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Chapter I: Introduction 

1. Freeze-drying 

Freeze-drying is a common industrial process in which, as indicated in the name, the product is converted in the 

solid state, during the freezing, and then the solvent, typically water, is removed under vacuum conditions, during 

the drying phase [1,2]. The alternative name, lyophilization, derives from two ancient Greek words, λύος and 

φιλέιν and it refers to the high solvent affinity of the product which readily re-dissolves in the solvent [3].  

Freeze-drying found broad application in the pharmaceuticals field due to the stabilizing effect and the possibility 

to extend the shelf life of the labile-molecules [4]. Three main steps are part of the freeze-drying process: (a) 

freezing (b) primary and (c) secondary drying [3]. As shown in Figure 1, the principal components of a freeze-

dryer are represented by the chamber where the process is performed, a condenser used as vapor trap, and the 

vacuum pump [5]. The chamber holds shelves where the product to be dried is placed. A fluid circulates inside the 

shelves to regulate the temperature according to the defined parameters.  

 

Figure 1 Main components of a typical freeze-dryer: chamber (1), condenser (2), condenser coil (3), 

vacuum pump (4), cooling condenser system (5), heating / cooling shelf system (6), shelves (7), isolation 

shelf (8), capacitance manometer (9) and Pirani gauge (10)  

The pressure inside the chamber s usually monitored and controlled by a capacitance manometer [6]. Additionally, 

a conductivity gauge (Pirani gauge) is often applied because, in combination with the capacitance manometer, it 

can indicate the primary drying endpoint [7]. Product temperature is usually monitored with T-type copper-

constantan thermocouples (TCs) or platinum resistance temperature detectors (RTDs) [6] placed inside the 
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product. Further process analytical technology (PAT) tools to monitor the lyophilization are discussed in paragraph 

3. 

1.1 The Freezing Phase 

After the filling the liquid into a glass vial, the vial is partially stoppered and placed on the shelf [8]. As the shelf 

temperature is decreased, the product temperature (Tp) becomes lower until ice nucleation takes place at Tn (Figure 

2) [8]. The exothermic phenomenon of nucleation causes a temperature rise to the equilibrium freezing point; this 

delta is considered as the degree of supercooling [9]. Subsequently a temperature plateau establishes as the 

nucleation heat balances the heat removal by the colder shelf and lastly Tp decreases following the temperature of 

the fluid circulating in the shelf (Tfluid) as ice formation comes to completion. 

 

Figure 2 Exemplary temperature of the product (Tp) and of the fluid circulating in the shelf (Tfluid) in the 

freezing phase - Product formulation BSA 150 mg / ml according description in Chapter V – cooling rate 

1°C/min 

As the ice formation proceeds the remaining solution becomes up-concentrated (freeze-concentration) [3]. This 

increase in solute concentration comes with a viscosity increase that ends with the product solidification. 

Formation of a crystalline matrix takes place below the eutectic temperature (Teu). The glass formation of 

amorphous systems occurs at the glass transition temperature of the maximally freeze-concentrated solution (Tg’) 

[10]. 

Generally, ice nucleation is a stochastic event that can be influenced by various factors [11]. The temperature at 

which it takes place (Tn) and the degree of supercooling represent key factors in the ice crystal formation, and 

Tn 
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consequently in the morphology of the resulting lyophilizate. Less supercooling typically results in larger ice 

crystals on formation of larger pores generation as the ice is removed [12]. This in turn leads to a lower resistance 

to the water vapor removal, a higher mass transfer rate, and a shorter drying time. Thus, the freezing process is of 

key importance [13,14]. 
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1.2 The Primary Drying Phase 

The longest and most critical step of a freeze-drying process is the primary drying phase [7,15]. In this phase, ice 

is removed by sublimation under vacuum [3]. The chamber pressure is set to the saturation vapor pressure at the 

target ice temperature. As sublimation is an endothermic process, heat is provided through the fluid circulating in 

the shelfs [15]. Thus, the primary drying phase is coined by the chamber pressure (Pc) and Tfluid. Heat (Q) and mass 

flux (Jw), which are key can be described by equations 1 and 2 [16,17]: 

𝑄 =  𝐾𝑣  (𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑝) (1) 

𝐽𝑤 = (𝑃𝑖 − 𝑃𝑐) (𝑅𝑝)
−1

 
(2) 

Q is directly proportional to heat transfer coefficient (Kv) and the difference between Tfluid and Tp. The mass flux 

of water removal is proportional to the difference of between the pressure between at the sublimation interface (Pi) 

and Pc as well as to the product resistance (Rp) that increases during the process with the thickness of the dried 

layer [18]. Once the last ice crystal is sublimed, the primary drying phase can be considered completed and the 

last step, the secondary drying phase, can start. 

1.3 The Secondary Drying Phase 

At the end of primary drying, water is still present in the product as part of the partially dried freeze-concentrate 

[3]. The final desired product water content, secondary drying is applied. Tfluid is raised while the Pc is kept low 

or further reduced compared to primary drying [19]. Typically, the target moisture level of the product is 1% or 

less for an appropriate shelf life [20]. 

2. The Quality by Design Approach 

For many years, the approach to quality aspects in the pharmaceutical field was focused, as indicated in the 

guideline issued by the Food and Drug Administration (FDA) in 1987, to establish “documented evidence which 

provides a high degree of assurance that a specific process will consistently produce a product meeting its 

predetermined specifications and quality attributes” [21]. This quality by testing approach (QbT) was based on 

data-intensive submission with high relevance of batch history and a quality assurance relying on in-process tests 

and offline analysis with slow response [24][22]. It is assumed that a validated process will produce always a 

constant product quality if the same input parameters are applied [23]. In this context, process changes were 

discouraged as the focus was on reproducibility of historic data. Thus, industry was hesitant to implement new 

technologies as it was unclear how they were perceived from regulatory bodies [24]. In addition, understanding of 
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the process was frequently incomplete and scale-up, transfer or troubleshooting were difficult and time-consuming 

[23]. To mitigate these constraints, in 2002 FDA announced the initiative of the Pharmaceutical Current Good 

Manufacturing Practices (CGMPs) for the 21st Century and, in 2004, issued a final report on the topic [25]. The 

aim of this document was to encourage an early adoption of new technologies and to enhance implementation of 

a risk-based approach [26]. The international conference of harmonization (ICH) with four guidelines provided a 

framework for an approach where the product quality is ensured based on in-depth scientific understanding [27]. 

This shift in the quality paradigm to quality by design (QbD) is defined as “a systematic approach to development 

that begins with predefined objectives and emphasizes product and process understanding and process control, 

based on sound science and quality risk management” [28]. Starting from predefined goals, it relies on a full 

process control and understanding based on scientific evidences. QbD is formed from product-related and process-

related key elements [29]. The product properties, defined as quality target product profile (QTPP), and subsequent 

identification of the critical quality attributes (CQAs) through risk assessment, are related to product design. 

Process-wise, the design space defined as “established multidimensional combination and interaction of material 

attributes and/or process parameters demonstrated to provide assurance of quality” is of pivotal importance [24]. 

To understand and define which variation affects the product quality and to which extent, it is necessary that a 

technology support is effective and efficient in all the phases of product lifecycle. FDA encouraged the application 

of new technologies by issuing in 2004 the guidance for industry “PAT — A Framework for Innovative 

Pharmaceutical Development, Manufacturing, and Quality Assurance” [30]. PAT is the acronym of Process 

Analytical Technology and is defined as “a system for designing, analyzing, and controlling manufacturing 

through timely measurements (i.e., during processing) of critical quality and performance attributes of raw and in-

process materials and processes, with the goal of ensuring final product quality”. Four categories of PAT tools are 

considered in this framework: process analyzers, multivariate tools for design, data acquisition and analysis, 

process control tools, continuous improvements and knowledge management tools [30]. Among the first category, 

depending on the place and the timing of analysis, measurements can be: i) at-line whereby sample is removed 

from the process and analyzed in close proximity to the process stream; ii) on-line whereby sample is diverted by 

the process line measured and may return into the process line; iii) in-line whereby sample is not removed from 

the process stream and the analysis can be invasive o noninvasive [30]. All these options are in contrast with the 

traditional approach “offline” whereby the sample is withdrawn and the measurement takes place in a second 

moment with delayed results, if real-time decisions are critical [31]. 
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3. PAT tools in lyophilization 

General recommendations on an ideal PAT tool were highlighted in literature [32,33]: 

a) Available and practical on each freeze-dryer scale to allow smooth transfer /scale-up; in case necessary, 

retrofitting with minimum modifications 

b) Good reproducibility and sensitivity 

c) Capable to obtain representative measurement of the selected CQA  

d) Ability to withstand steam sterilization 

The PAT tools in lyophilization are commonly classified in two broad categories based on the focus of the 

monitoring, vial(s)- and batch techniques [34,35]. The monitoring tools are in turn classified based on which 

parameter is measured. 

3.1.Vial(s)-monitoring PAT tools 

3.1.1 Temperature-based PAT tools 

A thermocouple (TC) is one the most common tool in the field [6]. It consists of two wires made of dissimilar 

electrical conductors. This electrical junction produces a voltage temperature-dependent based on the Seebeck 

effect. T-type copper-constantan TCs are the most commonly used in the freeze drying [6,36]. The TC tip is placed 

in the vial and the measurement is considered reliable in the primary drying until the output signal increases 

abruptly when the tip loses contact to the surrounding dried product [19,39]. Their broad working range, low cost 

and rapidity of response make TCs a highly valuable support for freeze-drying specialists [6]. However, the 

uncertainty of the measurement, the incompatibility to automatic loading/unloading system and the invasiveness 

represent relevant limitations in manufacturing phases. 

Usually bulkier than TCs, resistance thermal detectors (RTDs) are another commonly available tool. Their working 

principle is based on a change in electric resistance when temperature changes [37]. They present better accuracy, 

robustness and repeatability compared to TC but due to the wire materials, Pt / Ni or Cu, they usually are more 

expensive than TCs besides the above-mentioned cons of handling and the invasiveness [37,38]. 

Nowadays, newer technology to measure product temperature wireless gained attention due to compatibility with 

sterilization and automatic loading / unloading systems. The technology is based on the excitation of a quartz 

crystal in the sensor placed in the product through an electromagnetic signal. The resonance of the sensor depends 

on the temperature and the signal is transduced by an external unit [39]. 
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A solution introduced by Kasper et al is an optical fiber sensor (OFS). It consists of an optical fiber irradiated 

equipped with a fiber Bragg grating (FBG). The change of refractive index is temperature dependent and the value 

can be determined by the light received post fiber irradiation. An alternative for Tp determination is the soft sensor. 

This device combines a temperature sensor external to the vial and a mathematical model to establish the 

temperature profile at the sublimating interface [37]. 

3.1.2 Heat flux-based PAT tools 

As mentioned in paragraph 1.2, the heat flux is one of the key pieces of information to describe the primary drying. 

After application in many sectors before, heat flux sensors (HFSs) have been introduced in lyophilization [40]. 

The technology relies on thermocouples (40-50) connected in series and embedded in Kapton layer, a few µm 

thick. The HFS is placed between the shelf surface and the bottom of the vial. It was applied for checking the 

freezing phase, detecting end of primary drying and monitoring Tp based on a previous knowledge of Kv [40]. As 

the potential of this PAT tool was investigated in this PhD thesis, further information can be found in Chapter III, 

IV and V. 

3.1.3 Spectroscopy-based PAT tools 

Both, Raman and infrared (IR) spectroscopy have been applied for monitor lyophilization processes. Raman 

spectroscopy is based on inelastic scattering when a sample is hit by a mono-chromatic light. As water is a weak 

Raman scatterer, this non-destructive technique is useful, initially offline and later as in-line PAT tools [41,42]. 

The applications are mainly qualitative to semi-quantitative and range from investigation of solid-state during 

freezing to structural changes in protein formulations. The only weak spectrum, the risk of heat input and the 

necessity of close proximity between probe and sample represent still open challenges for application in GMP 

freeze-dryers [33,43]. Infrared (IR) spectroscopy can be applied as near infrared (NIR) or Fourier-Transform 

infrared (FTIR) in lyophilization on laboratory-scale freeze-dryer and mainly for qualitative analysis [35]. It is 

applied for in-line measurement to understand the freezing step, to obtain Tp and to determine sublimation flow. 

The complex data interpretation, the highly formulation- and process-dependency of the spectrum and the 

incompatibility with the GMP application limited this technology [35,44].  

3.1.4 Sublimation flow-based PAT tools 

Micro-balances can be used to analyze the sublimation flow rate, by lifting a single vial during primary drying 

[45]. In this way it is possible to determine also the product resistance Rp. It was proposed to weigh up to 15 vials 

simultaneously but the set-up interferes with the hexagonal array influencing the heat exchange compared to the 
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rest of the batch [46]. Additionally, micro-balances are incompatible with loading/unloading system, with 

hydraulic closure of the vials based on shelf compression and with GMP environment for sterility reasons [35]. 
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3.2.Batch-monitoring PAT tools 

3.2.1 Pressure-based PAT tools 

A capacitance manometer measures the absolute pressure independently of the gas in the system. The electrical 

output is proportional to the capacitance between an electrode and a thin metallic diaphragm. The degree of 

deflection is caused by the pressure difference between outside of the system to be measured and the inside which 

is sealed and kept under a low pressure. Capacitance manometers are mostly used to control the chamber pressure 

[6]. 

Another common pressure measurement system is the Pirani gauge which measures the pressure based on the 

thermal conductivity of a hot wire. The heat exchange with the surrounding atmosphere depends on the frequency 

of collisions which is related to the pressure, and the molecular weight of the gas involved. The Pirani gauge is 

calibrated with nitrogen and presents a limited reliable pressure range [46]. 

The combination of capacitance manometer and Pirani gauge allows to detect the end point of primary drying and 

to follow secondary drying. The thermal conductivity of the water molecules is 60% higher than that of nitrogen 

molecules. During primary drying, the freeze-dryer chamber exclusively holds water molecules and thus the Pirani 

gauge shows higher values than the capacitance manometer. Once sublimation ends, the predominant gas in the 

chamber is nitrogen and the convergence of the two pressure values indicates the primary drying endpoint [47]. 

An increase in the Pirani gauge readout can be observed as water molecules desorb during secondary drying. 

Another widespread PAT tool for batch monitoring is the Pressure rise test. The method relies on the pressure rise 

in case of temporary closure of the valve between the drying chamber and the condenser [48]. The pressure increase 

is fitted to sublimation models and the sublimation flow can be estimated [49]. The technique can be applied on 

many different machines, including equipment with automatic loading/unloading, if a fast-closing valve between 

condenser and drying chamber is built in [50]. The manometric temperature measurement (MTM) was introduced 

by Pikal and consists of valve closure for 25 seconds every 60 minutes during which pressure rise is measured. 

The conceived algorithm, which assumes the same thermal behavior within the batch, estimates the vapor pressure 

over the ice, product and stopper resistance and a fitting parameter X [51]. It allows an on-line evaluation of the 

ice content and to measure Tp without further components. But MTM reliably covers only the first 2/3 of primary 

drying [52] as the sublimation area decreases along the process as edge vials dry faster. Furthermore, it is no 

applicable to highly concentrated protein or high amorphous content formulations potentially due the water re-

adsorption [53]. Chouvenc et al. proposed the pressure rise analysis as a viable alternative [54]. It also takes the 

thermal capacity of the glass and the re-adsorption heat into account. Additionally, it was applied in case of a slow-
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closing valve but with unreliable parameters in early phase of drying based on Tp assumption [54]. A similar 

approach was presented by Velardi et al [55]. Initial key variables are estimated by the algorithm to then predict 

the outputs by minimizing the difference to measured values. This model is applicable also in the last part of the 

drying phase due to the introduction of a corrective factor of the sublimating interface [56]. 

