inc., San José, CA, USA), original images were enlarged four times, and contrast was increased by 75% to enhance the shades created by the surface marks as presented in Figure 1c.

Numerical calculations and statistical analysis

Calculations were performed using MATLAB R2017a. The system of equations described in the section Theory and data analysis was solved by an iterative code especially developed for this study, and the convergence criterion was the relative tolerance of the heat flow value (0.1%). Parameter estimations were performed using the nlinfit function of the Statistics and Machine Learning Toolbox, chi-square goodness-of-fit tests were performed using the chi2gof function, and artificial standard distributions consisting of 1000 elements were created using the normrnd function.

Theory and data analysis

Evaluation of the heat transfer coefficients based on experimental data

By analogy with the work on serum vials [START_REF] Pikal | Mass and Heat Transfer in Vial Freeze-Drying of Pharmaceuticals: Role of the Vial[END_REF][START_REF] Pikal | Heat and mass transfer in low pressure gases: applications to freeze-drying[END_REF][START_REF] Pisano | Heat transfer in freeze-drying apparatus[END_REF]Scutellà et al., 2017a), an apparent heat transfer coefficient between the shelf and the high-throughput vial bottom (𝐾 𝑉 , W.m -2 .K -1 ) was calculated using the equation:

𝐾 𝑉 = 𝑄 ̇𝐻𝑉 𝐴 𝐻𝑉 (𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑏 ) = 𝑚̇𝐻 𝑉 ∆𝐻 𝑠𝑢𝑏 𝐴 𝐻𝑉 (𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑏 ) (1) 
where 𝑄 ̇𝐻𝑉 (W) is the heat flow received by the vial, 𝐴 𝐻𝑉 (m 2 ) is the outer bottom area of the vial, 𝑇 𝑠ℎ𝑒𝑙𝑓 (K) is the average temperature between the inlet and outlet shelf fluid temperatures, 𝑇 𝑏 (K) is the product temperature at the bottom of the vial, ∆𝐻 𝑠𝑢𝑏 (J.kg -1 ) is the latent heat of sublimation, and 𝑚̇𝐻 𝑉 is the sublimation mass flow (kg.s -1 ). Since it was not possible to insert temperature probes in all vials to monitor the product temperature at the bottom of the vial, 𝑇 𝑏 was theoretically calculated for each vial as follows:

𝑇 𝑏 = 𝑇 𝑠𝑎𝑡 + 𝑄 ̇𝐻𝑉 𝑙 𝑖𝑐𝑒 𝜆 𝑖𝑐𝑒 𝐴 𝑖𝑛 (2) 
where 𝜆 𝑖𝑐𝑒 (W.m -1 .K -1 ) is the thermal conductivity of the ice, 𝑙 𝑖𝑐𝑒 (m) is the average between the initial and final ice thickness calculated based on the mass loss, 𝐴 𝑖𝑛 (m 2 ) is the inner bottom area of the vial, and 𝑇 𝑠𝑎𝑡 (K) is the ice-vapour equilibrium temperature. 𝑇 𝑠𝑎𝑡 was obtained using the Clausius Clapeyron relation [START_REF] Perry | Perry's chemical engineers' handbook[END_REF]:

𝑇 𝑠𝑎𝑡 = 𝑇 𝑡 1 - 𝑅𝑇 𝑡 ∆𝐻 𝑠𝑢𝑏 ̌𝑙𝑛 ( 𝑃 𝑠𝑎𝑡 𝑃 𝑡 ) (3) 
where 𝑇 𝑡 (273.16 K) is the triple point temperature of water, 𝑃 𝑡 (611.66 Pa) is the triple point pressure of water, 𝑅 (8.3144 J.K -1 .mol -1 ) is the ideal gas constant, ∆𝐻 𝑠𝑢𝑏 ̌ (5.1059×10 4 J.mol -1 ) is the molar latent heat of sublimation, and 𝑃 𝑠𝑎𝑡 (Pa) is the pressure at the ice sublimation front (ice-vapour interface). 𝑃 𝑠𝑎𝑡 was assumed to be equal to the chamber pressure (𝑃 𝐶 ) during ice sublimation experiments, considering that: (i) the chamber was saturated with vapour; and (ii) the pressure loss between the ice sublimation front and the chamber was negligible since no stoppers were inserted into the vial necks. The calculated 𝑇 𝑏 were compared to the product temperature value registered by the Tempris probes in three 1000-µL vials, a good agreement (< 0.8 °C difference) was observed between experimental data and calculated values.

Due to the presence of the well plate between the shelf and the high-throughput vial, this apparent heat transfer coefficient 𝐾 𝑉 can be considered as a combination of two heat transfer coefficients: (i) a coefficient between the shelf and the well plate 𝐾 𝑊𝑃 ; and (ii) a coefficient between the well plate and the bottom of the vial 𝐾 𝐻𝑉 .

𝐾 𝑊𝑃 was obtained using the data from the experiments performed without vials inside the well plates:

𝐾 𝑊𝑃 = 𝑄 ̇𝑊𝑃 𝐴 𝑊𝑃 (𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑊𝑃 ) = 𝑚̇𝑊 𝑃 ∆𝐻 𝑠𝑢𝑏 𝐴 𝑊𝑃 (𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑊𝑃 ) (4) 
where 𝑄 ̇𝑊𝑃 (W) is the heat flow received by the well plate, 𝐴 𝑊𝑃 (m 2 ) is the bottom area of the well plate, 𝑇 𝑊𝑃 is the product temperature at the bottom of the wells (K), and 𝑚̇𝑊 𝑃 is the sublimation mass flow of each well plate (kg.s -1 ). 𝑇 𝑊𝑃 was considered to be homogeneous for each well plate due to the high thermal conductivity of the aluminium compared to that of the surrounding gas (more than 9000 times greater) [START_REF] Perry | Perry's chemical engineers' handbook[END_REF]. Similarly to the estimation of the vial bottom temperature (𝑇 𝑏 ) during tests with vials, 𝑇 𝑊𝑃 was theoretically calculated for each well plate during tests without vials as follows:

𝑇 𝑊𝑃 = 𝑇 𝑠𝑎𝑡 + 𝑄 ̇𝑊𝑃 𝑙 𝑖𝑐𝑒 𝜆 𝑖𝑐𝑒 𝐴 𝑊𝑃 (5) 
The calculated 𝑇 𝑊𝑃 were in agreement (< 0.9 °C difference) with the values recorded by the Tempris probes inside the well plates.

