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Abstract

The control of freezing is crucial as it can influence the freeze-drying operation as well as influence the
chemical and physical properties of the lyophilized product such as the specific surface area, dissolution rate
and drug stability. In this review article, we focus on two areas related to lyophilization in the pharmaceutical
industry: (1) advances in our understanding of the relationship between the freezing conditions, product
morphology and drying efficiency, and (2) the control of nucleation in solutions to be frozen. The final
objective is to accelerate the transition towards a more robust design of freeze-drying cycles, based on deep
knowledge of the phenomena involved rather than on empirical observations. While these topics are not new,
they are areas of significant current interest to the community engaged in drying in the pharmaceutical
industry.
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Introduction

Freeze-drying is a process widely used in the pharmaceutical industry. It consists of three steps, namely,
freezing, primary drying, and secondary drying. During freezing, temperature is lowered, and the product is
frozen. Then, ice and bound water are removed in the subsequent drying phases, by sublimation and
desorption, respectively. During primary and secondary drying, the removal of water occurs at low
temperatures as a result of the very low pressures involved. Because of this, freeze drying is particularly
suitable for the preservation of pharmaceuticals and biopharmaceuticals, which often lose their therapeutic
activity at high temperatures.

Freezing is crucial as it can influence the ice crystal size, and thus the product behavior, during drying, as
well as other physical properties of the lyophilized product [1-6]. The product morphology is substantially
determined by the cooling rate and nucleation temperature. For instance, a low cooling rate and/or a high
nucleation temperature promotes the formation of large ice crystals. In this regard, the influence of the
nucleation temperature on the pore size is thoroughly discussed in [7]. Freezing conditions can also influence
the development of various polymorphic forms for the crystallizing excipients such as mannitol and glycine.
This phenomenon is crucial in the pharmaceutical industry as different polymorphs can exhibit different
physical and chemical properties and, hence, affect the stability of the drug substance during storage [8, 9].
The various polymorphic forms of a material can show different thermodynamic stability. For example, the o
and 3 polymorphic forms of mannitol are metastable, while the  form is stable [10]. At the end of the freeze-
drying process, the active pharmaceutical ingredients (APIs) will be immobilized within a matrix formed by
the excipients, which should be stable with time. In fact, changes in the properties of this matrix during
storage could be detrimental to the stability of the APIs. Therefore, formation of a stable polymorphic form
is desired as this provides the best conditions for long term storage of the product. A second, not negligible,
aspect related to the content of polymorphs is the vial breaking phenomenon. It is thought that vial breaking
should be linked to the formation, during freezing, of metastable forms, which then convert into stable ones
and cause vial breaking [11, 12]. It is thus obvious that, by controlling the freezing conditions, it would be
possible to control and prevent the vial breaking phenomenon.

The morphology of the frozen product has also a strong impact on the rate of the subsequent drying

phases. In fact, provided that no shrinkage or collapse occurs, the size of the ice crystals formed during



freezing corresponds to the size of the pores within the dried product. This pore size, in turn, influences both
the sublimation and desorption rates [5, 9, 13, 14]. In fact, a large pore size speeds up the removal of water
by sublimation but is detrimental to the rate of desorption (see Table 1). Consequently, primary drying
benefits from a large pore size, while secondary drying is penalized. Moreover, the pore size influences the
maximum temperature reached by the product as well, with higher temperatures reached in the case of
smaller pores. Control of the maximum temperature reached by the product is of utmost importance for the
freeze-drying process. In fact, if the maximum temperature overcomes a limit value, which is specific for
each formulation, collapse of the cake is observed. A collapsed cake loses its aesthetic properties and is
generally characterized by a higher residual moisture content, which could damage the active ingredients.
The impact of pore size on drying time and maximum temperature reached within the product during
primary drying is summarized in Figure 1.

Finally, the dimension of the ice crystals formed during freezing affects the stability of APIs. A major
contribution to loss of therapeutic activity is related to adsorption at the ice-freeze concentrate interface [15].
Thus, the larger this interface is, the higher the risk of activity loss is. In this regard, the formation of large
ice crystals, achievable by means of a low cooling rate and/or a high nucleation temperature, is desired, since
in this case the specific surface area is minimized.