3.2.2 Composition- or flow-based 

A rather suitable but expensive technique is tunable diode laser absorption spectroscopy (TDLAS) which measures 

the vapor flow and concentration in the duct connecting chamber to condenser [57]. Kv and Rp can obtained in real 

time and the end point both of primary and secondary drying are easily detectable [57,58]. The necessity of a linear 

duct of adequate length and the difficult calibration represent limitation to its applicability [23]. 

Another technique used to detect the gas composition is the residual gas analyzer. A quadrupole mass spectrometer 

analyzes the molecules in the chamber atmosphere. It can determine the drying endpoint but it also used to detect 

leakage of silicone oil circulating in the shelf [33]. It requires complex and individual calibration for quantitative 

analysis [49]. 

4. Transfer and scale-up and of freeze-drying cycle 

The transfer of a freeze-drying cycle from one equipment to another is often challenging [59]. Usually, this step 

takes place from an R&D to a pilot /industrial freeze-dryer as the batch size is increased. The aim of each transfer 

is to obtain the same thermal history for the product [60]. The main challenges are related to (a) a different 

geometry / material in the equipment that can influence heat transfer, or an alternative duct and condenser that 

influence the chamber pressure (b) dissimilar systems / strategies to control shelf temperature, and (c) 

environmental conditions such as the particulate level difference between a GMP room and R&D lab [61]. 

Different strategies were applied to transfer or to scale up a lyophilization cycle. In the past, due the lack of many 

current in-process tools, the simplest solution was a “trial and error” approach that resulted in an extremely 

resources- and time-consuming experimental campaign in which the results were limited to the studied 

configuration (formulation /primary packaging/ involved equipment) [62]. When the freeze-drying cycle is applied 

in the larger scale as it is in the laboratory equipment, the outcome depends on the technical similarities and 

designing of the cycle. Nevertheless, this strategy can imply premature end of primary drying with consequent 

impact on dried matrix and on CQAs (e.g., water content) [63]. When parameters adjustment is implemented, 

expertise is key but without numeric process evaluations, in many cases, the lyophilization cycles were suboptimal. 
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A second option is to focus on an initial lyophilization cycle robust enough to be applied in both freeze-dryers 

despite systematic differences. Therefore, experiments in the lab-scale equipment are carried out to assess the 

impact on the final product of variations of shelf temperature and chamber pressure compared to the target values. 

In recent years the trend to apply mathematical models to design and characterize the lyophilization cycle is 

increasing. The aim is a transfer and scale up with just a limited number of experiments based on the QbD approach 

[59]. These mathematical models are usually based on description of heat and mass transfers in the primary drying. 

Initially, the proposals were focused on a detailed description of the phenomena with the drawback of multi-

dimensional algorithms including parameters difficult to obtain. Recently, the attention was addressed to 

simplified model capable to support researchers in parameters selection [59]. A milestone was focused on 

introducing parameters describing the heat and the mass transfer by Kv and R, respectively [64]. The first parameter 

is a sum of three main heat mechanisms coefficients (contact between vial and shelf, gas conduction between vial 

and shelf, irradiation from surrounding to vial) while the second considers the resistance to the sublimation flow. 

Further mono-dimensional model was proposed by Velardi and Barresi where the mass transfer resistance is 

indicated by the overall Rp coefficient that takes in consideration product, stopper and drying chamber 

contributions [65]. Additionally, to describe the heat transfer between shelf temperature and sublimating interface 

temperature, a sum of two heat resistances was introduced. More specifically, the heat loss is described from shelf 

to vial by the inverse of Kv while in the product by the ratio between thickness of the frozen layer and thermal 

conductivity of the frozen layer [66]. 

Once the cycle is described mathematically, it is possible to predict the cycle in the receiving equipment of the 

transfer based on Kv and Rp. As well-known, the heat transfer coefficient differs even considering the vial position 

in a same freeze-dryer [67]. Therefore, Rp is the most relevant as describes the product implications in the model. 

There are two potential scenarios: either same product resistance achievable or not in the two freeze-dryers. The 

first case is the simplest case where the shelf temperature is calculated and adjusted based on product temperature 

obtained in the first freeze-dryer used. Afterwards, drying time and temperature profile in the receiving freeze-

dryer can be easily calculated by mathematical model [59]. When it is impossible to replicate the product 

resistance, it is necessary to decide to obtain either same product temperature or same sublimation flow, and 

consequently, drying time. 

From these considerations, it appears of paramount importance having PAT tools / equipment able to provide 

information to conceive and control the lyophilization cycle and, ideally, to estimate in-silico the design space of 

the receiving unit so to obtain an efficient process and a smooth transfer.  
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Chapter II: Aim and outline of thesis 

The overall aim of this thesis was to investigate different PAT tools / equipment to conceive optimized freeze-

drying cycles ready for scale-up / transfer with minimized material and time invest. Throughout the thesis, the 

combination of HFS, mathematical models and miniaturized equipment was extensively investigated. The question 

arose whether a design space fed by HFS-based inputs in a MicroFD allows to understand quickly the impact of 

operating parameters on product quality and process efficiency by optimization of the drying time. 

In lyophilization it is key to balance heat provided by the shelf and the heat removed by sublimation during primary 

drying. A surplus of energy could impair the product quality by collapse whereas an energy deficit leads to 

extended expensive processes. Key input parameters are Tfluid, Pc, Kv and Rp. This work focused to combine 

different PAT tools to create a design space for primary drying. In particular, the focus was on the heat flux sensor 

(HFS), a quite recent PAT tool in lyophilization, in combination with a mathematical model (Chapter III). We 

performed a study on a laboratory-scale freeze-dryer comparing the classic gravimetric method to the HFS-based 

technique. Additionally, a freeze-drying cycle was designed and transferred to another equipment to verify the 

HSF / in-silico model developed. These data highlight the applicability of the HFS-based approach to substantially 

accelerate the design of freeze-drying cycles. 

We further investigated the HFS in a miniaturized freeze-dryer, named MicroFD, to highlight the potential and the 

drawbacks of this PAT tool using only a very limited number of vials for process design (Chapter IV). In the first 

phase it was necessary to characterize the peculiar and innovative setup of the MicroFD including the LyoSIM, a 

temperature-controlled ring surrounding the product vials. Subsequently, the chapter considers the Kv obtained 

via the HFS for two exemplary types of formulations (amorphous and crystalline) and two different freezing 

protocols. Finally, the role of atypical radiation in the HFS output was investigated. 

The aim of Chapter V was to clarify whether HFS / MicroFD can be applied for high concentration protein 

formulations and to check the potential for design space creation. To this end, we determined Kv and Rp of the 

formulations in the MicroFD. Subsequently, we generated a design space for the primary drying process and 

confirmed its validity experimentally considering the estimate of primary drying time and product temperature 

profile and characterizing cake appearance and water content.  
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Abstract 

Freeze-drying methodology requires an in-depth understanding and characterization for optimal processing of 

biopharmaceuticals. Particularly the primary drying phase, the longest and most expensive stage of the process, is 

of interest for optimization. The currently used process analytical technology (PAT) tools give highly valuable 

insights but come with limitations. Our study describes, for the first time, the application of a heat flux sensor 

(HFS) to build a primary drying design space and predict the process evolution. First, the heat transfer coefficient 

(Kv) generated by HFS and by the most accurate, but time-consuming and invasive, gravimetric method were 

compared. Second, the applicability to generate a design space was tested and verified. Obtained results revealed 

a good agreement of the values generated from this new and fast HFS compared to the gravimetric determination. 

Additionally, residual moisture assessed by Karl-Fischer titration and frequency modulated spectroscopy (FMS) 

support the quality of the obtained predictions. Thus, the HFS approach can substantially accelerate evaluation, 

development and transfer of a freeze-drying cycle. 
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1. Introduction 

Biopharmaceuticals represent extremely important therapeutics with an estimated market worth of 445 billion 

dollars in 2019 [1]. Many of these products need conversion from solution to a solid-state through lyophilization 

to achieve an adequately stable drug product [2]. This process is complex, cost- and time-consuming, and can – if 

not optimized – impair the quality of the pharmaceutical product [3-6]. 

The primary drying step is the longest and most challenging step of the freeze-drying process [7]. Its aim is the 

sublimation of the frozen water in the product by using energy provided by the shelves in the shortest possible 

time. However, supplying an energy surplus to the product during primary drying can lead to a partial or total 

change in structure of the dried material (micro- or macro-collapse). Collapse can result in a higher water content 

within the product, which could affect product stability [8, 9]. Shelf fluid temperature (Tfluid) and chamber pressure 

(Pc) are the parameters to control the water sublimation rate (mass transfer) and the product temperature (Tp) during 

primary drying. Both, Pc and Tfluid, must be selected in such a way that are adequate to keep primary drying short 

but at the same time to prevent Tp to exceed the critical thermal properties of the formulation (collapse temperature 

or temperature of eutectic melting). Unfortunately, Tp is also influenced by receiving energy via uncontrolled 

radiation [10]. Therefore, it is essential to know the relation between Tfluid and the total heat received (Qtotal) by a 

particular vial: 

𝐾𝑣 =  𝑄𝑡𝑜𝑡𝑎𝑙  (𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑝)
−1

 
(1) 

Kv is the heat transfer coefficient, a parameter introduced by Pikal [11] and applied to describe the role of the 

vial and of the equipment in the process for a specific position in the dryer [12, 13]. 

To consider the effect of the formulation composition and freezing conditions on sublimation, the product 

resistance (Rp) was introduced [14]: 

𝑅𝑝 = (𝑃𝑖 − 𝑃𝑐) (𝐽𝑤)−1 (2) 

with Pi being the pressure at the sublimating interface and Jw the sublimation flux. 

The characterization of a freeze-drying process, potentially also through the above-mentioned equations, 

allows to understand the influence of process parameters on defined critical quality attributes (CQAs) [15, 16]. 

CQAs often considered in for freeze-dried products are visual appearance, residual water content, reconstitution 

time, preservation of biological activity, stability and sterility [16]. 

The approach towards quality evolves from testing-driven (quality by testing – QbT) to design-driven (quality 

by design – QbD) point of view in order to transform product and process assessment to a science-based 
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methodology [17]. Essential elements of this are the above-mentioned CQAs, the risk assessment to define limits 

to those attributes and the design space [18]. The latter, defined by the “ICH Q8 Pharmaceutical Development 

Guideline” as a “multidimensional combination of input variables and process parameters that have been 

demonstrated to provide assurance of quality” [19] can be of extreme interest not only from quality but also 

economic perspective [20]. Building a design space requires an extensive experimental campaign, but this process 

can be streamlined with the support of mathematical modelling [21, 22]. For establishing the design space, a certain 

number of experiments are necessary to obtain the required parameters (i.e. Kv and Rp) to describe and predict the 

freeze-drying cycles. 

Kv can be used to obtain the mass of sublimed ice and Rp [14]. Knowing heat and mass transfer as a function 

of Tfluid and Pc allows the generation of a design space. Kv and Rp can be obtained by different techniques, which 

can be classified in vial- and batch-. The most accurate technique is the gravimetric method (vial-based) in which 

the vials are weighed before and after the experiment to determine the amount of sublimed solvent. However, the 

method is invasive because the process has to be stopped in order to obtain a reliable product temperature 

measurement over the considered primary drying. If the type of vial is changed or the effect of Pc on the heat 

transfer is considered, repetitions (at least three) are necessary leading to an extremely time-consuming method. 

The most frequently used batch techniques, pressure rise test (PRT) and the tunable diode laser absorption 

spectroscopy (TDLAS) [9, 23-26], enable to monitor an ongoing process in “real-time”. Unfortunately, they are 

not applicable to every equipment type and they provide only an average Kv for all vials in the freeze-dryer without 

the possibility for differentiation of vial location (e.g., center or edge vials) [18, 27-31]. Ideally a fast, non-invasive 

technique applicable to any sort of freeze-dryer, would be necessary to enable the characterization of a given 

lyophilization process. 

Heat flux sensors (HFSs) have recently been introduced as novel PAT tool to monitor and develop freeze-

drying processes. The temperature difference above and below the sensor is converted in a voltage, resulting from 

the Seebeck effect and then transduced in the proportional heat flux [32]. In the current set-up, the energy measured 

for a defined vial population positioned on the HFS (QHFS) is positive when the heat flux is provided by the shelf. 

Further, HFSs are useful to obtain insights into the freezing steps i.e., to follow nucleation events, to identify the 

end of primary drying, and to estimate Tp if Kv is known [33]. 

While the focus of previous work on HFS was mainly on applicability and endpoint detection, the scope of our 

current work was to create a fast and reliable methodology to obtain key process parameters like Kv and Rp 

generated from HFS measurements. Subsequently, a single experiment to generate multiple Kv and Rp by HFS was 
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assessed by varying parameters during the cycle. This should ultimately provide an option to substantially 

accelerate understanding and development of the process. 

Our work was divided in three parts: 

a. Investigation of Kv and Rp obtained by HFS compared to the gravimetric methodology in a laboratory-

scale freeze-dryer. 

b. Assessment of a single HFS experiment to create a primary drying design space 

c. Demonstration of the feasibility to predict a rational freeze-drying cycle including a transfer to a different 

lyophilization equipment based on a fast procedure using the HFS. 

2. Materials and Methods 

2.1 Formulations and primary packaging  

Sucrose (Ph. Eur. grade) from Merck (Darmstadt, Germany) and highly purified water (Milli-Q integral water 

purification system, Merck Millipore, Hertfordshire, United Kingdom) were used to prepare 10% w/V solutions 

for all the tests performed. The solutions were filtered by using 0.22 µm PVDF (polyvinylidene difluoride) 

membrane filters (Merck, Darmstadt, Germany) prior to filling. 

A volume of 5 ml sucrose solution was filled in 6R TopLyo glass vials (Schott, Müllheim-Hügelheim, 

Germany) and the vials were partially closed with 20-mm bromobutyl single vent lyophilization stoppers (Westar 

RS, FluoroTec B2-40 coating; West, Eschweiler, Germany). 

In case of two supplementary experiments, 2R and 20R glass vials (Schott, Müllheim-Hügelheim, Germany) 

were filled with 2 ml (2R) and 5 ml (20R), respectively. The vials were partially closed with 13-mm and 20-mm 

bromobutyl single vent lyophilization stoppers (Westar RS, FluoroTec B2-40 coating; West, Eschweiler, 

Germany). 

2.2 Freeze-drying equipment and heat flux sensor (HFS) 

Freeze-drying experiments were performed on a Revo freeze-dryer (Millrock Technology, Kingston, New 

York, USA), named as FD01 through the manuscript. The verification of the predicted time and design space 

parameters was performed on an Epsilon 2-12D freeze-dryer (Martin Christ, Osterode, Germany) indicated as 

FD02 in the rest of this work. 

FD01 was equipped with three shelves, presenting a total area of 0.55 m2. Pressure was controlled by a 

capacitance manometer and additionally monitored with a Pirani gauge. T-type copper-constantan thermocouples 
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were used. An HFS is in the center of the bottom shelf. From the HFS readout (QHFS), a HFS-based Kv (Kv HFS) 

was calculated: 

𝐾𝑣  𝐻𝐹𝑆 =  𝑄𝐻𝐹𝑆  (𝑇𝑠ℎ𝑒𝑙𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑝)
−1

 (3) 

where Tshelf surface is the temperature of the shelf surface as measured from thermocouple built-in the HFS and 

Tp is the product temperature measured at the vial bottom. In our manuscript we refer to the term T fluid to indicate 

the shelf fluid temperature set in the freeze-dryer and to differentiate it from the Tshelf surface, which is the temperature 

measured from thermocouple embedded in the HFS. In the Kv HFS calculations, the temperature recorded from 

the sensor indicated as Tshelf surface was applied instead of Tfluid. The detection area of the sensor was 6.68 * 6.35 cm 

with a thickness of 0.178 mm. A thin frame (named shim) made of stainless steel surrounded the sensor to provide 

an even stand for the vials placed in the freeze-dryer. 