The heat transfer coefficient between the well plate and the high-throughput vial bottom 𝐾 𝐻𝑉 can be expressed according to the following equation:

𝐾 𝐻𝑉 = 𝑄 ̇𝐻𝑉 𝐴 𝐻𝑉 (𝑇 𝑊𝑃 -𝑇 𝑏 ) = 𝑚̇𝐻 𝑉 ∆𝐻 𝑠𝑢𝑏 𝐴 𝐻𝑉 (𝑇 𝑊𝑃 -𝑇 𝑏 ) (6) 
Since 𝑇 𝑊𝑃 was not monitored during the experiments with vials, we applied the following approach to determine the heat transfer coefficient 𝐾 𝐻𝑉 : if we assume that the heat flows received individually by the 96 high-throughput vials in the well plate came only from the well plate, the heat flow received by the well plate and the vials are directly related:

𝑄 ̇𝑊𝑃 = ∑ 𝑄 ̇𝐻𝑉 96 𝑖=1 (7) 
The value of 𝑇 𝑊𝑃 was estimated using equations ( 4) and ( 7) as:

𝑇 𝑊𝑃 = 𝑇 𝑠ℎ𝑒𝑙𝑓 - ∑ 𝑄 ̇𝐻𝑉 96 𝑖=1 𝐴 𝑊𝑃 𝐾 𝑊𝑃 (8) 
The 1000-µL vials protruded from the well plate and were more exposed to heat flow contributions from the freeze dryer. The assumption that the heat flows received by the vials came only from the well plate was presumably more realistic for the 500-µL vials than for the 1000-µL vials; therefore, 𝑇 𝑊𝑃 values during tests with 1000-µL vials were considered to be the same as during the test with the 500-µL vials in the same well plate type.

𝐾 𝑉 , 𝐾 𝑊𝑃 , and 𝐾 𝐻𝑉 can be related in a simple way under the hypothesis that all high-throughput vials and all the wells in a well plate had the same geometry and that all vials had the same heat transfer coefficients. In this way, heat flows can be expressed using the following equations:

96𝑄 ̇𝐻𝑉 = 𝑄 ̇𝑊𝑃 (9) 96𝑄 ̇𝐻𝑉 = 96𝐴 𝐻𝑉 𝐾 𝐻𝑉 (𝑇 𝑊𝑃 -𝑇 𝑏 ) (10) 
𝑄 ̇𝑊𝑃 = 𝐴 𝑊𝑃 𝐾 𝑊𝑃 (𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑊𝑃 ) (11)

96𝑄 ̇𝐻𝑉 = 96𝐴 𝐻𝑉 𝐾 𝑉 (𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑏 ) (12) 
From equations ( 9) to (11), we obtain:

𝑄 ̇𝐻𝑉 ( 1 𝐴 𝐻𝑉 𝐾 𝐻𝑉 + 96 𝐴 𝑊𝑃 𝐾 𝑊𝑃 ) = 𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑏 (13) 
Equations ( 12) and ( 13) give:

𝑄 ̇𝐻𝑉 ( 1 𝐴 𝐻𝑉 𝐾 𝑉 ) = 𝑇 𝑠ℎ𝑒𝑙𝑓 -𝑇 𝑏 (14)
Finally, the apparent heat transfer coefficient between the shelf and the high-throughput vial bottom can be expressed as:

1 𝐾 𝑉 = 1 𝐾 𝐻𝑉 + 96𝐴 𝐻𝑉 𝐴 𝑊𝑃 𝐾 𝑊𝑃 (15)
Theoretical description of the heat transfer coefficients 𝐾 𝑊𝑃 and 𝐾 𝐻𝑉

The heat transfer coefficients 𝐾 𝑊𝑃 between the shelf and the well plate and 𝐾 𝐻𝑉 between the well plate and the high-throughput vial can be described as the sum of the contribution of three heat transfer mechanisms:

𝐾 𝑊𝑃 = 𝐾 𝑊𝑃 𝑐𝑐 + 𝐾 𝑊𝑃 𝑟𝑎𝑑 + 𝐾 𝑊𝑃 𝑔𝑐 (16) 𝐾 𝐻𝑉 = 𝐾 𝐻𝑉 𝑐𝑐 + 𝐾 𝐻𝑉 𝑟𝑎𝑑 + 𝐾 𝐻𝑉 𝑔𝑐 ( 17 
)
where 𝐾 𝑊𝑃 𝑐𝑐 and 𝐾 𝐻𝑉 𝑐𝑐 represent the thermal conctact conduction between the shelf and the well plate, and between the well plate and the vial, respectively; similarly, 𝐾 𝑊𝑃 𝑟𝑎𝑑 and 𝐾 𝐻𝑉 𝑟𝑎𝑑 represent the thermal radiation;

and 𝐾 𝑊𝑃 𝑔𝑐 and 𝐾 𝐻𝑉 𝑔𝑐 account for the thermal conduction through the gas entrapped in the bottom curvature of the well plate and the vial, respectively.

Heat transfer coefficient by thermal contact conduction 𝐾 𝑊𝑃 𝑐𝑐 and 𝐾 𝐻𝑉 𝑐𝑐 Most authors [START_REF] Pikal | Mass and Heat Transfer in Vial Freeze-Drying of Pharmaceuticals: Role of the Vial[END_REF][START_REF] Pisano | Heat transfer in freeze-drying apparatus[END_REF]Scutellà et al., 2017a;[START_REF] Von Graberg | Freeze Drying from Small Containers: Heat and Mass Transfer and Implications on Process Design[END_REF] considered contact conduction as a constant value independent of the operating conditions. Therefore, 𝐾 𝑊𝑃 𝑐𝑐 and 𝐾 𝐻𝑉 𝑐𝑐 , were considered as temperature-and pressure-independent. Scutellà et al. (2017a) assumed that the contact conduction between the shelf and serum vials was proportional to the vialshelf contact area. Analogously, the contact conduction coefficient between the well plate and the highthroughput vials 𝐾 𝐻𝑉 𝑐𝑐 was considered to be proportional to the contact area between the vial bottom and the well plate (𝐴 𝐻𝑉 𝐶 ):

𝐾 𝐻𝑉 𝑐𝑐 = 𝑘 𝐻𝑉 𝑐𝑐 𝐴 𝐻𝑉 𝐶 ( 18 
)
where 𝑘 𝐻𝑉 𝑐𝑐 (W.m -4 .K -1 ) is an empirical constant of proportionality.

Heat transfer coefficient by thermal radiation 𝐾 𝑊𝑃 𝑟𝑎𝑑 and 𝐾 𝐻𝑉 𝑟𝑎𝑑 𝐾 𝑊𝑃 𝑟𝑎𝑑 and 𝐾 𝐻𝑉 𝑟𝑎𝑑 were calculated according to the Stefan-Boltzmann formula for grey diffuse surfaces:

𝐾 𝑊𝑃 𝑟𝑎𝑑 = σ𝐹 𝑊𝑃 (𝑇 𝑠ℎ𝑒𝑙𝑓 + 𝑇 𝑊𝑃 )(𝑇 𝑠ℎ𝑒𝑙𝑓 2 + 𝑇 𝑊𝑃 2 ) (19) 𝐾 𝐻𝑉 𝑟𝑎𝑑 = σ𝐹 𝐻𝑉 (𝑇 𝑊𝑃 + 𝑇 𝑏 )(𝑇 𝑊𝑃 2 + 𝑇 𝑏 2 ) ( 20 
)
where σ is the Stephan-Boltzmann constant (W.m -2 .K -4 ), and the view factors 𝐹 𝑊𝑃 and 𝐹 𝐻𝑉 were calculated as for two parallel surfaces [START_REF] Perry | Perry's chemical engineers' handbook[END_REF]:

𝐹 𝑊𝑃 = 1 1 -𝜀 𝑠ℎ𝑒𝑙𝑓 𝜀 𝑠ℎ𝑒𝑙𝑓 + 1 -𝜀 𝑊𝑃 𝜀 𝑊𝑃 + 1 (21) 𝐹 𝐻𝑉 = 1 1 -𝜀 𝑊𝑃 𝜀 𝑊𝑃 + 1 -𝜀 𝐻𝑉 𝜀 𝐻𝑉 + 1 (22)
where 𝜀 𝑠ℎ𝑒𝑙𝑓 , 𝜀 𝑊𝑃 , and 𝜀 𝐻𝑉 are the emissivity values of the shelf, the well plate and the high-throughput vial, respectively.