In this work, the various techniques developed for the control of the freezing process of pharmaceutical
solutions are described and their impact on the product structure is discussed for two of these technologies,
i.e., the ultrasound-induced ice nucleation and the vacuum induced surface freezing, on which we have direct
expertise, and which are not currently covered by patents. Finally, the applicability of all the different
proposed methods to production plants, with respective advantages and limitations, are analyzed. The
possibility to measure the impact of freezing on the product morphology, using in-line and off-line
approaches, is also discussed. The in-line method provides a more direct estimation of the information
required, i.e., the resistance to mass transfer, but presents several drawbacks. Therefore, other off-line
approaches were and are being developed, which employed experimental techniques (BET, SEM, optical
microscopy) often coupled with image analysis approaches (2D-Fast Fourier Transform, wavelet
compression, image segmentation etc.). Some of these techniques are briefly described. Additionally, the

problem of prediction of the product morphology by means of a mathematical model is also discussed. These
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models can be used to obtain a quantitative estimation of the influence of the freezing conditions on the
average size of ice crystals. It is also discussed how these tools can be applied to tune, measure and predict
the impact of freezing on product morphology, and, consequently, on process efficiency and product quality.
The aim of this review is to encourage a more knowledge-driven approach to the design of a robust freeze-
drying cycle. This would be extremely beneficial, allowing a better control of the homogeneity and quality of

the final products.

Control of freezing
While most of the conventional freezing protocols allow control of the cooling rate, the nucleation
temperature remains a stochastic variable, randomly distributed within the batch. Because of this, a large
vial-to-vial and batch-to-batch variability is observed, and this inhomogeneity contrasts with the stringent
requirements of the pharmaceutical industry in terms of process control and product quality. To overcome
this problem, various techniques have been developed over the years to promote the control of the nucleation
temperature [6, 16, 17]. Among these, vacuum induced surface freezing (VISF) [9, 13, 18-20] and the
ultrasound-induced ice nucleation (UIIN, Figure 2a) [21-25] will be considered in detail in the following.
Ultrasounds are acoustic waves with frequencies approximately over 20 kHz. Ultrasound ranging from 20
to 100 kHz is classified as power ultrasound and may be used in chemical and physical applications as it
induces the formation of cavitation bubbles [21-25]. These collapsing bubbles and the resulting micro-
streaming enhance the mass and heat transfer, affecting the ice nucleation phenomenon, as well. A possible
mechanism elucidated by Hickling [26] is that the pressure increment due to the collapse of the cavitation
bubble increases the equilibrium freezing temperature of the solution; this phenomenon simultaneously
increases the degree of the supercooling. The degree of supercooling is a major driving force of ice
nucleation, as it enhances the number of nuclei. Saclier et al. [27] proposed a theoretical model of ice
nucleation induced by acoustic cavitation based of the theory of Hickling, and successfully elucidated the
relationship between the number of nuclei and the liquid temperature. This theoretical study concluded that
the power ultrasound could trigger ice nucleation in a water with a supercooling level higher than a few

kelvin using a moderated acoustic pressure amplitude, that is, about one bar. Then, the number of nuclei can



be further increased by lowering the temperature or increasing the acoustic pressure. This theoretical
background can well explain experimental findings reported in the literature [28-32].

For instance, Nakagawa et al. [32] froze and then freeze-dried mannitol solutions to clarify the detailed
relationship between the ice nucleation temperature and the primary drying rate. They found that the primary
drying rate increased with increasing ice nucleation temperatures, and the observed dependence on the ice
nucleation temperature was similar for both the spontaneously nucleated and the sonically triggered system
[32-34]. They also reported that the ice morphology was not greatly affected by the ultrasound trigger, but it
was significantly influenced by thermal phenomena (i.e. cooling rate, initial temperature distribution, sample
geometry, etc.) [35]. For instance, the increase in cooling rate led to a smaller ice crystal size, and the effect
of cooling rate was more important at high nucleation temperatures.