FD02 was equipped with four shelves, presenting a total area of 0.63 m2, and an individual shelf closure 

mechanism. Tp was monitored by resistance temperature detectors. Vacuum was controlled by a capacitance 

manometer and additionally monitored with a Pirani gauge. 

2.3 Determination of Kv and Rp: gravimetric and HFS experiments 

Each of the three shelves in the freeze-dryer (FD01) was loaded with 91 filled vials. The 91 filled vials equal 

27% of the maximum freeze-dryer capacity. 19 vials were placed on the heat flux sensor and 72 on the surrounding 

area. Three gravimetric experiments were carried out at chamber pressures of 5.3 Pa, 10.7 Pa and 16.0 Pa with a 

cycle as outlined in Table 1. 

Table 1. Freeze-drying parameters used for gravimetric experiments. 

No. Step 
Time 

[hh:mm:ss] 

Tfluid 

[°C] 

Pc 

[Pa] 

Ramp 

[°C/min] 

1 Loading 00:00:00 20 100,000  

2 Freezing 00:46:00 -3 100,000 0.50 

3 Freezing 01:00:00 -3 100,000  

4 Freezing 00:47:00 -50 100,000 1.0 

5 Freezing 02:00:00 -50 100,000  

6 Primary drying 00:15:00 -50 5.3 10.7 16.0  

7 Primary drying 01:00:00 -20 5.3 10.7 16.0 0.50 

8 Primary drying 09:00:00 -20 5.3 10.7 16.0  
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 5.3 and 16.0 Pascal were selected to cover a representative chamber pressure in pharmaceutical freeze-drying 

[34]. Additionally, 5.3 Pa is usually the minimum chamber pressure attainable in a manufacturing freeze-dryer. 

Furthermore, at 16.0 Pa gas conduction mechanism accounts for almost half of the total heat transfer [35] and our 

study wanted to highlight potential differences between the gravimetric and the HFS method potentially affected 

by the mode of energy transfer. Water loss (Δm) was measured by weighing the 19 vials placed on the HFS by 

using an analytical balance (Genius ME – Sartorius, Gottingen, Germany) before the start of the process and after 

circa 10 hours of primary drying time (steps 6-7-8 in Table 1). The reason of a premature freeze-drying cycle 

interruption is to obtain reliable product temperature through the entire process. Kv was calculated according to 

the following equation: 

𝐾𝑣  𝑔𝑟𝑎𝑣 =  
∆𝑚 ∆𝐻𝑠

𝐴𝑣 ∫ (𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑝) 𝑑𝑡
∆𝑡

0

 (4) 

where ΔHs is the sublimation heat of ice and Av is the cross-sectional area of the vial. Rp was calculated 

according to equation (2). 

Three additional cycles were performed and stopped after step 7 (Table 1) to determine the water loss during 

the primary drying ramp. The gravimetric procedure described for FD01 was applied also to FD02 to obtain the 

corresponding Kv data. 

Two additional tests with 20R and 2R vials were carried out to verify the offset between the gravimetric and 

the HFS methodology. Each of the three shelves in FD01 was loaded with 91 (20R) or 169 (2R) filled vials. 7 20 

R vials or 61 2R vials resp. were placed on the heat flux sensor and 84 20R vials or 108 2R vials resp. on the 

surrounding area. In both the experiments, the cycle was performed as described in Table 1 for 5.3 Pa cycle. In 

order to assess the effect of the freeze-dryer load on the HFS output, two additional tests at the maximum freeze-

dryer capacity were carried out in FD01 at chamber pressures of 5.3 and 10.7 Pa.  

The feasibility test of a fast method to generate Kv at three different chamber pressures was named 3-pressure 

experiment (3PE). Pc was set first at 5.3 Pa to obtain also Rp and then increased at 10.7 and later to 16.0 Pa (Tfluid 

kept at -20°C). 

2.4 Mathematical model for HFS-based design space generation 

Non-linear fitting of Kv and Rp was performed by applying the Levenberg–Marquardt algorithm with Origin 

2016 (OriginLab Corporation, Northampton, Massachusetts, USA). For Kv calculation, the following equation was 

used: 
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𝐾𝑣 = 𝐴𝐾𝑣 +
𝐵𝐾𝑣 𝑃𝐶

1 + 𝑙𝑣
𝐵𝐾𝑣

𝜆0
 𝑃𝐶

 (5) 

The first term of the equation (AKv) represents the sum of the heat contributions of vial-to-shelf contact and 

uncontrolled radiation. The second term of the equation represents the gas conduction according the 

Smoluchowsky theory. BKv is a coefficient proportional to the temperature of the gas and to the gas composition 

in the chamber. lv indicates the average distance between vial bottom to the shelf and λ0 the thermal conductivity 

of the gas at ambient pressure [36, 37]. lv was estimated using the imprint test described in section 2.6 while λ0 

was taken from literature (1.8 10-2 Wm-1K-1) [11]. 

For Rp calculation, the following equation was used [37]: 

𝑅𝑝 = 𝑅𝑝0 +
𝐴𝑅𝑝 𝐿𝑑𝑟𝑖𝑒𝑑

1 + 𝐵𝑅𝑝  𝐿𝑑𝑟𝑖𝑒𝑑

 (6) 

Rp0, ARp and BRp are obtained from the best fit of Rp vs. dried layer (Ldried) evolution. Tp profiles and Kv were 

used to calculate Rp [14]. The mathematical model proposed by Velardi and Barresi was applied to estimate 

evolution of dried material, temperature at the sublimating interface (Ti) and primary drying time [21]. A design 

space was created for both HFS and gravimetric data. 

2.5 Transfer of cycle from FD01 to FD02 

The obtained HFS-based design space was verified with a cycle transfer from FD01 to FD02 for a 2 ml fill. 

This change in the filling volume from 5 ml (applied in previous experiment) to 2 ml does not affect the product 

resistance, according the obtained Rp curve. Process parameters are listed in Table 2.  
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Table 2. Freeze-drying parameters used for FD02 predicted by using HFS data in FD01. 

No. Step 
Time 

[hh:mm:ss] 

Tfluid 

[°C] 

Pc 

[Pa] 

Ramp 

[°C/min] 

1 Loading 00:00:00 20 
100,000  

2 Freezing 00:46:00 -3 
100,000 

0.50 

3 Freezing 01:00:00 -3 
100,000  

4 Freezing 00:47:00 -50 
100,000 

1.0 

5 Freezing 02:00:00 -50 100,000  

6 Primary drying 00:15:00 -50 5.3  

7 Primary drying 00:58:00 -21 5.3 0.50 

8 Primary drying 42:40:00 -21 5.3 0.50 

9 Secondary drying 08:30:00 30 5.3 0.50 

10 Secondary drying 06:00:00 30 5.3 0.50 

11 Closing   80,000  

 

The fluid temperature in FD02 (Tfluid FD02) was selected to match the product evolution of the product in FD01 

(ice thickness Lfrozen FD01 and pressure at the sublimating interface Ti FD01) according to Kv HFS and Rp HFS). The 

following equation was used to select the Tfluid of FD02 [38]: 

𝑇𝑓𝑙𝑢𝑖𝑑 𝐹𝐷02  =  

𝐾𝑣 𝐹𝐷02 (
1

𝐾𝑣 𝐹𝐷02
+

𝐿𝑓𝑟𝑜𝑧𝑒𝑛 𝐹𝐷01

𝑘𝑓𝑟𝑜𝑧𝑒𝑛
) 𝑇𝑝 𝐹𝐷01 + 𝑇𝑖 𝐹𝐷01

𝐾𝑣 𝐹𝐷02 (
1

𝐾𝑣 𝐹𝐷02
+

𝐿𝑓𝑟𝑜𝑧𝑒𝑛 𝐹𝐷01

𝑘𝑓𝑟𝑜𝑧𝑒𝑛
) − 1

 (7) 

where kfrozen indicates the ice thermal conductivity. 

2.6 Determination of vial-to-shelf contact area (imprint test) 

The bottom of five vials was dyed on an inkpad and then transferred to a piece of paper. The paper was scanned 

with a CFI 60 bright-field/dark-field microscope (Nikon Corporation, Japan) and the composite picture was 

processed with ImageJ (Fiji – open-source package) to obtain the contact area. lv was obtained as described from 

Pikal et al. [11]. In brief, vials were carefully cut in their axial direction, dyed on the inkpad and placed on a piece 

of paper with a moderate pressure. The imprint was scanned and the picture processed with ImageJ. The maximum 

distance from the vial to the horizontal plane was measured and equal to 2.7 10-4 m. 
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2.7 Analytical methods 

2.7.1 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was performed in a Mettler Toledo DSC 1 (Mettler Toledo, 

Columbus, Ohio, USA) to determine the glass transition temperature of the maximally freeze-concentrated 

solution (Tg’) for our formulation. Approximately 10 µl of the formulation were analyzed in crimped Al-crucibles. 

The samples were twice cooled to -50 °C (cooling rate of 1 °C/min) and reheated to 10 °C with a scanning rate of 

5 °C/min. The midpoint of the endothermic shift of the baseline during the heating scan was taken as Tg’. 

2.7.2 Karl Fischer titration 

The residual moisture content of the freeze-dried samples was analyzed by direct injection using a coulometric 

Karl Fischer (KF) titrator Aqua 40.00 (Analytik Jena, Jena, Germany). The samples were prepared in a glovebox 

at ≤ 10% relative humidity. Approximately 30 – 50 mg freeze-dried material was weighed into an empty vial, 

dissolved in about 1.5 ml of titrant solvent, and sonicated for 5 minutes. Approx. 1 ml was analyzed with exact 

mass control of the injected sample. 

2.7.3 Frequency modulating spectroscopy 

The partial pressure of water vapor in the vial headspace was determined using a FMS-1400 Headspace 

Pressure / Moisture Analyzer (Lighthouse Instruments, Charlottesville, Virginia, USA). All samples were 

measured in triplicates and the mean and standard deviation of the partial pressure of water vapor is reported in 

Pa. 

2.8 Data analysis 

Throughout the manuscript, Kv gravimetric values represent the experimental mean (calculated on n = 19) ± 

standard deviation. For Kv HFS values are the mean of the calculated data over the primary drying phase ± standard 

deviation. In KF and FMS charts, each bar represents the experimental mean (calculated for KF data on n=3, for 

FMS data on n=50) ± standard deviation. A z-test was applied to assess statistically significant difference between 

two considered groups (p < 0.05). 
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3. Results and Discussion 

3.1.Comparison of Kv based on HFS with Kv gravimetric 

The first goal was to compare Kv derived from HFS to the well-established gravimetric Kv determination [39]. 

A primary drying model based on the assumption of a “pseudo steady state” (PSS) implies that all the heat received 

by the product in the vial is equal to the heat removed by sublimation (i.e., no heat dispersion) [40]. Therefore, the 

Kv grav PSS was determined excluding the perturbation by the Tfluid ramp phase [41] via subtraction of the water 

loss during the temperature ramp. In addition, we included the Kv grav in non-steady state condition for comparison 

because of its pragmatic aspect. Non-steady state data often are the only available information for process scientists 

but in this situation no extra lyophilization cycles are required. 

Our Kv results for 10% w/V sucrose are in good agreement with previous work conducted with water [42]. 

Considering the Kv grav non-PSS data in the primary drying evolution may cause a Kv underestimation with impact 

on product quality, especially for freeze-drying cycles where Tp is close to the critical product temperature. 

Nevertheless, in our case of 9 hours primary drying (holding phase) the difference is subtle and  the discrepancy 

between the Kv gravimetric PSS and non-PSS are less than 6.5%. A statistical test confirmed the impossibility to 

distinguish PSS from non-PSS data in the considered Pc range. On the basis of our evaluation, we can conclude 

that in case of an adequate experiment time and fast temperature ramping both, the non-PSS and PSS data, are 

acceptable.Tp and Kv of vials placed on the sensor or not on the sensor directly on the shelf were comparable (data 

in Figure A 1 and Table A 1). 
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Figure 1. Kv HFS (•), Kv grav PSS () and Kv grav non-PSS () as a function of Pc. The lines indicate the 

fit of the data sets (for all fits R2 > 0.985). [Kv HFS () Kv grav PSS (⎯) Kv grav non-PSS (---)] 

Based on equation (3), Kv HFS is on average 2.6 Wm-2K-1 lower than Kv grav PSS (Figure 1). Whereas the 

gravimetric approach assesses the total heat received by the vials, the HFS approach measures only a part of it. 

The heat transfer during primary drying is ascribed to three mechanisms: direct contact of the vial bottom with the 

shelf, radiation coming from the surrounding of the vial (i.e., walls and door) and gas conduction. These 

mechanisms are considered in equation (5), which can be used to extrapolate Kv data [43]. Contact and radiation 

are gas-independent and their sum is described by AKv. The second term of the equation is influenced by Pc and 

related to BKv. Mathematical fitting (equation (4)) [43] enabled us to distinguish between the gas-dependent and 

the gas-independent contributions. The pressure dependency of Kv HFS and Kv grav PSS show a similar evolution 

(Figure 1), reflected by the BKv values (Table 3). This means that both ways of Kv determination have the same 

pressure dependency. Looking at the results in Table 3, the difference of gas-independent contribution (AKv term) 

between the different data sets is noticeable. The AKv value of the HFS is 2.4 Wm-2K-1 lower than the value obtained 

for the Kvs grav PSS. In other words, the sum of radiative heat plus heat received by direct contact shows a 

difference of 38.7% between Kv HFS and Kv grav PSS at an assumed Pc of 0 Pa. In previous work, the relative 

importance of the AKv term varies from ca. 70% at 4 Pa (40% contact / 30% radiation) to ca. 45% at 15 Pa (25% 
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contact / 20% radiation) [35]. Due to the fact HFS is placed below the vial, we assume that the discrepancy between 

the HFS and the gravimetric method is related to the radiative heat. However, this hypothesis allows for an own 

study and is beyond the aim of this work.  

Subsequently, 2R and 20R vials were considered and same offset between Kv grav and Kv HFS was obtained 

applying same drying conditions (data in Figure A 2). The HFS output was checked also in relation to the freeze-

dryer load (Table 4). The freeze-dryer load did not affect the HFS output. This result corresponds to the available 

gravimetric Kv data [44]. 

3.2.Rp derived from Kv grav and HFS  

Applying the approach suggested by Kuu et al. [14], the evolution of Rp as a function of dried layer thickness 

derived from the HFS and the gravimetric analysis was compared.  

 

Figure 2. Rp as a function of dried layer thickness derived from Kv grav (empty symbols) and Kv HFS 

(filled symbols) at 5.3 Pa (circles), 10.7 Pa (triangles) and 16.0 Pa (squares). 

As displayed in Figure 2, decreasing of Rp values were found with increasing of chamber pressures, irrespective 

whether the gravimetric or the HFS-based data were evaluated. This phenomenon may be explained by a 

progressing extent of micro-collapse [45, 46]. A confirmation of this hypothesis can be found from the observation 
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of the product temperature profiles at 10.7 and 16.0 Pa and the considered Tg’ (data in Figure A 3). Rp calculated 

from Kv HFS data was higher compared to Rp obtained from Kv grav at Pc of 5.3 and 10.7 Pa. The two Rp evolutions 

matched at 16.0 Pa and compare well to the values presented by Scutellá et al. [47]. This observation can be 

explained by the offset between the two Kv methods (Figure 1), which has a higher relative importance at low to 

mid Pc than at high Pc. The Rp in design space is of extreme importance, because it accounts for product 

composition, freezing conditions [45]. The Rp increases as primary drying continues since the dried layer gains in 

thickness and its evolution can be described empirically (equation (7)). The mathematical descriptions of Rp vs. 

dried layer thickness were applied to define the design spaces originated according the HFS and the gravimetric 

methods.  