Heat transfer coefficient by thermal conduction through the gas 𝐾 𝑊𝑃 𝑔𝑐 and 𝐾 𝐻𝑉 𝑔𝑐 Three gas conduction regimes occur within the usual chamber pressure range during sublimation (< 15 Pa): free molecular, transition and continuous regimes. [START_REF] Pikal | Heat and mass transfer in low pressure gases: applications to freeze-drying[END_REF] modelled the heat transfer coefficient for conduction through the gas trapped between two parallel surfaces assuming the transition regime as:

𝐾 𝑊𝑃 𝑔𝑐 = 𝛼 𝑊𝑃  𝑜 𝑃 𝐶 1 + 𝑙 𝑊𝑃 𝜆 𝑔𝑎𝑠 𝑐𝑜𝑛𝑡 𝛼 𝑊𝑃  𝑜 𝑃 𝐶 (23) 𝐾 𝐻𝑉 𝑔𝑐 = 𝛼 𝐻𝑉  𝑜 𝑃 𝐶 1 + 𝑙 𝐻𝑉 𝜆 𝑔𝑎𝑠 𝑐𝑜𝑛𝑡 𝛼 𝐻𝑉  𝑜 𝑃 𝐶 (24)
where 𝛼 𝑊𝑃 and 𝛼 𝐻𝑉 are the thermal accommodation coefficients related to the quality of momentum exchange between the gas molecules and the solid surfaces (shelf and well plate, and well plate and vial, respectively), Λ 0 (W.m -2 .K -1 .Pa -1 ) is the heat transfer coefficient of the gas at 0 °C in a free molecular regime, 𝑃 𝐶 (Pa) is the chamber pressure, 𝑙 𝑊𝑃 and 𝑙 𝐻𝑉 are the average distances between the solid surfaces, and 𝜆 𝑔𝑎𝑠 𝑐𝑜𝑛𝑡 (W.m -1 .K -1 ) is the thermal conductivity of the water vapour in a continuous regime.

𝑙 𝐻𝑉 was considered to be the average between the maximum and minimum vial bottom concavity.

Theoretical description of the heat transfer coefficient 𝐾 𝑉

The heat transfer coefficient between the shelf and the high-throughput vial bottom 𝐾 𝑉 corresponds to an apparent heat transfer coefficient. Consequently, its representation as the sum of the three heat transfer contributions described above has no real physical meaning due to the presence of the well plate. However, for sake of comparison with the large existing body of literature, the following equation was used to represent the evolution of the coefficient 𝐾 𝑉 with the chamber pressure by analogy with serum vials [START_REF] Pikal | Mass and Heat Transfer in Vial Freeze-Drying of Pharmaceuticals: Role of the Vial[END_REF][START_REF] Pikal | Heat and mass transfer in low pressure gases: applications to freeze-drying[END_REF][START_REF] Pisano | Heat transfer in freeze-drying apparatus[END_REF]Scutellà et al., 2017a;[START_REF] Von Graberg | Freeze Drying from Small Containers: Heat and Mass Transfer and Implications on Process Design[END_REF]:

𝐾 𝑉 = 𝐾 𝑉 𝑐𝑐 + 𝐾 𝑉 𝑟𝑎𝑑 + 𝛼 𝑉  𝑜 𝑃 𝑐 1 + 𝑙 𝑉 𝜆 𝑔𝑎𝑠 𝑐𝑜𝑛𝑡 𝛼 𝑉  𝑜 𝑃 𝑐 (25)
where, 𝐾 𝑉 𝑐𝑐 and 𝐾 𝑉 𝑟𝑎𝑑 were considered to be constants.

Calculation of 𝐾 𝑉 distributions based on high-throughput vial geometry

The impact of the vial bottom-well plate contact area A HV C on the global heat transfer coefficient 𝐾 𝑉 was evaluated for both well plate types (A-type and B-type) and both vial sizes (500-µL and 1000-µL vials) at chamber pressures of 4, 6, 12, 25, and 65 Pa. A chi-square goodness-of-fit test was performed with the 𝐴 𝐻𝑉 𝐶 values from the imprint tests, indicating that the data came from a normal distribution at a 0.05 significance level. 𝐾 𝑉 distributions based on vial geometry were obtained using the mean value and standard deviation of 𝐴 𝐻𝑉 𝐶 and equations ( 15), ( 16), and (17). 𝐾 𝑉 distributions in serum vials were obtained using equation ( 25) and injecting two normal distributions:

Calculation of 𝐾

(i) one normal distribution of the distance between the shelf and the serum vial (𝑙 𝑉 𝑠𝑒𝑟 ); and (ii) one normal distribution of the serum vial-shelf contact area (𝐴 𝑠𝑒𝑟 𝐶 ) in:

𝐾 𝑉,𝑠𝑒𝑟 𝑐𝑐 = 𝐴 𝑠𝑒𝑟 𝐶 𝑘 𝑠𝑒𝑟 𝑐𝑐 ( 26 
)
where 𝑘 𝑠𝑒𝑟 𝑐𝑐 is an empirical constant for contact conduction between the shelf and serum vials. Normal distributions were created based on the mean value and standard deviations of 𝑙 𝑉 𝑠𝑒𝑟 and 𝐴 𝐶 𝑠𝑒𝑟 in Table 1.

Simulation of the product temperature distribution using 𝐾 𝑉 distributions

Product temperature distributions were calculated using the approach proposed by Scutellà et al. the chamber (𝑃 𝐶 ) and the ice sublimation front (𝑃 𝑠𝑎𝑡 ) as [START_REF] Pikal | Mass and Heat Transfer in Vial Freeze-Drying of Pharmaceuticals: Role of the Vial[END_REF]:

𝑚̇= 𝐴 𝑖𝑛 (𝑃 𝑠𝑎𝑡 -𝑃 𝐶 ) 𝑅 𝑃 (27) 
where 𝑅 𝑃 (Pa.s.m 2 .kg -1 ) is the area-normalized product resistance, and 𝐴 𝑖𝑛 (m 2 ) is the inner bottom area of the vial. The 𝑅 𝑃 value was taken from literature [START_REF] Konstantinidis | Controlled nucleation in freezedrying: Effects on pore size in the dried product layer, mass transfer resistance, and primary drying rate[END_REF] for a dried layer of 5% sucrose with a thickness of 0.5 cm, as reported in Table 1. To simulate the product temperature distribution, the non-linear system composed of equations ( 1) to (3) and ( 27) was solved for each 𝐾 𝑉 value, considering the temperature at the bottom of the vial (𝑇 𝑏 ) as the product temperature (𝑇 𝑝 ).