What makes ultrasound interesting is the possibility of application without contact, which makes this
technique chemically non-invasive. Some concerns still exist, because localized high temperatures generated
by cavitation, and the bubble themselves, can potentially damage or favor aggregation of very sensitive
products. Tests carried out in a pilot scale freeze-dryer demonstrated that this technology significantly
improves the whole batch homogeneity, without modifying the protein or virus activity. On the contrary, the
enzyme activity recovery is higher, as a consequence of the higher nucleation temperature and, therefore,
larger ice crystal size (and, thus, smaller ice-freeze concentrate interface). Liquid formulations of Human
Recombinant Interferon-A2b have also been tested to verify that the ultrasounds do not promote the
aggregation of API molecules [34, 36, 37].

Finally, it can be mentioned that even if transient cavitation is generally employed, it has been evidenced
that the ultrasonic vibrations can induce nucleation even in the stable cavitation regime, characterized by
bubbles that exhibit stable volume or shape, thus reducing the risk of product denaturation; however, this
phenomenon has not been explained yet [38].

In Vacuum Induced Surface Freezing, by contrast, pressure is lowered within the dryer chamber during
freezing. This pressure drop promotes ice nucleation as a result of a partial evaporation of water, and, hence,
a reduction in the product temperature. Figure 2b shows an example of temperature and pressure profiles
observed during a VISF cycle. While the original method described by Kramer et al. [18] and Liu et al. [19]

resulted in the formation of defects within the cake structure, such as blow-up and flake formation, the



modifications to the VISF protocols proposed by Oddone et al. [20] allowed the solution of these problems
and the production of an elegant cake. As shown in Figure 3, SEM analysis confirmed that VISF promoted
the formation of larger pores (Fig. 3b) with respect to uncontrolled nucleation (Fig. 3a). Moreover, a reduced
within-vial heterogeneity was observed upon application of controlled nucleation. A similar result was
obtained in the case of control of nucleation via UIIN (see Figure 3c, where the ice crystals are shown as
observed by optical microscopy just after freezing). Also in this case, nucleation was triggered at a higher
temperature, promoting the formation of large pores and enhancing the uniformity of the lyophilized cake. It
must be remarked that uncontrolled freezing was carried out in no-GMP conditions and thus nucleation
naturally occurred at relatively high temperature, approx. —10 °C, which is not far from that observed in the
UIIN freezing. Because of that, the average pore size of samples produced via UIIN was larger, but
comparable, to that observed for the uncontrolled samples. The increased, and more uniform, pore dimension
had a strong impact on the subsequent drying phase, as well. For instance, Oddone et al. [9, 13, 20] showed
that the new VISF approach allowed significant reduction of primary drying times, and a remarkably
increase in batch uniformity. Moreover, even if secondary drying of the VISF cycle is usually longer than
that of the conventional freezing run, the total cycle time is shorter [13]. Ultimately, a further advantage of
VISF is that it does not require installation of additional equipment and can be carried out in any common
freeze-dryer, as will be further discussed in the following.

Both these techniques allow a precise control of the nucleation temperature, and result in improved
process efficiency and batch homogeneity. Another method which has been proposed is the so-called
electrofreezing [39, 40], which uses a high voltage pulse to initiate nucleation in supercooled water.
However, the influence of electrofreezing on bubble formation [39], and the inhibitory effect observed in the
case of a high saline concentration [40] need further investigation. An alternative solution (which may be
applicable only in laboratory studies) may consist in the addition of impurities to the sample being frozen.
These impurities, which often consist of silver iodide and bacteria such as Pseudomonas syringae, may serve
as nucleating agents [5, 19, 41-43], and can help increase the nucleation temperature.

Another freezing protocol which has been investigated in the literature is the high-pressure-shift or
depressurization method [44, 45]. According to this technique, the drying chamber is first pressurized to
1.5-4.5 bar, and then rapidly depressurized. This initiates nucleation in the samples, previously equilibrated
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at a temperature below the equilibrium freezing point. The application of this approach, however, requires
that the freeze-dryer can manage the 0.5-3.5 bar overpressure which is required to trigger the freezing
process.