3.3.Assessment of a single HFS experiment procedure to create a design space 

In order to accelerate the development of a freeze-drying cycle, we examined the possibility to obtain all the 

data necessary to create a design space in a single experiment. 

We verified that Kv HFS is barely affected by the Tfluid in a pre-test (data shown in Figure A 4). Afterwards we 

conducted the 3-pressure experiment (3-PE) to reduce time and effort for generating a design space. This freeze-

drying cycle was conceived to obtain three Kv HFS and the corresponding Rp for our formulation. The first segment 

of the experiment was designed to obtain Rp and was performed at 5.3 Pa for two main reasons: i) minimizing the 

dry layer formation and ii) reducing the probability of micro-collapse of the sucrose formulation. The other two 

primary drying segments (10.7 – 16.0 Pa) were sufficiently long to ensure that PSS was established.  
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Figure 3. Kv HFS comparing single test (green) and 3-PE cycle (white). 

Figure 3 illustrates the comparison between the Kv HFS values obtained in the single pressure experiments and 

the 3-PE. The two data sets are in good agreement for Pc of 5.3 and 10.7 Pa. At 16.0 Pa, the 3-PE Kv HFS was 1.7 

Wm-2K-1 below the Kv HFS of the individual test. This difference might be explained by the progression of the 

cycle as Pc increases Kv and in turn affects Rp. As stated earlier in the section 3.2, the heat flux increment reduces 

the vapor flow resistance of the dried matrix. According to our calculations for the 16.0 Pa conditions at the 3-PE, 

Rp was ca. 5% higher than for the single experiment. Accordingly, Tp was 1.65 °C higher in the 3-PE. The 

drawback of a less accurate measurement at high Pc is compensated by the possibility to obtain quickly multiple 

Kv values and Rp during the low Pc phase, the 5.3 Pa segment. Results obtained for the 3-PE experiment were in 

fair agreement with the single experiment values. From that perspective, we consider the 3-PE as an attractive way 

to accelerate the cycle development by lowering the effort and shortening the time to obtain reliable Kv data at low 

and moderate Pc. Therefore, we considered obtained Rp and Kvs (at 5.3 – 10.7 Pa) for the following phase. 
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3.4.Design space and freeze-drying cycle transfer 

Finally, we evaluated the possibility to use a design space derived from HFS data for a cycle transfer to a pilot-

scale freeze-dryer (FD02). Once the mathematical descriptions of Kv and Rp were obtained, a mono-dimensional 

model was applied to estimate primary drying duration, maximum temperature at the sublimating interface (T i) 

and sublimation flow rate (Jw) for each selected Tfluid and Pc value. The primary drying design spaces were created 

from HFS and gravimetric determination (Figure 4 and Figure 5).  

 

Figure 4. Design space generated using HFS data. [Rp obtained at 5.3 Pa]. 

 

Figure 5. Design space generated using gravimetric data. [Rp obtained at 5.3 Pa]. 
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The sublimation flow rates were plotted against Pc for 30 performed simulations. Each line connecting the data 

points depicts the isotherm of Tfluid. The black line indicates the critical product temperature (Tcrit) of -32 °C, which 

was determined by DSC and confirmed by collapse temperature data from literature [48]. The triangular area 

defined from the Tcrit and the vertical lines represents the design space and a combination of process variables 

(Tfluid and Pc) that give a temperature at the sublimating interface Ti < Tcrit falls in this region. The boundaries in 

terms of allowable Tfluid and Pc are the same for the two design spaces at 5.3 Pa. As a direct consequence of the 

previously described offset between the two techniques, the sublimation flow rates are lower for the HFS-based 

calculations. This aspect must be considered for freeze-dryers prone to choked flow, where an underestimation of 

the real sublimation flow rate can cause a loss of pressure control and consequent product impairment. The Rp 

change with Pc did not affect the sublimation flow but led to a decrease of the area representing the allowable Tfluid 

and Pc (Figure A 5 and Figure A 6) as evidenced in previous work [45]. The application of Kv and Rp from HFS 

data to conceive a freeze-drying cycle leads to a result comparable to the one derived from gravimetric data for 

the selection of Tfluid and Pc. There is a mathematical compensation for the Kv underestimation and the Rp 

overestimation obtained from HFS data for low and moderate chamber pressures (as shown in the Appendix – 

Calculation of Ti). This leads to an overlapping temperature profile for both the methods. The estimated drying 

time is related to the calculated heat: primary drying HFS-based is longer than the gravimetric-based. To minimize 

the predicted time HFS-based, it is necessary to reduce it of a percentage equal to the relative importance of the 

offset between the two methods. 

From the established HFS-based design space a Tfluid of -20 °C and a Pc of 5.3 Pa were selected to reduce the 

primary drying time (to maximize Jw) while maintaining Ti below the Tcrit. The verification of the estimated 

primary drying time and product dynamics was performed in FD02 with Rp as obtained from the HFS and 

gravimetric data (5.3 Pa). By using equation (7) the Tfluid was adjusted from -20 °C at FD01 to -21 °C at FD02. 

The end of sublimation was calculated as 43:40 (h : min) (1:00 ramp + 42:40 h : min) for the HFS approach and 

at 42:40 (h : min) (1:00 ramp + 41:40 h : min) for the gravimetric approach. The overestimated time equal to circa 

+ 2.4% from HFS is due to already mentioned differences between the two methods. 

As shown in Figure 6 (and also in Figure A 7), the comparative pressure measurement (Pirani-capacitance 

pressure ratio) indicated the end of primary drying after approx. 42 hours in FD02, which is in agreement with our 

gravimetric prediction and slightly earlier than the HFS-based prediction.  
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Figure 6. Verification cycle on FD02 – Zoom in to the end of primary drying showing the comparative 

pressure measurement. 

In order to confirm the end of the primary drying, residual moisture was determined for two groups of vials 

closed at the two predicted time points (gravimetric- and HFS-based). The residual moisture levels are in the 

expected range for amorphous materials at the end of the primary drying phase [49, 50]. and the two vial groups 

did not significantly differ (Figure 7(a)). Those results were supplemented by the headspace moisture evaluation 

of the whole batch. Also in this case, no difference was highlighted between vials closed after 42:40 (h : min) 

(gravimetric prediction) and vials closed at 43:40 (h : min) of primary drying time (HFS-based prediction) (Figure 

7(b)).  
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Figure 7. Verification cycle – (a) KF results for vials closed at the predicted primary drying time according 

the gravimetric 42:40 (h : min) (green) and the HFS method 43:40 (h : min) (white). (b) FMS results for 

vials closed to the predicted primary drying time according the gravimetric 42:40 (h : min) (green) and 

the HFS method 43:40 (h : min) (white). 

The evaluation of the dried layer structure in the final products showed the absence of micro-collapses, 

confirming the validity of our approach (Figure A 8).  

Additionally, the specific surface area (SSA) was determined as 0.78 ± 0.06 m2/g. This result is in agreement 

with literature data for uncontrolled nucleation [51]. The lower standard deviation indicates a good inter-vial 

homogeneity, most likely resulting from the equilibration (step 3 in Table 2) in the freezing phase. 

The application of HFS approach for a cycle transfer to another freeze-dryer, evidenced that the offset between 

the HFS and gravimetric method played a marginal role in term of drying time applying equation (7). The reason 

lies in equation (7): the variable term is linked to the product thermal profile, equivalent independently from the 

applied methods (HFS-based and gravimetric). In our experimental setup, the focus was on the heat flux sensor 

output and its relation with the gravimetric data for vials placed on the sensor. In this scale-up scenario, edge vials 

were not considered because the different design space deserves a separate investigation. 

4. Conclusion 

We describe for the first time an HFS-based method to develop a primary drying design space. HFS-based Kv 

is constantly lower than the gravimetric Kv because a Pc-independent contribution is not taken into account (most 

likely radiation). Nevertheless, process development can be substantially accelerated, because the HFS approach 

allows the determination of Rp and multiple Kv values in one single experiment by changing Pc settings within the 

freeze-drying cycle. The applicability of the HFS approach was confirmed with a transfer to a second freeze-dryer 
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using a design space generated from HFS data. Product analysis confirmed the reliability of the created design 

space in the case study.  

Overall, the HFS methodology was successfully applied to characterize Kv and Rp. It allowed for faster analysis 

compared to the gravimetric approach by using a multiple-Pc experiment. Ultimately, the design space generated 

by HFS data compares very well with a design space developed from the gravimetric determination at low and 

moderate Pc. The illustrated approach presents a quick and reliable way to determine all the information for 

developing and safely transferring the primary drying of a lyophilization cycle, minimizing time, energy and 

material consumption. 
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5. Abbreviations and Nomenclature 

Av  cross sectional area of vial (m2) 

BET  Brunauer-Emmett-Teller 

CQA  critical quality attribute 

DSC  Differential scanning calorimetry 

ΔHs  sublimation heat (J kg-1) 

Δm  sublimed mass (kg) 

Δt  considered drying time (s) 

FD  freeze-dryer 

FMS  frequency modulated spectroscopy 

grav  gravimetric 

HFS  heat flux sensor 

Jw  sublimation flux (kg m-2 s-1) 

Jw max  maximum sublimation flux (kg m-2 s-1) 

kfrozen  thermal conductivity of frozen product (W m-1 K-1) 

KF  Karl Fischer 

Kv  vial heat transfer coefficient (W m-2 K-1) 

Ldried  thickness of dried layer (m) 

Lfrozen thickness of frozen layer (m) 

lv  average distance between vial bottom to the shelf (m-1) 

λ0  thermal conductivity of the gas at ambient pressure 

PAT  process analytical technology 

Pc  chamber pressure (Pa) 

Pi  pressure at the sublimating interface (Pa) 

PRT  pressure rise test 

PSS  pseudo steady state 

PVDF polyvinylidene difluoride 

QHFS  heat measured from heat flux sensor (W m-2) 

Qtotal  total heat received by a vial (W m-2) 

QbD  quality by design 
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R2  correlation coefficient 

Rp  product resistance (m s-1) 

t  time (s) 

TDLAS tunable diode laser absorption spectroscopy 

Tcrit  critical product temperature (K) 

Tfluid  shelf fluid temperature (K) 

Ti  temperature at the sublimating interface (K) 

Tp  product temperature (K) 

Tshelf surface shelf surface temperature as measured by heat flux sensor (K) 
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7. Appendix 

7.1.Scanning Electron Microscopy  

The morphology of the dried powder was analyzed by using a scanning electron microscope (Phenom, Phenom-

World B.V., Eindhoven, the Netherlands). Glass vials were cut horizontally in the middle of the vial, above the 

freeze-dried cake and the product was removed. Slices of the freeze-dried material were placed on carbon 

conductive cement on a sample holder. The samples were analyzed under vacuum between 150x and 700x at 5 kV 

acceleration voltages.  

7.2.BET 

The specific surface area of the three freeze-dried products was analyzed by using a Quadrasorb-Evo (3P 

Instruments, Odelzhausen, Germany). Approximately 100 mg were placed in the measuring cell and degassed for 

a minimum of 16 hours at room temperature. After filling the cells with helium (0.7 – 1.0 bar) for about 5 seconds, 

krypton sorption measurement was performed at -195.8 °C. Six data points covering a p/p0 (respectively p 

adsorbate equilibrium pressure / p0 adsorbate saturation pressure) region of 0.05 to 0.35 were collected. The data 

points were evaluated according to the multipoint BET theory. Data were considered acceptable when the 

correlation coefficient © of linear regression was ≥ 0.9975. 

7.3.Calculation of Ti 

The model applied in this study relies on the energy balance at the sublimating interface described from the 

following equation: 

heat supplied from freeze-dryer = heat removed by sublimation 

(
1

𝐾𝑣

+
𝐿𝑓𝑟𝑜𝑧𝑒𝑛

𝑘𝑓𝑟𝑜𝑧𝑒𝑛

)

−1

∗ (𝑇𝑠ℎ𝑒𝑙𝑓 − 𝑇𝑖) =  𝛥𝐻𝑠 ∗ 𝐽𝑤 

rearranged: 

𝑇𝑖 =  𝑇𝑠ℎ𝑒𝑙𝑓 − 𝛥𝐻𝑠 ∗ 𝐽𝑤 ∗ (
1

𝐾𝑣

+
𝐿𝑓𝑟𝑜𝑧𝑒𝑛

𝑘𝑓𝑟𝑜𝑧𝑒𝑛

) 

The thickness of frozen layer (Lfrozen) is extremely small (i.e., 10-3 m) and it can be approximated 

 (
1

𝐾𝑣
+

𝐿𝑓𝑟𝑜𝑧𝑒𝑛

𝑘𝑓𝑟𝑜𝑧𝑒𝑛
) as (

1

𝐾𝑣
) and equation can be written also as: 
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𝑇𝑖 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡1 −  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡2 ∗ 𝐽𝑤 ∗ (
1

𝐾𝑣

) 

In this case study 𝐽𝑤 (inversely proportional to 𝑅𝑝) and 𝐾𝑣 present the same offset from the gravimetric 

calculation and the 𝑇𝑖  , the estimated temperature at the sublimating interface, is comparable for both methods 

(gravimetric- and HFS-based). As pointed out, three different types of vials, different shelf temperatures (T fluid) 

and chamber pressures (Pc) were assessed and same offset was obtained between gravimetric and HFS method.  

 

Figure A 1. Tp for vials placed on (filled symbols) and not (empty symbols) on the HFS at different Pc. 

 

Figure A 2. Kv grav and Kv HFS for different vial types. 
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Figure A 3. Tp in cycles performed at different Pc including Tg‘ (-33.3 °C) and Tc (-32.0 °C) for the 

considered formulation. 

 

Figure A 4. Kv HFS at different Tfluid. 
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Figure A 5. Design space generated from HFS data. Black lines indicate the design space derived from 

Rp obtained at different Pc (___5.3 Pa, _ _ _ 10.7 Pa, ….. 16.0 Pa) 

 

Figure A 6. Design space generated from gravimetric data. Black lines indicate the design space derived 

from Rp obtained at different Pc (___5.3 Pa, _ _ _ 10.7 Pa, ….. 16.0 Pa) 
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Figure A 7. Verification cycle – process readouts. 

 

Figure A 8. Verification cycle – SEM pictures ((a) – Zoom on top of the lyophilized product / (b) – Top 

and bottom view of the lyophilized product / (c) – Zoom on bottom part of the lyophilized product).
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Abstract 

The complexity of biopharmaceuticals requires often the freeze-drying as stabilizing process. Inadequate 

parameters in the primary drying phase can impair product quality, besides, increasing time and costs. Therefore, 

the process requires a thorough characterization and with this purpose, heat flux sensor (HFS) and miniaturized 

freeze-dryers conceived to emulate larger equipment, were recently introduced. Our study investigates, for the first 

time, the use of HFS and miniaturized freeze-dryer (MicroFD) in combination to obtain the heat transfer coefficient 

(Kv) for two formulation types and freezing protocols. First, as the MicroFD presents the possibility to set the 

temperature of vial surrounding (LyoSIM), it was determined which set-up was representative for a lab-scale freeze 

drying process. Additionally, the HFS-based results were compared with the data obtained by the most accurate, 

but time-consuming and invasive gravimetric method. Second, the role of atypical heat transfer was evaluated for 

HFS and gravimetric methodology with gold-coated and un-coated vials. Obtained results revealed the HFS and 

the MicroFD can be used in combination to obtain Kv real-time with much less effort that gravimetrically, to study 

different vial scenarios, and to design lyophilization processes with a limited amount of material and experiments. 
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1. Introduction 

Pharmaceutical development costs on average $ 1.8 billion (USD) and requires 13.5 years from molecule 

discovery to market [1,2]. One of the challenges, especially in early-stage formulation screening, is the limited 

availability of drug substance [3]. According to the quality by design (QbD) approach, a good process 

understanding and subsequent control of the input variables (e.g., process parameters) are essential to ensure that 

a product meets the critical quality attributes (cQAs) [4]. A fast determination of optimal process parameters during 

the early development phase helps to reduce the development time and to meet QbD expectations. 