Results and discussion

Effect of the well plate type and vial size on the apparent heat transfer coefficient between the shelf and the high-throughput vial bottom 𝐾 𝑉

The values of the apparent heat transfer coefficient 𝐾 𝑉 were calculated for 576 500-µL vials and 573 1000-µL vials at a shelf temperature of -15 °C for five chamber pressures (from 4 to 65 Pa). Highthroughput vials located at the edge of the well plates (white circles in Figure 2) presented greater 𝐾 𝑉 values than those located in the centre (green circles in Figure 2); increasing up to 10% for 500-µL vials and 25% for 1000-µL vials at a chamber pressure of 4 Pa; consequently, they were not considered in this study.

Figure 3a and Figure 3b display the evolution of the average 𝐾 𝑉 value with the chamber pressure for the 500-µL and 1000-µL vials, respectively. The data concerning the two well plate types (A-type presenting a brilliant surface finish, and B-type presenting a matte surface finish) are reported on each figure, as well as the 𝐾 𝑉 evolution with the chamber pressure for serum vials in the centre of the shelf obtained by Scutellà et al. (2017a). The experimental data obtained using high-throughput vials and serum vials (Scutellà et al., 2017a) were acquired using the same freeze dryer (Epsilon 2-25D, Martin Christ).

Regardless of the well plate type and vial sizes (500-µL and 1000-µL), 𝐾 𝑉 of high-throughput vials were more than twice as great as 𝐾 𝑉 of serum vials at chamber pressures lower than 25 Pa. Therefore, the heat transfer per vial cross-section was more efficient in high-throughput vials placed in well plates than in serum vials placed directly on the shelf. Von Graberg (2011) measured 𝐾 𝑉 of 500-µL vials using the 96 Well Freeze-Drying System manufactured by VirTis, and the values are included in Figure 3a. Results obtained by Von Graberg (2011) are within the range of our 𝐾 𝑉 values considering both well plate types.

Coefficients of equation ( 25) were estimated using experimental data, and their values are presented in Table 2.

The average 𝐾 𝑉 values were greater for B-type well plates (orange symbol in Figure 3) than for A-type (blue symbol in Figure 3). At a chamber pressure of 4 Pa, the 𝐾 𝑉 difference between well plate types appeared to be quite narrow (lower than 12%), and then increased with increasing chamber pressure to reach 34% for 500-µL vials and 24% for 1000-µL vials at 65 Pa.

Furthermore, when considering chamber pressures lower than 25 Pa, 𝐾 𝑉 values of 1000-µL vials were an average of 21% greater than 𝐾 𝑉 values of 500-µL vials. Since the two vial sizes differed only by vial height, this reported 𝐾 𝑉 difference could be ascribed to an extra heat contribution received by the top portion of 1000-µL vials protruding from the well plate. This possible extra heat contribution is reflected in the unphysical 𝛼 𝑉 values for 1000-µL vials (Table 2); these estimated values were greater than the highest theoretical accommodation coefficient between two surfaces (≈ 1; [START_REF] Pikal | Heat and mass transfer in low pressure gases: applications to freeze-drying[END_REF], whereas 500-µL vials presented 𝛼 𝑉 values below 0.9.

Since there was no direct contact between the shelf and high-throughput vials, the coefficients of equation ( 25) reported in Table 2 do not have a physical meaning. To better understand the role of the well plate and the vial on the heat transfer mechanisms, we broke down the apparent heat transfer coefficient 𝐾 𝑉 in two heat transfer phenomena in series: (i) from the shelf to the well plate; and (ii) from the well plate to the vial.

Effect of chamber pressure on the heat transfer coefficients between the shelf and the well plate (𝐾 𝑊𝑃 ) and between the well plate and the vial (𝐾 𝐻𝑉 )

𝐾 𝑊𝑃 values were calculated using the data of the sublimation experiments carried out without vials inside the well plates and equations (3) to (5), while 𝐾 𝐻𝑉 were calculated using the data of the sublimation experiments with vials and equations ( 2), ( 3), ( 6) and ( 8). Only the 𝐾 𝐻𝑉 of vials located in the centre of the well plates (represented as green circles in Figure 2) were considered. Figure 4a shows the evolution of 𝐾 𝑊𝑃 values with the chamber pressure for both well plate types (A-type and B-type), and Figure 4b presents the evolution of 𝐾 𝐻𝑉 for both well plate types and vial sizes (500-µL and 1000-µL). 𝐾 𝑊𝑃 values varied with chamber pressure, increasing five times from 4 to 65 Pa, whereas 𝐾 𝐻𝑉 values appeared to be quite constant with the chamber pressure.

Table 3 presents the values of the coefficients presented in equations ( 16), ( 17), ( 23), and (24) fitted with the 𝐾 𝑊𝑃 and 𝐾 𝐻𝑉 data. The absence of significant pressure dependence of 𝐾 𝐻𝑉 resulted in numerical difficulties to estimate the parameter 𝛼 𝐻𝑉 , therefore causing the significant variation of this parameter for each combination of well plate type and vial size.

The contributions of the heat transfer mechanisms to the heat transfer coefficients 𝐾 𝑊𝑃 and 𝐾 𝐻𝑉 were calculated using equations ( 16), ( 17), and ( 19) to ( 24), and the fitted coefficients are reported in Table 3. Figure 5 shows the relative contribution of contact conduction (𝐾 𝑊𝑃 𝑐𝑐 and 𝐾 𝐻𝑉 𝑐𝑐 ), conduction through the gas (𝐾 𝑊𝑃 𝑔𝑐 and 𝐾 𝐻𝑉 𝑔𝑐 ), and radiation (𝐾 𝑊𝑃 𝑟𝑎𝑑 and 𝐾 𝐻𝑉 𝑟𝑎𝑑 ) to 𝐾 𝑊𝑃 (Figure 5a) and 𝐾 𝐻𝑉 (Figure 5b).

Gas conduction (𝐾 𝑊𝑃 𝑔𝑐 ) was the greatest contributor to 𝐾 𝑊𝑃 , increasing from 62% at 4 Pa to 93% at 65 Pa (average between well plate types); contact conduction (𝐾 𝐻𝑉 𝑐𝑐 ) was the greatest contributor to 𝐾 𝐻𝑉 , representing 96% at 4 Pa and 73% at 65 Pa (average between well plate types and vial sizes).

The contribution to heat transfer by radiation was very low (< 7%), regardless of the heat transfer coefficient (𝐾 𝑊𝑃 and 𝐾 𝐻𝑉 ) and the chamber pressure, whereas the radiation contribution represents around 20 to 30% of 𝐾 𝑉 for serum vials at chamber pressures below 10 Pa (Scutellà et al., 2017a).