Finally, in the case of the ice-fog technique [46-51], small ice particles, generated by the release of cold
nitrogen within the freezing chamber, penetrate into the vials, thus inducing ice nucleation. This ice fog
could also be generated within an external condenser, or, alternatively, a gas flow cooled down within the
condenser could be used to generate the ice particles inside the drying chamber. However, in the case of the
ice fog technique, it is not clear if it can be guaranteed that very big batches of vials, like those used in
manufacturing, may be reached by the ice particles, assuring a uniform batch behavior.

All the mentioned approaches for the control of nucleation, such as VISF, UIIN, the depressurization
method and the ice-fog technique, act by inducing nucleation at the desired temperature. However, while
VISF, the depressurization method and the ice-fog technique trigger nucleation at the surface of the solution
and induce a directional solidification, UIIN acts on the bulk product, promoting a global supercooling [6].

Further details on these methodologies can be found in [17] and in references quoted therein, and a more

extensive description of their implementation in industrial plants will be provided in the following.

Prediction and measurement of the impact of freezing on product morphology

Starting from this premise, it is clear that the measurement and prediction of the impact of freezing on
product morphology plays a central role in the design of a robust freeze-drying cycle. The most important
parameters related to product morphology are the pore diameter Dy, and the tortuosity z. When modelling the
freeze-drying process, the desired input value of D, would be the diameter of equivalent mass transfer
resistance, i.e., the diameter leading to the experimental value of product resistance. However, a standard
procedure for the experimental evaluation of the diameter of equivalent mass transfer resistance has not yet
been defined, and its definition would be trivial only for tubular pores of uniform dimension. In real
situations, pores do not have a perfect tubular structure, and do not share the same dimension. Therefore,
some approximations must be done when defining an average D, for the dried cake, and these
approximations depend on the available data and on the approach used for their analysis. For instance, in the

case of 2D images of a porous structure, the pore section is sometimes approximated with an ellipse, and the
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diameter of the circle having the same area to perimeter ratio of the approximating ellipse may be chosen as
pore diameter. SEM images can be analyzed in this way, considering a sufficiently large number of pores
and taking the numerical average of this distribution as an approximation for D,. Otherwise, the total area
occupied by the pores in the 2D image could be calculated and divided by the number of pores. In this way,
an average sectional area for the pores is calculated, and the diameter of the circle having this area is
assumed as Dy. In the case of 3D reconstructions, such as for micro-computed tomography, either the
number-weighted or volume-weighted distribution of the pore sizes can be usually obtained, and the average
of these distributions can be used. If an indirect information about the pore size is obtained, as in the case of
the specific surface area provided by BET, a model can be used to link the surface area to the pore size. A
more detailed description of the possible approaches for estimation of D, or 7 is provided in the following.
From D, and 7 it is possible to calculate the mass transfer resistance to vapor flow during primary drying,
Rp, which is an essential input for any model of primary drying. During primary drying, a very low pressure
is used, and the solvent vapor is removed through the small pores which are formed in the dried product.
Because of this, the mass transfer generally occurs in the free-molecule or Knudsen regime. This is the
assumption that is generally made when modelling the lyophilization process. An accurate description of the
mass transfer is therefore essential for modeling the lyophilization process. In fact, whereas at the beginning
of primary drying the heat transfer controls the sublimation kinetics, the mass transfer may become the
controlling mechanism towards the end [52, 53]. Moreover, it was also shown that the controlling
mechanism may vary according to product morphology and process conditions, such as the shelf temperature
and the chamber pressure [53]. In this context, if the porous cake is assumed to be a collection of capillary

tubes, the dried layer resistance R, as function of the dried layer thickness L4 can be calculated as [47]:

? _ 3Ly |2RT M
" 2eD, \2M,,

where R is the universal gas constant, T the absolute vapor temperature which can be taken equal to the

interface temperature of the frozen product, M., the molar mass of water, and ¢ the porosity. There are also
other experimental methods which can directly measure R,, thus overcoming the necessity to know D, and z.
These approaches, which are often based on the measurements of sublimation rate and product temperature,
have, however, several drawbacks. First of all, a labor-intensive procedure is needed, which requires the
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execution of several experimental tests [54-58]. In fact, a preliminary estimation of the actual heat transfer
coefficient k, between the container and the shelf must be first carried out. This can be achieved by
measuring the product temperature (Tp) profile as function of time, using, for instance, miniaturized
thermocouples. The temperature evolution of the heat transfer fluid circulating through the drier shelves (Ty)
should also be known. The vapor flow rate (Ju) produced by ice sublimation can then be estimated thanks to
the heat transfer coefficient ky, e.g., assuming that all of the heat transferred to the product is used for the

phase change,

k(T -T,)
b= @

s
where AH; is the enthalpy of sublimation.

From the product temperature profile, it is also possible to calculate the vapor pressure of ice pw,i [59],
while the chamber pressure, pc, can be measured, for instance, by means of a capacitance manometer (i.e.,
Baratron). When all these variables are known, it is then possible to obtain R, from the following equation,
J, =Ri( Pui — Pe ) 3

p
However, a major drawback of these approaches is related to the presence of the miniaturized
thermocouples, which may alter the drying process, thus affecting the quality of the estimations. Moreover,
this method is generally limited to lab pilot plants, since the use of thermocouples is not compatible with
GMP procedures. While the methods based on thermocouple readings refer to individual vials, there are
other methods proposed in the literature which estimate the average state of a group of vials or of the entire
batch. To provide an example, a micro-balance can monitor both mass and temperature of a limited number
of vials during the entire cycle [60]; as an alternative, the Pressure Rise Test (PRT) can be used to estimate
temperature, residual moisture, heat and mass transfer parameters during both primary [61-69] and secondary
drying [70]. The PRT is based on the analysis of the process response to a step change in input. More
specifically, the valve between the vacuum chamber and the condenser is closed for a certain time interval
(short during primary drying, longer during secondary drying). Therefore, the pressure inside the chamber
increases, because of the accumulation of water vapor. At the beginning, the increase in pressure is fast, but

then it proceeds more slowly when the chamber pressure approaches the equilibrium value. If the pressure



profile inside the vacuum chamber is collected during the PRT, it is subsequently possible to obtain useful
information about the process, such as the temperature at the sublimation interface and the sublimation flow
rate. Moreover, also other parameters, such as the heat transfer coefficient k, between the shelf and the vials,
and the mass transfer resistance to vapor flow Rp, can be estimated from the PRT. Several model-based
methods have, therefore, been developed for monitoring primary drying using the PRT, i.e. the Manometric
Temperature Measurement [62-64], the Pressure Rise Analysis [65], and the Dynamic Parameters Estimation
[66-67].

However, a limitation of these solutions is that they are often ill-conditioned [68]. This means that small
variations in inputs cause very large variations in the estimated value of the resistance to mass transfer.
Considering the unavoidable uncertainty on measurement of the input quantities, these approaches are thus
not compatible with an industrial process. To solve this problem, a modification of the Dynamic Parameters
Estimation algorithm was proposed in order to improve problem conditioning, and, thus, the accuracy of the
estimation [68].

It is well known that a batch of vials can exhibit a significant degree of heterogeneity. This is due to the
different nucleation temperature of the vials in the batch, and to the different position of the vials within the
chamber, which affects, for instance, their exposure to radiant heat. It is also evident that this vial-to-vial
heterogeneity can dramatically affect process efficiency and product quality. However, the PRT-based
techniques cannot explicitly account for the inter-vial variability. In fact, these approaches basically assume
that all the vials of the batch behave in the same way, and their state corresponds to the state of the batch as a
whole. To address this problem, Velardi et al. [66], Velardi and Barresi [67] and Barresi et al. [69]
introduced a correction coefficient to account for the inter-vial heterogeneity within the dynamic parameters
estimation algorithm.

Also methods based on the measurement of the temperature profile in the vial generally sample a single
vial taken as representative of the whole batch, even if in principle several vials can be monitored (but with
the limitations described before).