Freeze-drying is the most common stabilizing strategy for biologic drug products in case of instability in the 

liquid state. More than 30% of protein products newly registered within the last 5 years are marketed in the freeze-

dried state and only in 2019, the U.S. FDA approved a total of 47 lyophilized drug [5,6]. During freeze-drying 

cycle development, the primary drying step requires particular attention, as an inappropriate choice of shelf 

temperature and pressure can impair product quality substantially [7]. A prerequisite for rational parameter 

selection is the determination of the heat received by the vial and the mass of water leaving the product [8,9]. Both 

fluxes (heat flux indicated as Q and sublimation flux as Jw) can be obtained respectively by following equations 

(1) and (2) [10]: 

𝑄 =  𝐾𝑣  (𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑝) (1) 

𝐽𝑤 = (𝑃𝑖 − 𝑃𝑐) (𝑅𝑝)
−1

 
(2) 

As shown in equation (1), Q is directly proportional to the driving force, the temperature difference between 

fluid circulating in the shelf (Tfluid) and product in the vial (Tp), and to the heat transfer coefficient (Kv). The latter 

was introduced to measure the impact of the vial and of the equipment on the freeze-drying process, and depends 

on the position of the vial within the dryer. As stated in equation (2), Jw is directly proportional to the driving force, 

the pressure difference between sublimating interface (Pi) and chamber (Pc), and is inversely proportional to the 

product resistance (Rp). Considering the same frozen solvent temperature and type, Rp describes the effect of the 

formulation composition and the freezing conditions on sublimation [11]. 

In recent years, heat flux sensors (HFSs) have been introduced as process analytical technology (PAT) for 

freeze-drying [12]. An HFS transduces the difference between the temperature above and below its surface into a 

voltage output, which is then converted into a heat flux output. In our previously published study, we have assessed 

the ability of the HFS to determine the coefficients necessary to obtain primary drying parameters and 

consequently a design space for an amorphous formulation [13]. Additionally, the HFS can monitor the freezing 
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step detecting nucleation and end of crystal growth [14], and can be applied to support secondary drying modelling 

[15]. 

The potential of HFS to generate key data without affecting the process is extremely interesting, especially if 

the available amount of material is limited, e.g., in early phase development. Up to now, HFSs has not been 

evaluated to obtain Kv directly comparing different formulations, specifically amorphous and crystalline. 

Gravimetric determination of Kv is well established and can be applied independently of the formulation type. It 

is reliable, but invasive based on the fact it is necessary to stop lyophilization cycle before the end of primary 

drying and time-consuming because it requires at least 3 separate experiments as well as the interruption of the 

freeze-drying cycles. We wanted to assess if and how HFS can be applied as a routine PAT tool to design and 

control the cycle without any limitations regarding formulation type. Furthermore, in previous work, the Kv values 

based on the HFS were underestimated as compared to the state-of-the-art gravimetric method [13,14]. We aimed 

to obtain to a better understanding of HFS output, provide an explanation for the observed differences and 

ultimately obtain Kv / Rp values by HFS suitable to predict the lyophilization process. 

Our present work, which was conducted in a miniaturized freeze-drying equipment (Micro FD) was divided 

into three parts: 

a. Investigation of gravimetric-based Kv in the Micro FD 

b. Assessment of HFS-based Kv and comparison to Kv gravimetric for two types of formulations (amorphous 

and crystalline) and two different freezing protocols 

c. Investigation on the role of atypical radiation in the HFS output 

2. Materials and methods 

2.1 Formulations and primary packaging  

Experiments were carried out with 10% w/v solutions of sucrose (Ph. Eur. grade; Merck, Darmstadt, Germany) 

and 5% w/v solutions of mannitol (Ph. Eur. grade; Roquette, Lestrem, France) in highly purified water (Milli-Q 

integral water purification system, Merck Millipore, Hertfordshire, United Kingdom). Both formulations were 

filtered by using 0.22 µm PVDF membrane filters (Merck, Darmstadt, Germany) prior to filling. 5 ml solution 

were filled in 6R TopLyo glass vials (Schott, Müllheim-Hügelheim, Germany) and the vials were partially closed 

with 20-mm bromobutyl single vent lyophilization stoppers (Westar RS, FluoroTec B2-40 coating; West, 

Eschweiler, Germany). 
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2.2 Freeze-drying equipment and heat flux sensor (HFS) 

Freeze-drying experiments were performed in a MicroFD (Millrock Technology, Kingston, NY) which holds a 

temperature-controlled ring called LyoSIM in close contact with the vials [16,17]. The user can set a LyoSIM 

offset compared to Tp (range ± 15°C) or regulate it within ± 60°C independent of Tp. A maximum of 19 vials was 

used in the study configuration. The MicroFD is equipped with only one shelf of 0.07 m2 surface area. Pressure is 

controlled by a capacitance manometer and the unit has an additional Pirani gauge. Temperature is measured by 

T-type copper-constantan thermocouples (TCs) in combination with thermocouple holders (Millrock Technology, 

Kingston, NY). One HFS is located in the center of the shelf. HFS-based Kv (Kv HFS) values are calculated from 

the sensor readout (QHFS) according to: 

𝐾𝑣  𝐻𝐹𝑆 =  𝑄𝐻𝐹𝑆  (𝑇𝑠ℎ𝑒𝑙𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑝)
−1

 (3) 

where Tshelf surface is the temperature of the shelf surface as measured from the built-in thermocouple of the HFS, 

and Tp is the product temperature measured at the vial bottom from the TC. Tfluid is the shelf fluid temperature set 

in the MicroFD. 

2.3 Determination of Kv: gravimetric and HFS experiments 

Based on two different processes (Table 1) a list of freeze-drying experiments varying in freezing protocol, 
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Table 1. Freeze-drying protocols. 

Process 

Nomenclature 
No. Step 

Time 

[hh:mm:ss] 

Tfluid 

[°C] 

Pc 

[Pa] 

Ramp 

[°C/min] 

 1 Loading 00:00:00 20 100,000  

A 

2 

Freezing 

00:46:00 -3 100,000 0.50 

3 01:00:00 -3 100,000  

4 00:47:00 -50 100,000 1.00 

5 02:00:00 -50 100,000  

B 

2 

Freezing 

00:46:00 -3 100,000 0.50 

3 01:00:00 -3 100,000  

4 00:54:00 -30 100,000 0.50 

5 02:00:00 -30 100,000  

6 00:40:00 -10 100,000 0.50 

7 02:00:00 -10 100,000  

8 00:40:00 -50 100,000 1.00 

9 02:00:00 -50 100,000  

A/B 

6/10 

Primary drying 

00:15:00 -50 

As indicated in Table 2 

 

7/11 01:00:00 -20 0.50 

8/11 09:00:00 -20  

 

 LyoSIM setting, Pc, number of vials used and formulation was performed (Table 2).   
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Table 2. Freeze-drying experiments. 

No. Process 
LyoSIM offset compared 

to Tp [°C] 

Pc 

[Pa] 

No. 

vials 
Formulation 

1/2/3 

A 

0 

5 / 11 / 16 19 

Sucrose 

4/5/6 -4 

7/8/9 -6 

10/11/12 -8 

13/14/15 -15 

16/17 -15 

5 

7 

18 
A with freezing duration  

(step 5) as total duration of B 
-15 

19 19 

B 

-15 

20 -15 Mannitol 

 

Water loss (Δm) was measured by weighing all 19 filled vials placed in the MicroFD before the start of the 

process and after circa 10 hours of primary drying on an analytical balance (Genius ME – Sartorius, Gottingen, 

Germany). In this time frame, Tp is consistently reliable because thermocouple keeps the contact with the material 

as the drying is prematurely stopped. Kv was calculated according to the following equation: 

𝐾𝑣  𝑔𝑟𝑎𝑣 =  
∆𝑚 ∆𝐻𝑠

𝐴𝑣 ∫ (𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑝) 𝑑𝑡
∆𝑡

0

 (4) 

where ΔHs is the sublimation heat of ice, and Av is the cross-sectional area of the vial. 

2.4 Mathematical description of the HFS-based heat transfer coefficient 

Non-linear fitting of Kv was performed by applying the Levenberg–Marquardt algorithm with Origin 2016 

(OriginLab Corporation, Northampton, MA). The following equation was used for Kv calculation: 

𝐾𝑣 = 𝐴𝐾𝑣 +
𝐵𝐾𝑣 𝑃𝐶

1 + 𝑙𝑣
𝐵𝐾𝑣

𝜆0
 𝑃𝐶

 (5) 

The first summand (AKv) describes heat contributions related to vial-to-shelf contact and to uncontrolled 

radiation. The second summand represents the gas conduction according the Smoluchowsky theory. BKv is a 

coefficient proportional to gas temperature and gas composition in the chamber, lv is the average distance between 

vial bottom and shelf, and λ0 is the thermal conductivity of gas in the chamber at ambient pressure [18]. lv was 

estimated using an imprint test [19], while λ0 was adopted from literature (1.8 10-2 Wm-1K-1)[11]. 
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2.5 Radiation contribution in HFS output: gold plated vials 

A gilding kit including a gold leaf (KVP Kölner Vergolderprodukte GmbH, Dresden, Germany) was used for 

plating vials. A base for glass preparation and, subsequently, an activator, were applied with a synthetic brush. 

After drying of the reagents, a gold leaf was pressed onto the vial with a soft cloth to ensure a smooth application. 

2.6 Emissivity measurements 

Vial temperature was measured with an infrared thermometer PeakTech 4980 (PeakTech Prüf- und 

Messtechnik GmbH, Ahrensburg, Germany) and a resistance temperature detector (Pt100 – Martin Christ, 

Osterode, Germany). The emissivity value (ε) input of the infrared thermometer was adjusted to achieve a 

temperature. 

2.7 Data analysis 

Throughout the manuscript, wherever not stated differently, gravimetric values Kv are based on experimental 

mean (calculated on n = 6 for center vials / n = 11 for edge vials) ± standard deviation.  
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3. Results and discussion 

3.1.Kv determination in the MicroFD by using the gravimetric approach 

In freeze-drying, two vial populations can be distinguished, center vials which are confined by other vials and 

edge vials which are closer to the chamber wall and not fully surrounded by other vials. Edge vials are exposed to 

a higher heat flux due to atypical radiation and to less cooling effect by neighboring vials [20,21]. The MicroFD 

contains a higher proportion of edge vials relative a lab-scale freeze-dryers and its walls and door are closer to the 

edge vials boosting the radiation impact [20,22]. 

Preliminary experiments using water for Kv evaluation demonstrated an extremely curved sublimation front 

and conical ice shape with pronounced shrinkage (Figure S1). This was even the case when the LyoSIM 

temperature offset compared to Tp was set to the minimum value of -15°C. The mathematical model for Kv 

calculation assumes a constant sublimation area and the absence of a radial thermal gradient [23]. Therefore, we 

used a sucrose solution in our study to ensure at least contact of the drying product with the container walls and to 

reduce cone formation. The heat transfer experiments for vials in contact, edge vials, and vials not in contact with 

the LyoSIM (center vials) were conducted at 5, 11, and 16 Pa and at different LyoSIM temperature settings. The 

lowest Pc represents the lower end of values for manufacturing freeze-dryer. At the highest value, pressure is the 

predominant factor in the heat transfer and 11 Pa were selected as midpoint in between [24,25]. The LyoSIM 

temperature offset was regulated based on Tp of the vial in the very center reflecting the ultimate center vial.  
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Figure 1: Kv gravimetric obtained for different LyoSIM setting (offset compared to product temperature) 

in the MicroFD for center and edge vials, depending on the chamber pressure during primary drying – 

for 10%w/v sucrose. 

In Figure 1, the heat transfer results, expressed by Kv, are plotted against the set LyoSIM temperature. The 

presented Kv results were determined based on vials without TC. Therefore, mass flux was unaffected. Bosca et 

al. found similar Tp profiles, Rp and Kv values in a non-GMP environment for vials with and without TC [26]. For 

both vial populations, rather high Kv values were determined at the lowest LyoSIM offset value of 0°C. These Kv 

values give an estimation of the heat surplus for this small-size equipment compared to traditional lab-scale freeze-

dryers. The difference in Kv between center and edge vials is more pronounced at higher Pc with 4.5 and 3.4 Wm-

2K-1 at 16 and 5 Pa, respectively. Kv becomes the same for center and edge vials when the LyoSIM temperature 

offset is -7°C at 16 Pa or -8°C at 5 and 11 Pa. This finding is relevant if one wants to obtain a homogenous batch 

in terms of heat transfer in the MicroFD. In contrast, setting a -15°C LyoSIM offset allows to emulate the heat 

transfer for center vials in the lab-scale freeze-dryer. Accordingly, the Kv of 10.4 ± 1.0 Wm-2K-1 obtained in the 
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MicroFD corresponds well to 10.2 ± 0.8 Wm-2K-1 obtained in a lab-scale freeze dryer equipped with an HFS, 

applying 5 Pa and a Tfluid of -20°C [19]. Thus, it is possible to distinguish the behavior of edge and center vials. 

When the temperature offset is set to the minimum of -15°C, Kv is independent of Pc for edge vials at ~10 Wm-2K-

1 as the predominant heat transfer mechanisms are contact and radiation contribution (Figure 1). In contrast, at this 

minimum temperature offset, the heat transfer of center vials is influenced by gas conduction and comparable to 

lab-scale freeze-dryers. 

Heat transfer in freeze-drying includes pressure related gas conduction between vial and shelf and non-pressure 

related radiation and direct vial to shelf contact [27]. To define the role of the different mechanisms, we performed 

a non-linear fit according to Equation 5. The results are summarized in Table 3 and Figure 2. 

Table 3. Contact / radiation (AKv) and gas-related (BKv) parameters calculated by fitting of Kv 

gravimetric. 

Parameter LyoSIM offset compared 

to Tp [°C] 

Kv grav –edge vials Kv grav – center vials 

AKv [Wm-2K-1] 

0  

12.19 10.33 

BKv [Wm-2K-1Pa-1] 0.98 0.85 

AKv [Wm-2K-1] 

-4 

11.87 8.76 

BKv [Wm-2K-1Pa-1] 0.99 1.16 

AKv [Wm-2K-1] 

-6 

10.87 8.80 

BKv [Wm-2K-1Pa-1] 0.87 0.96 

AKv [Wm-2K-1] 

-8 

10.97 10.48 

BKv [Wm-2K-1Pa-1] 0.60 0.71 

AKv [Wm-2K-1] 

-15 

9.72 8.69 

BKv [Wm-2K-1Pa-1] 0.28 0.52 
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Figure 2: Kv grav vs. Pc for different LyoSIM offset for center vials (A) and edge vials (B). Lines indicate 

the fit of data sets to describe related mechanism based on classical Kv equation (for all fits R2 > 0.985). 

The slope of Kv versus Pc is the same for center vials for different LyoSIM settings but the intercept at Pc = 0, 

obtained by extrapolation, decreases with increasing offset (Figure 2A). This suggests that LyoSIM mainly impacts 

the gas independent contributions, radiation and contact, for the center vials and helps to estimate the change of 

Kv that can occur in the different vial populations.  

3.2.Kv HFS for different types of formulations 

After having found a LyoSIM set-up to match Kv gravimetric in the MicroFD with the one in the lab-scale FD, 

we evaluated the Kv based on HFS in more detail. Kv values based on HFS are overall lower than the gravimetric 

values (Figure 3), confirming the previous findings [17].  