Several authors reported the importance of the vial bottom curvature on heat transfer between the shelf and the bottom of the serum vials [START_REF] Brülls | Heat transfer in vial lyophilization[END_REF][START_REF] Pisano | Heat transfer in freeze-drying apparatus[END_REF]Scutellà et al., 2017a). When considering high throughput vials, the vial bottom curvature is small enough to consider the divisor in equation ( 24) equal to 1 (𝑙 𝐻𝑉 ≪ 𝜆 𝑔𝑎𝑠 𝑐𝑜𝑛𝑡 𝛼 𝐻𝑉  𝑜 𝑃 𝐶

), so 𝑙 𝐻𝑉 did not have an impact on 𝐾 𝐻𝑉 . This explains the quasi linear pressure dependence of 𝐾 𝐻𝑉 (Figure 4b). The only gas layer thickness involved in the gas conduction that impacted 𝐾 𝑉 was the apparent distance between the bottom shelf and the well plate bottom (𝑙 𝑊𝑃 ) through its effect on 𝐾 𝑊𝑃 .

Regarding the effect of the well plate type on 𝐾 𝑊𝑃 , A-type well plates exhibited lower 𝐾 𝑊𝑃 values than B-type well plates, in particular for chamber pressure higher than 25 Pa. The effect of the well plate type on 𝐾 𝑊𝑃 could be ascribed to the circular marks on the bottom surface of A-type well plates (Figure 1b); these marks could reduce the number of contact points with the shelf, which explains the lower 𝐾 𝑊𝑃 𝑐𝑐 value observed in Table 3 compared to that of B-type well plates. Furthermore, these surface deformations (observed as marks) could leave more space for trapped gas between the shelf and the well plate, which is in agreement with the higher 𝑙 𝑊𝑃 values for A-type well plates than for B-type well plates.

In Figure 4b, we observe that 1000-µL vials exhibited higher 𝐾 𝐻𝑉 values than 500-µL (by approximately 50%), which was not initially expected since both vial sizes have similar bottom geometry and differ only in height. As was previously observed for 𝐾 𝑉 data, 1000-µL vials may have received extra heat via the portion of vials that protruded from the well plate. Furthermore, 𝐾 𝐻𝑉 values of 500-µL vials in B-type well plates were more than 44% greater than those in A-type well plates, which could be ascribed to a higher contribution of heat transfer by contact conduction (𝐾 𝐻𝑉 𝑐𝑐 ) and, therefore, to a better contact between the bottom of the wells and the vials. The internal surface of the well bottoms in A-type well plates also presented noticeable manufacturing marks. Therefore, the number of contact points between the wells and the vials might have varied among well plate types, impacting 𝐾 𝐻𝑉 𝑐𝑐 .

Equation ( 15) made it possible to calculate the heat transfer resistance induced by the well plate {[𝐾 𝑊𝑃 𝐴 𝑊𝑃 / (𝑛𝐴 𝐻𝑉 )] -1 } and by the vial [(𝐾 𝐻𝑉 ) -1 ]. The dominant resistance to the heat transfer was between the shelf and the well plate, representing more than 70% of the total heat transfer resistance for chamber pressures lower than 12 Pa. This explains the clear pressure dependence of 𝐾 𝑉 (Figure 3), following a trend similar to that of 𝐾 𝑊𝑃 (Figure 4a).

The values of the heat transfer resistances [𝐾 𝑊𝑃 𝐴 𝑊𝑃 / (𝑛𝐴 𝐻𝑉 )] -1 and (𝐾 𝐻𝑉 ) -1 were considerably lower than (𝐾 𝑉 ) -1 for serum vials determined by Scutellà et al. (2017a), 3 times and 20 times lower, respectively (at chamber pressures lower than 12 Pa). The low values of [𝐾 𝑊𝑃 𝐴 𝑊𝑃 / (𝑛𝐴 𝐻𝑉 )] -1 were due to the high quality of momentum exchange between the gas molecules and the well plate surface; as previously mentioned, the thermal accommodation coefficients between the shelf and the well plate (> 0.8, Table 3) were greater than that between the shelf and serum vials (≈ 0.33; Scutellà et al., 2017a).

Furthermore, the low values of (𝐾 𝐻𝑉 ) -1 were due to the flatness of the high-throughput vial bottoms, which increased the contact area (𝐴 𝐶 , Table 1) and the heat transfer by contact conduction; 𝐴 𝐻𝑉 𝐶 represents 32% of the outer bottom area of high-throughput vials, while 𝐴 𝑠𝑒𝑟 𝐶 is only 8% of the outer bottom area of serum vials. Finally, the low [𝐾 𝑊𝑃 𝐴 𝑊𝑃 / (𝑛𝐴 𝐻𝑉 )] -1 and (𝐾 𝐻𝑉 ) -1 explain why the highthroughput system was more effective to transfer the heat from the shelf to the vials than placing serum vials on the shelf.

Impact of vial geometry on the 𝐾 𝑉 distribution and predicted product temperature distribution

Figure 6 shows the distributions of the experimental 𝐾 𝑉 values of high-throughput vials in positions represented as green circles in Figure 2 (vials in the centre of the well plate), as well as the 𝐾 𝑉 distributions of serum vials placed in the centre of the shelf calculated from the results obtained by Scutellà et al. (2017a). Regardless of the well plate type (A-type or B-type) and vial size (500-µL or 1000-µL), we observed a significant variability in the 𝐾 𝑉 values, and the standard deviation (SD) increased with pressure from approximately 4 to 10 W.m -2 .K -1 . The 𝐾 𝑉 distribution of high-throughput vials appeared considerably wider than that of serum vials, with a coefficient of variation for highthroughput vials of approximately 14%, compared to 4-8% for serum vials (Scutellà et al., 2017a). The measurement uncertainty of 𝐾 𝑉 was estimated to be approximately 1%, and could therefore not explain the 𝐾 𝑉 variability observed.

By following the approach proposed by Scutellà et al. (2017a), we investigated the impact of vial geometry, in particular the contact area between the vial and the well plate on 𝐾 𝑉 variability. As mentioned before, 𝑙 𝐻𝑉 values were too low to have an impact on 𝐾 𝐻𝑉 (𝑙 𝐻𝑉 ≪ 𝜆 𝑔𝑎𝑠 𝑐𝑜𝑛𝑡 𝛼 𝐻𝑉  𝑜 𝑃 𝐶

), so its impact on 𝐾 𝑉 was not considered in this study. 𝐾 𝐻𝑉 𝑐𝑐 can be expressed as a function of an empirical constant 𝑘 𝐻𝑉 𝑐𝑐 and the vial bottom-well plate contact area 𝐴 𝐻𝑉 𝐶 [equation ( 18)]. A normal distribution of 𝐴 𝐻𝑉 𝐶 values was created based on the mean value and standard deviation estimated by the imprint test. The simulated 𝐾 𝑉 distributions obtained using the 𝐴 𝐻𝑉 𝐶 normal distribution and equations ( 15), ( 17) and ( 18) are plotted as red lines in Figure 6. These simulated distributions were similar to the experimental distributions. As a result, 𝐴 𝐻𝑉 𝐶 variability could potentially explain the heterogeneities of the heat flows received by vials in the centre of the same well plate. Similarly, Scutellà et al. (2017a) revealed the importance of the contact area on the variability of 𝐾 𝑉 of serum vials at chamber pressures lower than 15 Pa.

Product temperature (𝑇 𝑝 ) is a key process parameter governing product quality, in particular the visual aspect of the freeze-dried cake. Vial-to-vial variability of the heat and mass transfer during primary drying could result in 𝑇 𝑝 heterogeneities within the vial batch and, thus, in potential product quality variations.