As an alternative to these techniques there are other approaches, such as BET, SEM, microscopy, and X-
ray micro-computed tomography, which provide the value of mass transfer resistance for the single vial

under investigation. In this case, the “average batch value” is unknown, and can only be deduced from a
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significant number of “local values” for the single vials. Moreover, analysis of the single vial allows
estimation of the intra-vial variability in pore size. This within-vial heterogeneity may also significantly
affect the calculation of the mass transfer resistance. In fact, if the average pore dimension is introduced into
Equation 1, the value of R, which is computed cannot be accurate, especially if the dried sample is highly
heterogeneous. If, however, the whole distribution of pore size within the product height is known, it is

possible to divide the sample height into horizontal layers, calculate a different value of R,; for each layer,

and then compute the overall mass transfer resistance as Rp = Zi vai . This approach gives a more accurate

description of the dependence of R, on the thickness of the dried layer, mainly when this relationship is non-
linear.

Another common feature of these alternative approaches for estimation of the mass transfer coefficient,
such as BET and SEM, is that they can be used off-line, and do not require the placement of any sensor
inside the freeze-dryer. In fact, all these approaches are based on indirect calculation of the mass transfer
coefficient, based on the cake structure and porosity.

For instance, BET may be employed to measure the specific surface area of the freeze-dried samples [47].
The specific surface area of the freeze-dried cake is related to the pore size, which in turn corresponds to the
size and morphology of the ice crystals. In fact, assuming that the pores are cylinders with diameter D, and
length I, the specific surface area SSA of the pores may be expressed as

_ n;erleff
A

SSA (4)

where n is the total number of pores in the solid having density ps and volume V. Thus, BET analysis could
be used to obtain indirect information on product morphology, which could then allow calculation of the
mass transfer coefficient Rp. A problem connected with this type of analysis, however, is that the specific
surface area is influenced by a number of factors, other than pore dimension. For example, when measuring
specific surface area, the morphological habit and surface roughness of the sample come into play as well,
and their effect cannot be decoupled from pore dimension.

Another possible approach makes use of SEM analysis, generally performed at different positions along
the vertical section of the cake. After obtaining the SEM images, several techniques may be applied on them

to ease the subsequent analysis. For instance, regulation of contrast and brightness, smoothing by application
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of filters, and, finally, the choice of an appropriate threshold for the identification of pores should be taken
into account (details can be found in [71]). Then, image analysis techniques could be used to derive the pore
size distribution from the processed images. Several commercial image analysis tools exist, such as, for
example, ImageJ, but, according to the authors’ experience, results provided by these tools are not
completely reliable. In fact, SEM images cannot be easily processed using these tools, because of the
difficulty to clearly detect pore edges. Thus, the result is that the process cannot be automatized, and results
obtained strongly depend on the operator who performs the analysis. To address this problem, a number of
ad hoc image analysis approaches have been proposed over the years. For instance, a technique based on
frequency domain processing was described in 2016 [71]. More specifically, two possible solutions were
developed, which were based on 2D Fast Fourier Transform (2D-FFT) and on wavelets compression,
respectively [72-73].

Using 2D-FFT [72], an estimation of the brightness spatial frequency distribution could be obtained,
which is in turn related to the pore size distribution. That is, SEM images with larger pores will have their
energy concentrated at low frequencies, while images with smaller pores will have an energy which spreads
over a larger spatial frequency range.

In the case of wavelet compression [73], SEM images were compressed filtering out high frequency
spatial components. Since wavelet compression filters out part of the frequencies, the image energy
decreases during the process. Following the energy reduction due to the compression can be a way to obtain
information on the pore size distribution.

A relationship exists between the pore size distribution (or average pore size) and the mass transfer
coefficient (or the cake resistance), as shown in Eqg. (1), even if tortuosity has a relevant impact. In fact, if
one considers the pores to be straight and tubular, a linear relationship can be easily found between the pore
area and the mass transfer coefficient. But experimental results confirm that a linear relationship is also
applicable to real cake structures as shown in [72]. Alternatively, an Artificial Neural Network trained to
estimate the mass transfer coefficient may be employed. This approach was tested in Ref. [73], after wavelet
compression; the training data were obtained through the Pressure Rise Test technique, but can potentially be

generated by other methodologies that can provide an estimation of the effective diffusivity to mass transfer.
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The accuracy of the Artificial Neural Network estimations is directly correlated to the size and accuracy of
the training data set.