 

Figure 3: Impact of the LyoSIM offset on Kv HFS (A) and comparison with corresponding Kv grav (B) for 

10% w/v sucrose. 
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Additionally, LyoSIM temperatures have little influence on the HFS-based Kv values. The difference in Kv 

between the two methodologies becomes less with increasing LyoSIM offset. Decreasing the LyoSIM temperature 

exclusively lowers the gravimetric Kv. 

To further evaluate the deviation between gravimetric and HFS-based Kv, we studied a 5% mannitol solution 

besides sucrose solutions. For mannitol, the freezing protocol was adapted to assure mannitol crystallization and 

to reduce the risk of vial breakage [28] but, the primary drying conditions were kept. 

The vapor flow rates for sucrose without annealing, with annealing as well as for mannitol with annealing were 

204, 259 and 238 gh-1m-2 respectively. Given same vials and primary drying conditions, the formulation only 

marginally impacts the gravimetric Kv [29] but annealing increases the sublimation rate [30]. This is supported by 

a lower Tp during primary drying of sucrose frozen with annealing compared to frozen without annealing reflecting 

a lower Rp.  

 

Figure 4: Kv grav (filled columns) and Kv HFS (patterned columns) for sucrose (white columns) and 

mannitol (gray columns). LyoSIM and freezing protocols (FP) indicated below columns [with (+) 

/without annealing (-). Pc = 5 Pa 

Nevertheless, the Kv values for annealed product (Figure 4), both gravimetric and HFS-based Kv, were not affected 

by the formulation, but Kv HFS became markedly lower with annealing. Overall, we suggest that in order to obtain 
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a homogenous batch with respect to the heat transfer, the LyoSIM temperature should be set according to an offset 

to the Tp of the most shielded vial of -8 °C for Pc ≤ 11 Pa and -7 °C at Pc =16 Pa, and in order to obtain results 

comparable to a lab-scale FD to -15 °C. 

3.3.Investigations on heat transfer mechanisms affecting the HFS output 

To explain the difference between gravimetric and HFS-based Kv values, we initially hypothesized that the 

HFS-based Kv is influenced exclusively by heat mechanisms related to the shelf, contact and gas conduction 

between vial bottom and shelf. However, with annealing the divergence between the two methods increased. 

Therefore, we closely investigated the impact of radiation conducting a series of experiments with gold-coated 

vials. The gold-coated vials showed an emissivity ε of 0.53 compared to 0.95 for clear vials which is in line with 

literature [20,31,32]. We considered the extreme offsets of -15°C and +15°C between LyoSIM and Tp. and, if not 

stated differently, only 7 vials was placed in the center of the freeze-drying chamber to reduce shielding by a 

surrounding row of vials.  

  

Figure 5: Kv and radiation effect: LyoSIM -15°C offset on different type of vials – partial load (7 vials) (A) 

and full load (19 vials) (B). Loading scheme (blue – uncoated vial / orange – gold-coated vials). Pc = 5 Pa 

As shown in Figure 5A, independently of the type of vials used, the partial load with only 7 vials results in 

rather high gravimetric Kv values whereas the HFS-based Kv is hardly influenced. Gold-coating does not 

significantly impact Kv in these setups, indicating that radiation is not a key element (Figure 5B). Consequently, 

the increase of Kv gravimetric with HFS-based Kv unaffected, points to the cooling effect by the neighboring vials 

[21]. In the partial load, the absence of the surrounding row of vials results in higher Tp, a smaller difference 

between Tp and Tfluid and thus reduces the amount of heat detected by the sensor despite accelerated sublimation.  
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Figure 6: Kv and radiation effect: LyoSIM +15°C offset on different type of vials – partial load (7 vials). 

Loading scheme (blue – uncoated vial / orange – gold-coated vials). Pc = 5 Pa 

With a LyoSIM offset of +15°C gold-coating leads to a remarkable reduction of Kv gravimetric by approx. 

30% (Figure 6). With this elimination of radiation by gold coating, the Kv gravimetric became similar for the two 

offset settings. Nevertheless, the neighboring vial effect is still present, with the Kv values being markedly lower 

for shielded center vials. The reduced size of the freeze-drying chamber could amplify the atypical heat transfer 

effect.  

In 2003 Rambhatla and Pikal carried out a series of experiments on gold-coated vials, resulting in sublimation 

rate values of 0.09 g/h and 0.18 g/h for gold-coated and clear vials, respectively [33]. In their work, primary drying 

investigations were performed in a lab-freeze-dryer at different shelf temperatures (-25/ -15 / 0 °C) and with a 

chamber pressure of ca. 20 Pa (0.15 mmHg). We obtained 0.14 g/h and 0.18 g/h for gold-coated and clear vials, 

respectively in the most radiation-driven scenario. A direct comparison of the results is not straightforward, due to 

differences in Tfluid, Pc and freeze-dryer type. In particular the chamber pressure, as main factor for Kv, differs by 

ca. 15 Pa and with it the resulting sublimation rate values. 

Overall, the cooling effect by the neighboring vials by radial heat exchange causes the substantial discrepancy 

between the gravimetric and HFS-based Kv results for edge vials. Annealing leads to a lower Rp and consequently 

a sublimation rate which is reflected in the Kv gravimetric but not in the HFS-based Kv. Additionally, the cooling 

effect by neighboring vials is not reflected in the HFS-based Kv. 

4. Conclusions 

We investigated the gravimetric and the HFS based Kv in a miniaturized freeze-dryer for two types of 

formulations, amorphous and crystalline, and two different freezing protocols. Additionally, the role of atypical 
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radiation in the HFS output was assessed by studying vials with low- and normal emissivity at different LyoSIM 

settings, loading settings and comparing Kv gravimetric and HFS-based. The HFS-based Kv values are markedly 

lower than the gravimetric Kv values. This can only partially be attributed to radiation. We found that the radial 

heat exchange plays a key role in this difference in between HFS-based and gravimetric Kv. 

To mimic conditions representative for a lab-scale freeze drying process in the MicroFD, the LyoSIM 

temperature has to be set to the minimum offset of -15 °C compared to the most shielded vials, to achieve a 

reduction of atypical heat transfer, and it is important to perform full load experiments with the MicroFD. In case 

of partial load, atypical heat transfer substantially speeds up drying in the MicroFD which is well reflected in the 

gravimetric Kv but not in the HFS-based Kv. Consequently, the HFS-based Kv in the MicroFD can be misleading 

also considering that Kv is process-, vial positioning- and equipment-related [29]. 

Overall, the HFS and the MicroFD with the LyoSIM can be used in combination to obtain Kv real-time with 

much less effort that gravimetrically, to study different vial scenarios, and to design lyophilization processes with 

a limited amount of material and experiments. Nevertheless, our studies also point to the limitations and potentially 

substantial differences between Kv gravimetric and HFS-based e.g., when comparing annealed with non-annealed 

products. Future works should address if the combination of Kv and Rp, both HFS-based, have the potential to 

generate a valid design space for center vials and establish HFS as routine method for freeze-drying scientists. 
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5. Abbreviations and Nomenclature 

Av  cross sectional area of vial (m2) 

cQA  critical quality attribute 

ΔHs  sublimation heat (J kg-1) 

Δm  sublimed mass (kg) 

Δt  considered drying time (s) 

ε  emissivity 

FD  freeze-dryer 

grav  gravimetric 

HFS  heat flux sensor 

Jw  sublimation flux (kg m-2 s-1) 

Kv  vial heat transfer coefficient (W m-2 K-1) 

lv  average distance between vial bottom to the shelf (m-1) 

λ0  thermal conductivity of the gas at ambient pressure 

PAT  process analytical technology 

Pc  chamber pressure (Pa) 

Pi  pressure at the sublimating interface (Pa) 

PVDF polyvinylidene difluoride 

Q  heat received by a vial (W m-2) 

QbD  quality by design 

QHFS  heat measured from heat flux sensor (W m-2) 

R2  correlation coefficient 

Rp  product resistance (m s-1) 

t  time (s) 

Tfluid  temperature of fluid circulating in the shelf (°C) 

Ti  temperature at the sublimating interface (°C) 

Tp  product temperature (°C) 

Tshelf surface shelf surface temperature as measured by heat flux sensor (°C) 

TC  thermocouple   
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Abstract 

High-concentration protein formulations (HCPFs) represent a common strategy and freeze-drying can mitigate the 

stability challenges of HCPFs. In general, an in-depth characterization of the lyophilization process is essential to 

not impair the product quality by inappropriate process parameters. The aim of this study was to create a primary 

drying design space for lyophilized HCPFs by utilizing the heat flux sensor (HFS) integrated in a MicroFD with a 

minimum number of cycles and product vials. All the necessary data to obtain the design space were determined 

starting from only two lyophilization cycles, each holding 19 vials. The vial heat transfer coefficient (Kv) was 

determined by the HFS and compared to gravimetric values. The results indicate a consistent offset between the 

HFS and the gravimetry based values for annealed samples with higher protein content. This work highlights a 

possibility of integrating new technologies, the HFS and the MicroFD to generate a design space for lyophilization 

of HCPFs, which enables to implement a QbD approach at minimal material and time investment. 
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1. Introduction 

The subcutaneous administration of biopharmaceuticals represents a valuable alternative compared to the 

intravenous route, especially for chronic diseases [1]. In fact, it presents the advantages of home medication in 

addition to a higher patient compliance. The injectable volume is usually in the range of 1-2 ml to avoid pain for 

the patients and difficulties in administration [2,3]. In the case of antibodies this may lead to formulations with 

high protein concentration between 100 and 200 mg/ml [1,4]. At such high concentrations, challenges of increased 

viscosity, limited solubility and reduced protein stability arise [4]. In the case of limited protein stability, 

converting the liquid formulation into a lyophilizate can be an appropriate route of choice [5]. 

Lyophilization of high-concentration protein formulations (HCPFs) brings multiple challenges. The product 

resistance to the sublimation flow is usually higher and this can result in longer drying times [6,7]. On the other 

hand, the collapse temperature increases with higher protein concentrations [8], which allow a drying under harsher 

conditions. Overall, it is important to find a good balance in reducing the primary drying time at higher 

temperatures without affecting product quality [9,10]. Especially considering that the overall cost of a HCPF batch 

can be extremely high, i.e., 30,000 lyophilized vials filled with 100 mg/ ml recombinant protein value on average 

ca. $ 1.5 million [11]. The key fluxes governing the lyophilization process are the heat (Q), received by the vial, 

and the mass of sublimed water (Jw) which are both indirectly regulated by the temperature of the shelf, the 

circulating shelf fluid resp. (Tfluid) and the chamber pressure (Pc) [12]. To mathematically describe the relation 

between these fluxes (Q and Jw) and the related input parameters (Tfluid and Pc), the vial heat transfer coefficient 

(Kv) and the product resistance (Rp) were introduced [13,14]. Both are essential elements of the Quality by Design 

(QbD) approach in lyophilization and for a scientific process transfer [15]. Kv represents the impact of the vial and 

equipment on Q and depends mainly on Pc and position of the vial within the dryer [13,16]. Rp depicts the impact 

of the formulation on Jw and is affected by the freezing conditions and the drying progression [13,17]. The most 

reliable and classical way to obtain Kv is the gravimetric method based on determination of water loss after certain 

sublimation times during primary drying. This approach enables differentiation between center or edge vials on 

different shelves. Based on Kv, Rp can be obtained and the evolution of the dried layer thickness can be followed 

[18]. The gravimetric method has some limitations. It requires the abortion of the process during primary drying, 

it is rather time-consuming, and results are not available in real-time for process monitoring and control [19]. 

Another option for Kv determination is pressure rise test (PRT) methods, where the chamber pressure increases 

due to isolation between the lyophilization chamber and the condenser for a variable time (3-30s), which feeds 
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different algorithms based on the specific methods. PRT requires a fast-closing valve to isolate the lyophilization 

chamber, which is not available for all freeze-dryers. Furthermore, PRT may offer unreliable results for high solid 

content amorphous products due to re-adsorption effects (total solid content >150 mg/ml) [20]. An additional 

method for Kv determination is tunable diode laser absorption spectroscopy (TDLAS) that measures the flow and 

composition of the gas in the duct connecting drying chamber and the condenser. TDLAS is costly and can only 

be retro-fitted in freeze-dryers with a duct between chamber and condenser. PRT and TDLAS provide an average 

Kv, for the whole batch and cannot differentiate between edge and center vials [21].  

Recently, heat flux sensors (HFSs) have been evaluated as a PAT tool to monitor the overall process in-line [22,23]. 

Published studies highlighted the capabilities of HFS in detecting the end of ice crystal growth during the freezing 

and as the end point in primary drying [22,23].  

It is of major interest to gain process knowledge transferable to manufacturing equipment to mitigate the risk for 

commercial batches. In this regard, we have previously assessed the feasibility by obtaining key process parameters 

and consequently in creating a design space for a placebo formulation by using an HFS in a standard lab-scale 

freeze-dryer [24]. More recently, a miniaturized freeze-dryer equipped with HFS and has been introduced onto the 

market. As suggested by the commercial name, MicroFD, the equipment has a smaller size. The shelf can 

accommodate a limited number of vials (e.g., a maximum of 19 6R vials) with the aim of saving material and 

efforts during lyophilization cycle development. Besides other standard components, this equipment includes the 

HFS and a component named LyoSIM which can emulate different heat transfer scenarios (Figure 1). 

 

Figure 1 Schematic representation of the MicroFD and key components. Top-view of the LyoSIM is 

shown.  

As HCPFs present many technical challenges from manufacturability to stability, obtaining in-depth knowledge 

about the lyophilization process with a minimum amount of material and time is of high interest. In this context, 
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the combined use of the HFS and MicroFD to generate and select a valid design space for HCPF have been 

explored. 

Therefore, the aim of our study was to verify if HFS / MicroFD can be applied for HCPF and to confirm their 

potential for design space creation. To this end, we determined Kv and Rp of HCPF in a MicroFD. Subsequently, 

we generated a design space for the primary drying process and confirmed its validity experimentally by estimation 

of primary drying time, product temperature profile whilst additionally considering cake appearance and water 

content.  

2. Materials and methods 

2.1 Formulations and primary packaging  

Experiments were carried out with 50 and 150 mg/ml solution of Bovine Serum Albumin (BSA) (Sigma-Aldrich, 

Munich, Germany) with 10 % w/v sucrose (Ph. Eur. grade; Merck, Darmstadt, Germany) in 10 mM sodium 

phosphate buffer pH 7.4. The BSA concentration of both formulations was checked after filtration through 0.22 

µm PVDF membrane filters (Merck, Darmstadt, Germany) by using a Nanodrop 2000 UV photometer (Thermo 

Fisher Scientific, Wilmington, USA). 2.6 ml solution were filled in 6R TopLyo glass vials (Schott, Müllheim-

Hügelheim, Germany) unless differently specified. The vials were partially closed with 20-mm bromobutyl single 

vent lyophilization stoppers (Westar RS, FluoroTec B2-40 coating; West, Eschweiler, Germany). 

2.2 Freeze-drying equipment and heat flux sensor (HFS) 

19 vials were processed in a 0.07 m2 shelf area MicroFD (Millrock Technology, Kingston, NY) equipped with an 

HFS located at the center of the shelf. Vials were surrounded by the LyoSIM ring, the temperature of which can 

be regulated with an offset to Tp (range ± 15°C) or between -60 and + 60°C independently of Tp [25,26]. This 

component is a temperature-regulated ring composed of 6 metallic blocks on the edge of the shelf surface. The 

size of the LyoSIM blocks is adjusted to the vial diameter which results in a hexagonal array of vials when the full 

capacity is reached. Thereby, the wall of vials at the edge come into contact with the blocks (Figure 1). In this 

study, the LyoSIM temperature had an offset to the center vial Tp of 0 °C during freezing and -15 °C during drying. 