Figure 7 shows the 𝑇 𝑝 distributions based on the experimental 𝐾 𝑉 distributions of high-throughput vials and artificial 𝐾 𝑉 distributions of serum vials at different chamber pressures, considering a constant product resistance (1.248×10 5 Pa.s.m 2 .kg -1 , Table 1) and a shelf temperature of -15 °C. Greater 𝐾 𝑉 values are associated with higher 𝑇 𝑝 values. As expected from 𝐾 𝑉 results, 𝑇 𝑝 increased with chamber pressure for all vial geometries, and 𝑇 𝑝 were greater for high-throughput vials than for serum vials.

However, the temperature gap between both vial geometries decreased with chamber pressure from 8.3 °C at 4 Pa to 2.1 °C at 65 Pa. The variability of 𝑇 𝑝 using high-throughput vials was estimated to be approximately 2.6 °C at 12 Pa and 3.3 °C at 4 Pa, considering +/-3 times the standard deviation reported in Figure 7 that includes 99.7% of the vials. Therefore, a temperature safety margin of 3 °C is recommended when designing freeze-drying cycles using high-throughput vials placed in the centre of a well plate, regardless of the well plate type and vial size. This margin is in agreement with the recommendations of [START_REF] Nail | Elements of quality by design in development and scale-up of freeze parenterals[END_REF] when using a design space. However, it is greater than the 2 °C proposed by Scutellà et al. (2017a) for serum vials because of the greater 𝐾 𝑉 standard deviations of high-throughput vials.

𝑇 𝑝 values for each well plate type and vial size (500-µL and 1000-µL) differed due to the differences observed in 𝐾 𝑉 . When considering chamber pressures below 12 Pa, 𝑇 𝑝 values using 1000-µL vials were 1.6 °C higher than those using 500-µL (average increase considering both well plate types), and 𝑇 𝑝 values using B-type well plates were 1.1 °C higher than values using A-type well plates (average increase considering both high-throughput vial sizes). Therefore, the vial size and well plate type should be taken into account during freeze-drying experiments using high-throughput vial systems.

Process scale-up from high-throughput to serum vials and vice versa

High-throughput vial systems are increasingly used to accelerate the formulation development stage since they require less active ingredients, and more formulations could be tested per freeze-drying cycle.

Once a pool of formulations is pre-selected based on their aptitude to preserve the active ingredient, the final formulation is usually selected based on the physical properties: the collapse temperature and the glass transition temperature of the maximally freeze-concentrated phase [START_REF] Pikal | The collapse temperature in freeze drying: Dependence on measurement methodology and rate of water removal from the glassy phase[END_REF]. After selecting a given formulation using high-throughput vials, it is necessary to define the operating conditions during freeze-drying in the container used at industrial scalesin serum vials, for example.

Conversely, it could be necessary to "translate" operating conditions of cycles developed using serum vials to cycles using high-throughput vials. The criterion for the "translation" between containers will be to maintain the same product thermal history during the process, in particular the same product temperature during sublimation. The strategies we propose to operate process scale-up from highthroughput to serum vials and scale-down from serum to high-throughput vials are analogous and consist of two steps: (i) creating a "design space" [START_REF] Nail | Elements of quality by design in development and scale-up of freeze parenterals[END_REF] to identify the optimal operating conditions using the departure vial geometry; and (ii) constructing a graphical solution to define the design space of the final vial geometry considering the operating condition selected for the departure vial geometry.

Figure 8a shows the design space for freeze-drying a 5% sucrose solution using high-throughput 500-µL vials in an A-type well plate; analogous figures are obtained applying the same approach to other high-throughput vial sizes and well plate types. Design spaces link the operating conditions during primary drying (i.e., shelf temperature and chamber pressure) with the predicted sublimation mass flows (𝑚̇) and the product temperature (𝑇 𝑝 ), serving as a graphical solution of equations ( 1) to ( 3), (25), and ( 27). The grey area in Figure 8a represents the operating conditions that involve a 𝑇 𝑝 lower than the maximum allowed product temperature. In this case, it was considered the collapse temperature of a 5% sucrose solution (-32 °C;[START_REF] Greco | Accurate Prediction of Collapse Temperature using Optical Coherence Tomography-Based Freeze-Drying Microscopy[END_REF] minus the temperature safety margin defined in the previous section of this study (3 °C) for high-throughput vials in the centre of the well plate. This grey area represents the "safe" combinations of operating conditions that ensure a high quality freeze-dried product. It is possible to optimize the freeze-drying process by selecting an operating condition leading to the highest sublimation rate. For example, in Figure 8a, we have chosen the black square frame as the combination of operating conditions (a shelf temperature of -25 °C and a chamber pressure of 5 Pa)

that allow the maximisation of the sublimation rate in high-throughput vials (y-axis), at a 𝑇 𝑝 of -36 °C.

Figure 8b presents the graphical method we built to identify the operating conditions using serum vials at the same product temperature reached during previous tests using high-throughput vials (scale-up).

The graph links the shelf temperature (𝑇 𝑠ℎ𝑒𝑙𝑓 𝑠𝑒𝑟 ) and chamber pressure (𝑃 𝐶 𝑠𝑒𝑟 ) using serum vials to iso-𝑇 𝑝 curves represented as linear colour maps obtained by solving equations ( 1) to ( 3), ( 25) and ( 27) applied to serum vials. This system of equations used to model the heat and mass transfer for each vial geometry has two degrees of freedom; hence, we only need to fix two inputs to define the system.

Interesting inputs to fix from a practical point of view could be: the chamber pressure, the shelf temperature, 𝑇 𝑝 , or 𝑚̇. Figure 8b was designed for the chamber pressure value previously selected by process optimisation in high-throughput vials using Figure 8a (𝑃 𝐶 𝐻𝑇 = 5 Pa); consequently, iso-𝑇 𝑝 curves are associated with only one shelf temperature condition when considering high-throughput vials (𝑇 𝑠ℎ𝑒𝑙𝑓 𝐻𝑇 ).

For our example, all the different combinations of 𝑇 𝑠ℎ𝑒𝑙𝑓 𝑠𝑒𝑟 and 𝑃 𝐶 𝑠𝑒𝑟 represented in the iso-𝑇 𝑝 = -36 °C (𝑇 𝑠ℎ𝑒𝑙𝑓 𝐻𝑇 = -25 °C) correspond to the operating conditions using high-throughput vials represented as a black square frame in Figure 8a. It is then possible to select the optimal combination of operating conditions to maximise the sublimation rate using serum vials (colour scale in Figure 8b) by moving towards lower 𝑃 𝐶 𝑠𝑒𝑟 values in the iso-𝑇 𝑝 curve (yellow part of the iso-𝑇 𝑝 = -36 °C curve). Nevertheless, working at low chamber pressures could involve a greater edge effect between serum vials [START_REF] Pisano | Heat transfer in freeze-drying apparatus[END_REF]Scutellà et al., 2017b) and/or require a finer control of the chamber pressure to avoid process deviations.

We selected a chamber pressure (𝑃 𝐶 𝑠𝑒𝑟 ) of 10 Pa (moderate value), corresponding to a shelf temperature (𝑇 𝑠ℎ𝑒𝑙𝑓 𝑠𝑒𝑟 ) of -18 °C represented as the black square frame in Figure 8b, obtaining a mass flow rate in serum vials of 1.4×10 -8 kg.s -1 . The grey area in Figure 8b represents the operating conditions that are safe to apply using serum vials and "translatable" between geometries. The limits of the grey area are:

the maximal 𝑇 𝑝 accepted at the top edge, the minimal pressure using serum vials at the left edge, the zero mass flow conditions using serum vials at the right edge (𝑇 𝑠𝑎𝑡 at 𝑃 𝐶 𝑠𝑒𝑟 ), and the zero mass flow condition using high-throughput vials at the bottom edge (𝑇 𝑠𝑎𝑡 at 𝑃 𝐶 𝐻𝑇 ).

Figure 8c and 8d illustrate the procedure applied when "translating" operating conditions from serum to high-throughput vials (scale-down). When using serum vials, the operating conditions represented by the black square frame in Figure 8c were selected: shelf temperature of -20 °C and chamber pressure of 10 Pa. Analogously to Figure 8b, the grey area in Figure 8d represents the safe area of operating conditions that could be applied with high-throughput and serum vials. 16), ( 17) and ( 19) to (24). Error bars represent standard deviations. 𝐾 𝐻𝑉 values for 500-µL vials. 16), ( 17) and ( 19) to ( 24)

to 𝐾 𝑊𝑃 and 𝐾 𝐻𝑉 data obtained in 500-µL and 1000-µL high-throughput vials in A-type and B-type well plates.

𝐾 𝑟𝑎𝑑 (W.m -2 .K -1 ) 𝐾 𝑐𝑐 (W.m -2 .K -1 ) 𝛼 𝑙 (m) Mean values ± standard errors. 𝐾 𝑊𝑃 and 𝐾 𝐻𝑉 are the heat transfer coefficients between the shelf and the well plate bottom, and the well plate bottom and the vial bottom, respectively. 𝐾 𝑟𝑎𝑑 is the contribution to 𝐾 𝑊𝑃 or 𝐾 𝐻𝑉 due to heat transfer by the calculated radiation, 𝐾 𝑐𝑐 is the fitted contribution to 𝐾 𝑊𝑃 or 𝐾 𝐻𝑉 due to heat transfer by contact conduction, 𝛼 is the fitted thermal accommodation coefficient for gas conduction in 𝐾 𝑊𝑃 or 𝐾 𝐻𝑉 , and 𝑙 is the effective distance between the shelf and well plate surfaces or between the well plate and the vial.

  𝑉 distributions in serum vials 𝐾 𝑉 distributions in high-throughput vials were compared to 𝐾 𝑉 distributions in serum vials calculated based on the work of Scutellà et al. (2017a)considering serum vials placed in the centre of the shelf.

(

  2017a) based on 𝐾 𝑉 distribution. For high-throughput vials, 𝐾 𝑉 values were the experimental distribution of the 96-Well Freeze-Drying Systems. For serum vials, 𝐾 𝑉 values were the distribution obtained as described in Calculation of 𝐾 𝑉 distributions in serum vials. Product temperatures were calculated for a 5% sucrose solution considering a shelf temperature of -15 °C and five chamber pressures(4, 6, 12, 25, and 65 Pa). The mass flow (𝑚̇) during sublimation was related to the pressure difference between

Figure 1 -

 1 Figure 1 -96-Well Freeze-Drying System manufactured by VirTis composed of (a) well plates and (c) high-throughput glass vials; (b) close-ups of the well plate bottom surfaces; (d) the robotic tube handler specifically developed for weighing the high-throughput glass vials.

Figure 2 -

 2 Figure 2 -Arrangement of the well plates on the freeze dryer shelf for tests with (a) 1000-µL vials, and (b) 500-µL vials; tests without vials were performed using the same well plate arrangement as (a). View of the shelf from the top not in scale. Well plate positions with A-type well plates are in blue, and B-type well plate positions are in orange. Circles represent vial positions, green circles represent positions considered for 𝐾 𝑉 and 𝐾 𝐻𝑉 treatment, white circles represent positions on the edge of the well plate not considered in this work, and red circles represent vial positions with temperature probes during tests with 1000-µL vials.

Figure 3 -

 3 Figure 3 -Apparent heat transfer coefficients between the shelf and the vial bottom (𝐾 𝑉 ) vs. chamber pressure (𝑃 𝐶 ) for: (a) 500-µL vials, and (b) 1000-µL vials. The curves correspond to the values calculated with equation (25). Error bars represent standard deviations. 𝐾 𝑉 for serum vials are based on Scutellà et al. (2017a) represented in grey. 𝐾 𝑉 estimated by von Graberg (2011) are represented as a dotted black line; values were readjusted to have the same heat transfer area (𝐴 𝐻𝑉 ) considered in our study.

Figure 4 -

 4 Figure 4 -Heat transfer coefficients (a) between the shelf and well plate bottom (𝐾 𝑊𝑃 ), and (b) between the well plate and vial bottom (𝐾 𝐻𝑉 ), vs. chamber pressure (𝑃 𝐶 ). The curves correspond to the values calculated with equations (16), (17) and (19) to (24). Error bars represent standard deviations.

Figure 5 -

 5 Figure 5 -Relative contributions of the heat transfer coefficients by contact conduction (𝐾 𝑊𝑃 𝑐𝑐 , 𝐾 𝐻𝑉 𝑐𝑐 ), conduction through the gas (𝐾 𝑊𝑃 𝑔𝑐 , 𝐾 𝐻𝑉 𝑔𝑐 ), and radiation (𝐾 𝑊𝑃 𝑟𝑎𝑑 , 𝐾 𝐻𝑉 𝑟𝑎𝑑 ) as percentages of the total heat transfer coefficients: (a) between shelf and wall plate (𝐾 𝑊𝑃 ), and (b) between wall plate and vial (𝐾 𝐻𝑉 ).

Figure 6 -

 6 Figure 6 -Distributions of the heat transfer coefficient between the shelf and the vial (𝐾 𝑉 ) and their respective standard deviations (SD) for both well plate types and vial sizes. Distributions in grey are taken from Scutellà et al. (2017a) for serum vials. Red lines are the calculated 𝐾 𝑉 based on vial geometry variation (contact area) distributions. Results using: (a) 500-µL vials inside A-type well plates, (b) 500-µL vials inside B-type well plates, (c) 1000-µL vials inside A-type well plates, and (d) 1000-µL vials inside B-type well plates.

Figure 7 -

 7 Figure 7 -Product temperature (𝑇 𝑃 ) distributions and standard deviations (SD) at shelf temperature (15 °C) obtained from the heat transfer coefficient between the shelf and the vial (𝐾 𝑉 ) for both well plate types and vial sizes. Distributions in grey are based on 𝐾 𝑉 taken from Scutellà et al. (2017a) for serum vials. Results using: (a) 500-µL vials inside A-type well plates, (b) 500-µL vials inside B-type well plates, (c) 1000-µL vials inside A-type well plates, and (d) 1000-µL vials inside B-type well plates.