These parameters were selected based on previous work [26]. Pressure was controlled by a capacitance manometer 

and monitored in addition with a Pirani gauge. Product temperature was measured by T-type copper-constantan 

thermocouples in combination with thermocouple holders (Millrock Technology, Kingston, NY). 
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2.3 Determination of Kv and Rp and their mathematical description 

The following freezing protocols were evaluated:  

- 1-step freezing (F) by ramping down to -50 °C at 1°C/min 

- 2-step freezing (2F) by equilibrating the samples at -3 °C for 60 minutes followed by ramping down 

to -50 °C at 1°C/min 

- 2-step freezing and annealing (2FA) by equilibrating the samples at -3 °C for 60 minutes followed 

by ramping down to -50 °C at 1°C/min followed by a ramp to -10°C at 1°C/min, a 260 minutes hold 

at -10 °C followed another ramp to -50 °C at 1°C/min 

For each protocol, the final freezing temperature was held for at least 2 hours. Primary drying was conducted at 5 

Pa and -20 °C as Tfluid. Water loss (Δm) was measured by weighing all 19 filled vials placed in the MicroFD before 

the start of the process and after approximately 10 hours of primary drying on an analytical balance (Genius ME 

– Sartorius, Gottingen, Germany). In this time frame, Tp is consistently reliable because the thermocouple keeps 

contact with the material as the drying is prematurely stopped. Kv grav and Kv HFS were calculated according to 

the following equations: 

Kv grav =  
∆m ∆Hs

Av ∫ (Tfluid − Tp) dt
∆t

0

 (1) 

where ΔHs is the sublimation heat of ice, and Av is the cross-sectional area of the vial. 

The HFS-based Kv (Kv HFS) is related to the sensor readout (QHFS) as by the following equation: 

Kv HFS =  
𝑄𝐻𝐹𝑆

(Tshelf surface − Tp)
 (2) 

where Tshelf surface is the temperature of the shelf surface as measured from the built-in thermocouple of the HFS, 

and Tp is the product temperature measured at the vial bottom from the thermocouple. Tfluid is the shelf fluid 

temperature set in the MicroFD. To generate Kv at three different chamber pressures a 3-pressure experiment (3PE) 

was performed for the 150 mg/ml BSA formulation. A 2FA protocol with annealing at -10°C was followed to a 

temperature decrease of Tfluid until -50°C. For primary drying the shelf temperature was set at -20°C and chamber 

pressure was initially set at 5 Pa, then increased at 11 Pa and finally at 16 Pa. The LyoSIM was set at -15°C offset 

compared to Tp, as in the single pressure experiments. For the comparison between Kv grav and Kv HFS, the average 

of gravimetric values was considered. More specifically, the data from vials placed above the HFS, were included 

in the calculation, with the exception of the one containing the thermocouple.  
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The product resistance (Rp) was obtained by the following equation: 

Rp =  
(Pi − Pc) 

Jw

 (3) 

where Jw is the sublimation flux as obtained from equations 4-5, and Pi is the pressure at the sublimating interface 

determined from the Goff-Gratch equation and, Ti, the temperature at the sublimating interface that can be 

approximated to Tp. 

Q =  𝐾𝑣(𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑝) (4) 

J𝑤 =  
𝑄

∆H𝑠

 (5) 

Kv and Rp were mathematically described by non-linear fitting by the following equations: 

𝐾𝑣 = 𝐴𝐾𝑣 +
𝐵𝐾𝑣  𝑃𝐶

1 + 𝑙𝑣
𝐵𝐾𝑣

𝜆0
 𝑃𝐶

 (6) 

𝑅𝑝 = 𝑅𝑝0 +
𝐴𝑅𝑝 𝐿𝑑𝑟𝑖𝑒𝑑

1 + 𝐵𝑅𝑝  𝐿𝑑𝑟𝑖𝑒𝑑

 (7) 

Details on equations coefficients and physical constant can be found in previous publications [26,27]. AKv, BKv are 

obtained from the best fit of Kv vs. Pc variation while Rp0, ARp and BRp from the best fit of Rp vs. dried layer (Ldried) 

evolution. 

2.4 Analysis of collapse temperature (Tc) 

The collapse temperature (Tc) of the formulations was analyzed with a Linkam microscope equipped with an FDCS 

196 freeze-drying stage (Linkam Scientific Instruments, Surrey, UK). 2 µl of formulation were pipetted on a quartz 

crucible and a cover slip was placed above the droplet with a 25-µm spacer. The sample was frozen at 1 K/min to 

-50°C. Afterwards, two alternative protocols were executed: 

a) vacuum was applied to start the drying  

b) sample was annealed to -10°C, cooled again at -50°C with holding times in both cases of 10 min and 

then vacuum applied 

Once the vacuum level reached 10 Pa, the sample was heated at 1 K/min to -40°C and the sample was kept for 

10 min at that temperature to obtain a suitable dried layer. The sample was heated to 5°C using a heating rate 
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of 1°C/min and images were taken every second. Collapse temperature of the frozen solution was determined 

from the appearance of translucent dots or fissures behind the ice sublimation interface. 

2.5 Design space creation and verification of the optimized cycle 

A design space for each formulation (50 and 150 mg/ml) was created based on the mathematical model proposed 

by Velardi and Barresi [28] for the freezing protocols 2F and 2FA. The algorithm was applied to estimate the 

evolution of dried material thickness, temperature at the sublimating interface (Ti) and primary drying time. In 

particular, the evolution of the frozen layer (Lfrozen), reciprocal of the dried layer, is calculated based on the 

sublimation flux (equation 3): 

𝑑𝐿𝑓𝑟𝑜𝑧𝑒𝑛

𝑑𝑡
=

1

𝜌𝑓𝑟𝑜𝑧𝑒𝑛 − 𝜌𝑑𝑟𝑖𝑒𝑑

(𝑃𝑖 − 𝑃𝑐)

𝑅𝑝

 (8) 

where ρfrozen and ρdried indicate the density of the frozen and the apparent density of the dried product respectively. 

The relation between Tp, Tfluid and Ti is expressed as 

𝑇𝑝 = 𝑇𝑓𝑙𝑢𝑖𝑑 −
1

𝐾𝑣

(𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑖)

(
1

𝐾𝑣
+  

𝐿𝑓𝑟𝑜𝑧𝑒𝑛

𝑘𝑓𝑟𝑜𝑧𝑒𝑛
)

 (9) 

where kfrozen is the thermal conductivity of the frozen layer. Based on this equation and that all heat received by 

the frozen product is used for sublimation (equation 5) and pseudo-stationary conditions that allow process 

evolution to be described as in equation 8, at the sublimating interface, the energy balance can be written as: 

(𝑃𝑖 −  𝑃𝑐)

𝑅𝑝

∆Hs = 𝑇𝑓𝑙𝑢𝑖𝑑 −
(𝑇𝑓𝑙𝑢𝑖𝑑 −  𝑇𝑖)

(
1

𝐾𝑣
+ 

𝐿𝑓𝑟𝑜𝑧𝑒𝑛

𝑘𝑓𝑟𝑜𝑧𝑒𝑛
)

 (10) 

The optimized verification cycle parameters are summarized in Table 1.  
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Table 1. Parameters for the verification freeze-drying cycle. 

No. Step 
Time 

[hh:mm:ss] 

Cumulative 

Process 

Time 

[hh:mm:ss] 

Tfluid 

[°C] 

Pc 

[Pa] 

Cooling / heating rate 

[°C/min] 

1 Loading 00:10:00 - 20 100,000 
 

2 Freezing 00:46:00 00:56:00 -3 100,000 0.50 

3 01:00:00 01:56:00 -3 100,000 
 

4 00:47:00 02:43:00 -50 100,000 1.00 

5 02:00:00 04:43:00 -50 100,000  

6 00:40:00 05:23:00 -10 100,000 0.50 

7 06:00:00 11:23:00 -10 100,000 
 

8 00:40:00 12:03:00 -50 100,000 0.50 

9 02:00:00 14:03:00 -50 100,000 
 

10 Primary drying 00:15:00 14:18:00 -50 11  

11 02:40:00 16:58:00 30 11 0.50 

12 06:24:00 23:22:00 30 11  

13 Secondary drying 06:00:00 29:22:00 30 11  

The transition from primary to secondary drying was defined in advance and not on the comparative pressure 

Pirani / Capacitance. Time of desorption in secondary drying was set to 6 hours. 

2.6 Optical evaluation of the freeze-dried product 

The freeze-dried cakes were visually evaluated for compactness, contact to walls of vial, shape, color and overall 

appearance. Furthermore, photos were taken. Scanning electron microscope (SEM) images were generated with a 

bench top SEM (Phenom-World B.V., Eindhoven, The Netherlands) after transferring samples in a glove box 

under controlled humidity conditions (<10% relative humidity) and preparing a slice from the cross section of the 

center part of the lyophilizates. 

2.7 Residual moisture analysis 

The residual moisture content of the lyophilizates was analyzed by Karl Fischer titration with an Aqua 40.00 

(Analytik Jena, Jena, Germany) using a head space module. The samples were prepared in a glovebox at ≤ 10% 

relative humidity. Approximately 50 - 80 mg sample was weighed into an empty 2R vial and stoppered. Blank 
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values were obtained from empty vials. The vials were heated to 120 °C in the oven connected to the reaction 

vessel via a tubing system. The titration occurred until water evaporation was no longer detectable. 

2.8 Data analysis 

Throughout the manuscript, if not stated differently, values are given as mean ± standard deviation. Gravimetric 

Kv was calculated on n = 6 and Karl Fischer results are based on n = 3.  
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3. Results and discussion 

3.1.HFS-based parameters for HCPF 

The heat transfer coefficient Kv is a key factor to consider when designing freeze-drying cycles. It is used to predict 

the product temperature and therefore the primary drying time. We investigated the impact of the freezing protocol 

on the determination of HFS-based and gravimetric Kv (Figure 2). 

 

Figure 2: Comparison of gravimetric and HFS based Kv for 50 and 150 mg/ml BSA formulation for three 

different freezing protocols.  

 It was deemed appropriate to incorporate different freezing protocols for two main reasons. Firstly, we wanted to 

assess the constant corrective factor between gravimetric and HFS-based. Secondly, we sought to also evaluate 

whether it was possible to screen the freezing protocol ad-hoc for a product, with the aim of determining drying 

time / process time, Tp and design space before the freeze-dying cycle is potentially transferred to another 

equipment. Additionally, the knowledge of the necessary process parameters and applicable ranges in the freeze-

dryer where the product will be transferred will minimize the risks of the transfer / scale-up. More specifically, the 

2F protocol with the -3°C hold phase was included as a soak step so that all product vials were equilibrated before 

initiating the freezing to reduce vial-to-vial variability. The annealing phase in the 2FA protocol and the single-
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step freezing, the 1F protocol, were studied to understand the impact on product resistance when compared to the 

2F protocol. 

In accordance with the literature, the obtained Kv values were independent of the freezing protocol and the 

gravimetric Kv was consistently higher than the HFS-based Kv [26,29]. The delta between HFS-based and 

gravimetric Kv was 4.5 Wm-2K-1 ± 0.3, except for the annealed 50 mg/ml BSA formulation. In this specific cycle, 

the cooling system showed a slower cooling rate post annealing with 0.4 vs. 1 °C/min (Figure S1) which, in 

combination with the delayed vacuum application, caused a higher Tp for the center vials and consequently a 

warmer LyoSIM. Therefore, the center vials were 5°C warmer than edge vials in contact with the LyoSIM, and 

the resulting effect was a higher delta of 5.7 Wm-2K-1 for this specific cycle. The other experiments showed edge 

and center vials have a comparable temperature at a protein concentration of 150 mg/ml (Figure S1) confirming 

the optimal selection of LyoSIM setting. This aspect is highly relevant as the MicroFD presents the possibility to 

save time and material in the process design phase due to the reduced size and the availability of the HFS. These 

advantages can be exploited if the equipment can simulate the lab-scale freeze-dryer scenario and counteract 

atypical heat transfer, which is exacerbated in such a small freeze-dryer chamber. According to the manufacturer’s 

claim, the LyoSIM simulates surrounding sublimating vials and acts as heat sink. Hence, edge vials should dry 

slower and be representative of center vials in a classic lab-scale equipment. A previous study examined the 

LyoSIM settings and the effect on the heat transfer coefficient [26]. Based on a step-wise decrease of the offset 

compared to Tp, an optimal set-up of -15°C was found. The current results confirmed that also for HCPFs the 

selected LyoSIM temperature offset is applicable. 

To exclude any filling volume effect on Kv, additional experiments with a 1 ml instead of standard 2.6 ml filling 

volume were carried out for the 50 mg/ml BSA formulation. The Tp of the vials filled with less volume confirmed 

the finding that edge and center vials temperatures overlap (Figure S2).   
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Figure 3: Comparison of Kv grav and Kv HFS results by considering three freezing protocols and two 

filling volumes (A) Focus on the difference between gravimetric and HFS-based values (B) – 50 mg/ml 

BSA formulation 

The delta between Kv grav and Kv HFS was higher with 1-ml fill volume in case of non-annealed samples (Figure 3), 

whereas no difference could be observed for annealed products. This indicates that a good batch homogeneity, 

which is improved by annealing [7,30], is essential for Kv based modeling approaches, specifically when using Kv 

HFS. At higher concentration of 150 mg/ml the delta between the Kv techniques is less indicating a higher inter-vial 

homogeneity. 

To verify the applicability of Kv HFS, the pressure dependence was investigated at three different Pc values. We 

performed a run covering three different Pc settings (3-PE) at 5, 11 and 16 Pa comparable to our previous work 

[26] and calculated the corresponding Kv HFS at each pressure [24]. The obtained Kv HFS values can be plotted 

against the Pc rendering the parameters AKv and BKv of a non-linear fit. While the previous gravimetric results were 

8.7 Wm-2K-1 for AKv and 0.5 Wm-2K-1 Pa-1 for BKv, the current results HFS-based were 4.0 Wm-2K-1 for AKv and 

0.5 Wm-2K-1 Pa-1 for BKv. The nonlinear fit is described by the parameter AKv that reflects well the highlighted 

offset of 4.5 Wm-2K-1 ± 0.3 and the BKv that expresses the same Pc dependency of gravimetric data. Based on the 

collected data, we consider this offset applicable in case of annealed HPCFs. The factors that mainly influence this 

offset are the filling volume (Vfill), the freezing protocol and, partially, the overall solid content. The first variable, 

Vfill, seems to have a bigger impact when small volumes are used where the Kv HFS is not able to detect the total 

heat received by the vial, specifically the portion of radial heat [26]. At the same filling volume, annealing increases 

the difference between gravimetric and HFS based Kv. This can be explained considering that a lower Rp, and 

therefore a higher sublimation rate, is reflected in the Kv gravimetric, but not in the HFS-based Kv. This aspect is 

consistent with the same observation made on an amorphous excipient, which we previously published [26]. 

A B 
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However, this effect becomes less pronounced as the solid content increases. In case of 150 mg/ml despite the 

annealing effect, the amount of heat detected by the sensor, and consequently reflected by Kv HFS, is aligned to 

other freezing protocols and equal to 4.5 Wm-2K-1 ± 0.3. It is also interesting to note, that when Vfill is lower, 

annealing leads to higher batch homogeneity compared to other freezing protocols. This effect is beneficial an 

offset between the gravimetric and the HFS-based technique as in the case of higher solid content / higher Vfill. 

After the focus on Kv, we evaluated Rp. As solid content affects product resistance, the HCPFs have a higher Rp 

value and hence a longer drying time. A common strategy to accelerate drying is to induce structural changes to 

the frozen matrix through the freezing protocol, mainly by annealing. The impact on specific surface area of the 

product is reflected in the drying time. The MicroFD allows a screening of freezing protocols and in this study, we 

exploited this potential. Overall, the heat transfer determinations impact considerably Rp calculations: HFS-based 

Rp is higher than the gravimetric Rp. The product resistance results are comparable in both formulations with higher 

values for 1F protocol for the lowest concentration. Our hypothesis is that this phenomenon is caused by increased 

inhomogeneity in the freezing phase. As expected, the obtained data confirm that annealing reduces the product 

resistance.  