Figure 8 -

 8 Figure 8 -Primary drying design spaces of a 5% sucrose solution calculated for: (a) high-throughput vials and (c) serum vials; and graphic solution to operate process change from: (b) high-throughput to serum vials, and (d) from serum to high-throughput vials. 𝑃 𝐶 𝐻𝑇 , 𝑇 𝑠ℎ𝑒𝑙𝑓 𝐻𝑇 , and 𝑚̇𝐻 𝑉 are the chamber pressure, shelf temperature and sublimation mass flow rate during primary drying performed with high-throughput vials, respectively. 𝑃 𝐶 𝑠𝑒𝑟 , 𝑇 𝑠ℎ𝑒𝑙𝑓 𝑠𝑒𝑟 , and 𝑚̇𝑠 𝑒𝑟 are the chamber pressure, shelf temperature and sublimation mass flow rate during primary drying performed with serum vials, respectively. 𝑇 𝑠𝑎𝑡 is the ice-vapour equilibrium temperature. 𝑇 𝑝 is the product temperature, and the maximal 𝑇 𝑝 considered was -35 °C. Blue lines in Figure 8a and Figure 8c represent iso-𝑇 𝑝 curves and red lines iso-𝑇 𝑠ℎ𝑒𝑙𝑓 curves. The grey area in the four graphs represents the safe zone of the process where 𝑇 𝑝 is lower than -35 °C. Linear colour maps in (b) and (d) represent iso-𝑇 𝑝 curves. Calculations were performed considering the global heat transfer coefficient between the shelf and the vial bottom for 500-µL vials in A-type well plates.

Table 1 -

 1 Well plate, vial dimensions, properties and physical properties used in this study.

	Symbol	Significance	Value	Standard deviation	Units	Source
		Well plate (A-type and B-type)		
	𝐴 𝑊𝑃	Bottom area of the well plate	1.08×10 -2	-	m 2	Calculated
	𝑑 𝑤𝑒𝑙𝑙	Diameter of the wells	9.2655×10 -3 0.0056×10 -3	m	Measured
	ℎ 𝑤𝑒𝑙𝑙	Depth of the wells	1.5245×10 -2	-	m	Measured
	𝐿 𝑊𝑃	Well plate length	1.2712×10 -1	-	m	Measured
	𝑊 𝑊𝑃	Well plate width	8.519×10 -2	-	m	Measured
	𝜀 𝑊𝑃	Emissivity of the well plate	0.87	-	Dimensionless Measured
		High-throughput vial		
	𝐴 𝐻𝑉	Outer bottom area of the vial 6.103×10 -5	0.039×10 -5	m²	Calculated
	𝐴 𝑖𝑛 𝐻𝑉	Inner bottom area of the vial	4.081×10 -5	0.032×10 -5	m²	Calculated
	𝐴 𝐶 𝐻𝑉	Vial-well plate contact area	1.93×10 -5	0.71×10 -5	m 2	Measured
	𝑑 𝑉𝐸	Outer bottom diameter of the vial	8.815×10 -3	0.028×10 -3	m	Measured
	𝑑 𝑉𝐼	Inner bottom diameter of the vial	7.208×10 -3	0.028×10 -3	m	Measured
	ℎ 𝐻𝑉,500 500-µL vial height	1.569×10 -2 0.0066×10 -2	m	Measured
	ℎ 𝐻𝑉,1000 1000-µL vial height	2.906×10 -2 0.0083×10 -2	m	Measured
	𝑙 𝐻𝑉 𝑚𝑎𝑥	Maximum bottom concavity	9.0×10 -5	1.9×10 -5	m	Measured
	𝑙 𝐻𝑉 𝑚𝑖𝑛	Minimum bottom concavity	4.4×10 -5	2.3×10 -5	m	Measured
	𝜀 𝐻𝑉	Emissivity of the vial	0.85	-	Dimensionless Measured
			Serum vial			
	𝐴 𝑉 𝑠𝑒𝑟	Outer bottom area of the vial	2.07×10 -4	0.37×10 -4	m²	(Scutellà et al., 2017a)
	𝐴 𝑖 𝑠𝑒𝑟	Inner bottom area of the vial	1.78×10 -4	0.29×10 -4	m²	(Scutellà et al., 2017a)
	𝐴 𝐶 𝑠𝑒𝑟	Vial-shelf contact area	1.67×10 -5	0.40×10 -5	m²	(Scutellà et al., 2017a)
	𝑙 𝑉 𝑠𝑒𝑟	Mean bottom curvature depth 1.23×10 -4	0.34×10 -4	m	(Scutellà et al., 2017a)
	𝑘 𝑠𝑒𝑟 𝑐𝑐	Empirical constant for serum vial-shelf contact conduction	2.20×10 5	0.27×10 5	W.m -4 .K -1	(Scutellà et al., 2017a)
	𝜀 𝑉	Emissivity of the vial	0.78	-	Dimensionless	(Scutellà et al., 2017a)
			Other parameters		
		Visualisation factor at the				
	𝐹 𝐻𝑉	bottom of the vial [equation	0.75	-	Dimensionless Calculated
		(21)]				
		Visualisation factor at the				
	𝐹 𝑊𝑃	bottom of the well plate	0.18	-	Dimensionless Calculated
		[equation (22)]				
	𝐿 𝑖𝑐𝑒	Initial ice thickness				

Table 3 -

 3 Heat transfer model coefficients calculated or fitted using equations (
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Abbreviations

Latin alphabet

𝐴

Heat transfer area m 2

𝐴 𝐶

Vial contact area m 2

𝐴 𝑖𝑛 Inner bottom area of the vial m 2

Conclusions

There is a growing demand from some pharmaceutical companies to consider the steps of formulation screening, process optimization, and scale-up in an integrated way. For this reason, the primary packaging of the final product is increasingly often defined in advance before starting the formulation development. The use of a high-throughput vial system to screen formulations during freeze-drying could accelerate the development of new pharmaceutical products. Additionally, identifying the operating conditions that entail the same product temperature when using the final production container (serum vials for instance) would lead researchers to develop representative processes at pilot or industrial scale. This identification will require forecasting heat transfer parameters and heterogeneities in both geometries. We established that the surface finish of the well plate and the height of the vials influence the heat transfer. Variations between well plate types were due to the conduction within the gas trapped between the shelf and the well plate, as well as the contact conduction at pressures lower than 12 Pa. Variations in the heat flow received by high-throughput vials in the centre of a well plate could be explained by the contact conduction between the well plate and the vial. The variability in the heat flow resulted in the identification of a product temperature safety margin of 3 °C for choosing the operating conditions to be applied during primary drying using a design space approach.

The heat transfer coefficients between the shelf and the vial bottoms (𝐾 𝑉 ) were approximately three times greater in high-throughput vials than in serum vials at chamber pressures lower than 12 Pa; consequently, the predicted product temperatures were in average 8 °C higher using high-throughput vials than serum vials at a shelf temperature of -15 °C and chamber pressures lower than 12 Pa. A novel diagram representing the operating conditions at the same product temperature in high-throughput vials and serum vials is proposed. This diagram presents a range of operating conditions that are possible to scale-up or scale-down.

Further research should be conducted on the impact of the vial position in the well plate on the heat flow received.
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