 

Figure 4: Rp data for 50 mg/ml (A) and 150 mg/ml formulation (B) determined by using gravimetric and 

HFS-based Kv data determined for the different freezing protocols.  

More specifically, for both 50 and 150 mg/ml BSA, independently of the applied methodology, the annealing 

protocol results in a lower product resistance enabling faster drying compared to the one or two-step freezing 

approach, which appear equivalent in term of Rp (Figure 4). Following the explanation highlighted in the Kv 

discussion, once we corrected the HFS-based Kv for the offset, we calculated the real Rp based on the “offset-

corrected” Kv that is equivalent to the gravimetric Kv.  
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3.2.Design space assessment – impact of freezing protocols and protein content 

We used the combination of MicroFD and HFS for the first time to create a design space applied to HCPFs. This 

was achieved with only two lyophilization cycles, each of 19 vials that represent the full capacity of the MicroFD 

chamber for the studied primary packaging. The aim was to obtain a reliable procedure based on minimal 

experimental activities and material consumption. Therefore, the following steps were conceived: 

a) Kv HFS-based 

b) Rp estimation with Kv adjustment based on the determined offset 

c) Determination of equipment constraints - in case of the MicroFD no equipment constrains were 

applied, due to the very low number of vials involved; determination of formulations constraints - in 

our case the Tc increases with protein concentration and annealing (Tc 50 mg/ml non-annealed: -

16°C, annealed: -14°C; 150 mg/ml non-annealed: -13°C, annealed: -10.5°C – Figure S3) 

d) Creation of design spaces for different Rp 

The purpose of the design space is to visually depict which Tfluid and Pc can be applied without overcoming the 

collapse temperature (Tc) of the processed formulation. Product temperature varies during the drying process: as 

the thickness of the dried layer (Ldried) increases, resistance to sublimation flow changes. Therefore, when building 

the design space, we considered the product temperature at the sublimating interface (Ti) when ice thickness 

(Lfrozen) is at its minimum. As drying is almost completed, this temperature is the maximum Ti reached for the 

selected inputs (Tfluid and Pc). The design spaces were created by mathematical simulations in a Tfluid range between 

-30 and +30°C and Pc from 5 to 30 Pa. The input variables were kept constant over the complete primary drying 

phase. The in-silico determination was based on the assumptions that all heat received by the frozen product is 

used for sublimation (equation 5) and pseudo-stationary conditions that allow process evolution to be described as 

in equation 8. Additionally, considering that Tp can be described as function of Ti (equation 9), the whole process 

can be summarized in equation 10. Hence, the model considering the Kv- Pc / Rp-dried layer description allows the 

determination of Ti, sublimation flow, and consequently Tp and drying time when Lfrozen is equal to 0. Among the 

different options to present the design space, we chose to plot the max Ti versus the Pc. in order to highlight which 

combination Tfluid / Pc were part of the design space by imposing the formulation constraint (Tc) (Figure 5).  
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Figure 5: Design spaces for difference formulations and freezing options. The maximum values of Ti 

based on the input parameters (Tfluid, Pc) are plotted versus Pc. Tc (dashed line) is superimposed on the 

chart. Formulation 50 mg/ml 2-step freezing annealing (A) and 2-step freezing (B) and formulation 150 

mg/ml 2-step freezing annealing (C) and 2-step freezing (D) 

The first element of attention is the role of protein content that influences one of the design space borders, 

represented by the Tc. A second point is the influence of the different Rp on the shrinkage of the design space: a 

lower Rp, as in the case of annealing, creates a situation in which the freeze-dryer inputs (Tfluid and Pc.) have less 

influence on Tp and therefore can be set to higher values with a consequent shorter drying time. The collected data 

represent a valuable set of information that can accelerate the in-depth knowledge of the process and guide to a 

rational design of the freeze-drying cycle. 
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3.3.Verification of the freeze-drying cycle selected based on the design space  

The generated design spaces were taken as a basis to experimentally verify the predicted parameters for the 150 

mg/ml formulation. The verification cycle was planned at the highest considered Tfluid of +30°C and with a Pc of 

11 Pa as midpoint of the tested range. According to our predictions, Tp should be in a range of -19.3 °C to -14 °C, 

respectively at the beginning and at the end of the primary drying (PD) holding phase respectively. The PD time 

was estimated in a range between 9.5 and 10.0 hours based on Kv variability. 

 

Figure 6: Comparison between Tp measured during verification freeze-drying cycle and Tp estimated 

from our mathematical simulation 

For the verification cycle, Tp was in a range of -22 °C and -15 °C at the beginning and until the thermocouple 

ceased to provide a reliable output, respectively (Figure 6). The comparison between the measured and the 

estimated Tp was in good agreement. 
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Figure 7: Drying phases (primary/secondary drying) of the verification freeze-drying cycle [150 mg / ml 

BSA formulation – 2FA protocol] (A) - Cake appearance of exemplary final product from verification 

freeze-drying cycle (B) 

 Additionally, the PD time equal to 9.3 hours in the verification cycle, was consistent with the expected range 

based on the design space. In fact, it must be considered that the PD endpoint was experimentally determined by 

the alignment between the capacitance probe and the Pirani gauge (Figure 7A) and an uncertainty of 12 min can 

be considered negligible due to the detection point and the limited amount of cycles performed. 

The alignment between estimated and experimental results were corroborated by the characterization of the final 

lyophilized products. Macroscopically, pharmaceutically elegant cakes without signs of collapse were obtained 

with little vial to vial variability (Figure 7B). SEM demonstrated a crust-like layer with the presence of pores and 

cracks homogenously-distributed at the top and a central part characterized by pores of approx. 50 µm in diameter 

(Figure 8). 
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Figure 8: Scanning electron microscopy (SEM) exemplary images from final product of the verification 

freeze-drying cycle  

 The moisture level was low with 0.3 % ± 0.02 for center vials and 0.6 % ± 0.02 for edge vials. Thus, appearance 

and moisture level indicate that primary drying proceeded below Tc. 

The verification was performed based on the data obtained in the Micro FD at minimal material and resource 

consumption considering the previously performed equipment characterization [26]. The suitability of the 

combination of MicroFD and HFS to create a primary drying design space for HCPFs was confirmed based on 

product characteristics, product temperature profiles and primary drying duration. A general work flow would be: 

a. Definition of the Tfluid in the target freeze-dryer involved in the transfer (indicated as FD02), starting from 

the data obtained in the MicroFD (indicated as FD01) 
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𝑻𝒇𝒍𝒖𝒊𝒅 𝑭𝑫𝟎𝟐  =  

𝑲𝒗 𝑭𝑫𝟎𝟐 (
𝟏

𝑲𝒗 𝑭𝑫𝟎𝟐
+

𝑳𝒇𝒓𝒐𝒛𝒆𝒏 𝑭𝑫𝟎𝟏

𝒌𝒇𝒓𝒐𝒛𝒆𝒏
) 𝑻𝒑 𝑭𝑫𝟎𝟏 + 𝑻𝒊 𝑭𝑫𝟎𝟏

𝑲𝒗 𝑭𝑫𝟎𝟐 (
𝟏

𝑲𝒗 𝑭𝑫𝟎𝟐
+

𝑳𝒇𝒓𝒐𝒛𝒆𝒏 𝑭𝑫𝟎𝟏

𝒌𝒇𝒓𝒐𝒛𝒆𝒏
) − 𝟏

 (11) 

considering the heat transfer coefficients of FD02 for edge and center vials and the previous Micro FD 

characterization [24]. 

b. Process simulation to set drying time and expected product thermal profile. 

4. Conclusions 

In summary, we present an approach to define a primary drying design space for lyophilization of high 

concentration protein formulations utilizing the HFS integrated into a MicroFD with only two lyophilization 

cycles, each of 19 vials. Tp and end of PD could be predicted well, and a collapse-free and low moisture content 

product was obtained. Furthermore, a correction of the HFS-based Kv by a constant offset is required but it allows 

a reliable Rp determination in this case study. Using a design space fed by HFS-based inputs in a MicroFD enables 

rapid assessment of the impact of operating parameters on product quality and process efficiency by optimization 

of the drying time. A drawback of the HFS-based Kv determination is the necessity to correct for a constant in the 

case of higher protein content. Nevertheless, future investigations should focus on quantifying the role of key 

variables such as the filling volume and the intra-batch homogeneity in affecting the offset between the gravimetric 

and the HFS-based technique, especially for lower protein content formulations. This work highlights the 

possibility of integrating the new HFS and MicroFD technologies in a design space application to fully implement 

a QbD approach whilst minimizing material usage and invested time. 
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5. Abbreviations and Nomenclature 

Av  cross sectional area of vial (m2) 

BSA  bovine serum albumin 

ΔHs  sublimation heat (J kg-1) 

Δm  sublimed mass (kg) 

Δt  considered drying time (s) 

F  1-step freezing 

FD  freeze-dryer 

grav  gravimetric 

HCPF  high-concentration protein formulation 

HFS  heat flux sensor 

Jw  sublimation flux (kg m-2 s-1) 

Kv  vial heat transfer coefficient (W m-2 K-1) 

Kv grav  vial heat transfer coefficient (W m-2 K-1) gravimetric-based 

Kv HFS  vial heat transfer coefficient (W m-2 K-1) HFS-based 

kfrozen   thermal conductivity of the frozen layer (W·m−1·K−1) 

Lfrozen  thickness of frozen layer (m) 

lv  average distance between vial bottom to the shelf (m-1) 

λ0  thermal conductivity of the gas at ambient pressure (W·m−1·K−1) 

Pc  chamber pressure (Pa) 

Pi  pressure at the sublimating interface (Pa) 

PVDF  polyvinylidene difluoride 

Q  heat received by a vial (W m-2) 

QbD  Quality by Design 

QHFS  heat measured from heat flux sensor (W m-2) 

RH  relative humidity 

Rp  product resistance (m s-1) 

ρdried  apparent density of the dried product (kg m-3) 

ρfrozen  density of the frozen product (kg m-3) 
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t  time (s) 

Tfluid  temperature of fluid circulating in the shelf (°C) 

Ti  temperature at the sublimating interface (°C) 

Tp  product temperature (°C) 

Tshelf surface shelf surface temperature as measured by heat flux sensor (°C) 

Tc  collapse temperature (°C) 

Vfill  filling volume (ml) 

2F  2-step freezing 

2FA  2-step freezing and annealing 

3-PE   3-pressure experiment   
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7. Appendix 

 

Figure S1: Comparison of temperature profiles of product temperature and LyoSIM for freeze-drying by 

using the 2-step freezing / annealing protocol during primary drying (A) and during freezing phase (B) 

 

Figure S2: Comparison of temperature profiles for freeze-drying with 2-step freezing / annealing 

protocol 50 mg / ml formulation (△ edge vial, ○ center vial with a filling volume of 2.5 ml, ◊ edge vial, 

X center vial with a filling volume of 1.0 ml) during primary drying 
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Chapter VI: Final summary 

In the last two decades, based on FDA and ICH initiatives, the quality by design (QbD) approach has gained a 

central role in the product development and manufacturing of the pharmaceutical sector. Simultaneously, the 

increasing number of biologics in the market raised the attention on the lyophilization, the main stabilizing 

technique. 

The QbD approach with its process understanding and control can be implemented through process analytical 

technology (PAT) tools. The general goal of the thesis was to assess two innovative solutions in the hands of 

freeze-drying scientists, the heat flux sensor and the miniaturized equipment in the frame of the transfer of freeze-

drying cycles. 

Chapter I introduces the process considering main components of typical equipment and the three main phases. 

Subsequently, it is illustrated the difference between the traditional and the more recent approach represented by 

the QbD. The focus is then moved to the main PAT tools applied in the freeze-drying field with a classification 

according to the monitoring focus and the parameter of interest. Finally, a brief description of challenges related 

to the transfer of lyophilization. 

One of the objectives of the thesis was the application of the heat transfer sensor to the transfer of freeze-drying 

cycle. Therefore, as described in Chapter III, we developed for the first time an HFS-based method to build a 

primary drying design space in a laboratory-scale equipment. Starting from the heat flux measured between shelf 

and vial, it was determined an HFS-based Kv. This allowed the possibility to obtain product resistance evolution 

during the process. The integration of this novel PAT tool with a mathematical model describing the process give 

the opportunity to predict product thermal profiles under different shelf temperatures and chamber pressures to 

create a design space. Consequently, lyophilization design can be substantially accelerated, even because the HFS 

approach allows the determination of Rp and multiple Kv values in one single experiment. To confirm HFS 

approach validity a freeze-drying transfer was performed by applying the design space generated from HFS data. 

The attractiveness of this PAT tools was strengthened by the final and IPC analyses of the transferred product. 

Nevertheless, HFS-based Kv was found constantly lower than the gravimetric Kv because a Pc-independent 

contribution is not considered. 

To tackle this aspect and to exploit the potentialities of novel equipment, as next step, we characterized a 

miniaturized freeze-dryer, named as MicroFD, in Chapter IV. Besides the reduced size of the lyophilization 
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chamber, in our setup suitable for 19 vials (6R-type), this equipment presents a peculiar component, named 

LyoSIM, with the purpose to simulate larger freeze-dryer. The investigation was focused on the heat transfer and 

carried out with the state-of-the-art technique, the gravimetric, and the HFS based for two types of formulations, 

amorphous and crystalline. The LyoSIM is temperature-controlled ring that can be set according to an offset linked 

Tp or in absolute way. Therefore, we perform a screening of suitable temperature to simulate heat transfer as in the 

laboratory-scale. The minimum offset of -15 °C, compared to the most shielded vials, and the full load of the 

equipment were required to obtain satisfying results with a pronounced reduction in atypical heat transfer. This 

allowed an investigation on the role of atypical radiation in the HFS output by considering vials with low- and 

normal emissivity at different LyoSIM settings. The gained information confirmed that the HFS-based Kv are 

lower than the gravimetric Kv. Interestingly, the results in case of partial load of the equipment can only partially 

ascribed to radiation. The radial heat exchange appears to play a key role in the delta between HFS-based and 

gravimetric Kv. 

Finally, the applicability of the combined use HFS and MicroFD to design a freeze-drying cycle was applied 

to high concentration protein formulations in Chapter V. The goal was to minimize the effort in term of material, 

invested time in order to have a successful design space and expected CQAs with an optimized primary drying 

time. Two protein concentrations and three different freezing protocols were investigated to highlight the effects 

on HFS output and its relation with the gravimetric technique. Additionally, a verification on the filling volume 

was performed for the lowest protein concentration. In our case study, annealing not only increased the intra-batch 

homogeneity, as expected, but also allowed a constant offset between HFS and gravimetric Kv. Thus, future studies 

should quantify the impact of freezing / filling volume in affecting the offset between the gravimetric and the HFS-

based technique, especially for lower protein content formulations. Nevertheless, based only on two lyophilization 

cycles, each of 19 vials, a design space and a verification cycle were generated. Hence, by applying them, Tp and 

the end of the primary drying were well predicted, and a collapse-free and low moisture content product could be 

obtained. In summary, despite the highlighted sensor pitfall, it was the first time that the integration of HFS, 

MicroFD and design space was achieved with excellent product results by minimizing material, invested time and 

full implementation of QbD approach. 

In conclusion, this thesis presented two extremely useful tools for designing and transfer freeze-drying cycles: 

the HFS and the MicroFD. Both sensor and miniaturized equipment combined with in-silico simulation can allow 

to study different scenarios with a limited amount of material and experiments. Additionally, the study on radiation 
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effect highlighted the contribution of radial heat exchange in the “edge” vials. Overall, this work represents a key 

contribution to establish HFS and MicroFD as routine techniques for freeze-drying scientists.  
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