Actually the techniques based on 2D-FFT and wavelet compression were tested upon nine formulations,
using both crystallizing and amorphous excipients, at different concentrations, up to 10%. It was found that
both 2D-FFT and wavelet gave results comparable with the values obtained by the PRT, with the only
exception of formulations having highly interconnected pores, for which the mass transfer coefficient was
underestimated.

Recently, an image analysis approach based on image segmentation has been proposed [74]. In this case,
the SEM image was partitioned into multiple sets of pixels, defined as super-pixels, sharing certain
characteristics. The area (in pixels) that each super-pixel covered could then be easily calculated. If each
pore within the SEM image was identified as a separate super-pixel, the pore size distribution could therefore
be easily evaluated, first in pixels, and then, using the scale of the SEM image, in um. This image
segmentation approach was tested upon different formulations, containing both crystalline and amorphous
solutes, and different concentrations. In any case, results obtained were proven to be in accordance with
other more traditional approaches to image analysis. However, a not negligible advantage of the
segmentation approach was that it allowed a much faster, and potentially automatable, analysis.

Another experimental technique, other than BET and SEM, which could be used, is the X-ray micro-
computed tomography [75]. In this case, the entire porous internal structure of the lyophilized samples can
be reconstructed. Based on this reconstruction, it is then possible to obtain the pore size distribution within
the product, and, then, the resistance to mass transfer. In the work by Pisano et al. [75], the reconstructed
structure was partitioned into 10 cylindrical disks and each disk was post-processed using SkyScan CT-
analyzer program to estimate its porosity. This pore size distribution was then converted into the mass
transfer resistance coefficient. Using this approach, a good agreement was obtained with experimental values
of the mass transfer resistance obtained by the pressure rise test method, for both conventional freezing and
VISF. The calculation of the resistance to vapor flow requires that the tortuosity is known. Theoretically, this
parameter could be estimated from the ratio of open pore length to the length of the sample. However, it is
practically impossible to obtain an accurate estimation of the pore interconnectivity, because of the low

resolution of the X-ray micro-computed tomography with respect to the thickness of the pore wall.
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Therefore, all the approaches described so far can only derive information on the pore size, while no
information is obtained for the tortuosity value t. Thus, a value for t based on theoretical considerations, or
fitting of experimental data, is generally used for calculation of the resistance to mass transfer Ry, as
discussed before.

Tortuosity values reported in previous studies [76-80] typically ranged between 1.2 and 3.8. By contrast,
Goshima et al. [81] proposed a solution which could provide estimation of both D, and z, starting from
microscopic observation of frozen samples. They used a series of 2D images obtained at different depth to
reconstruct the 3D structure, which was then digitally sliced in the other two orthogonal planes to estimate
the path length and the effective pore length (see Figure 4). In this case, the tortuosity is defined as the ratio

of the path length (L) to the distance between the origin and the end (Lo).

=l (5)

Considering an ideal cylindrical pore of length le+ and diameter D, that is inclined from the vertical axis

by an angle ¢, the tortuosity can be written as,

V-1 o0<p<o

(6)
%=cos(go—6?) O<p<n
where 8 is the diagonal angle of the rectangular pore cross section,
0 = arctan ( D, | J (7
eff

Image analyses carried out by Goshima et al. [81], in order to obtain the values of ¢, D, and le, and,
therefore, of z, on the optical images of frozen solutions showed that the ice microstructure was constituted
by flat-shaped ice crystals with roughly oval cross section (with random orientation in the case of
conventional freezing). They obtained mean tortuosity values in the range 2.9 to 3.2, for a formulation
composed of sucrose and BSA. The impact of the tortuosity on primary drying was also estimated in [81],
predicting that a decrease in the tortuosity from 3.5 to 1.5 significantly enlarges the design space of the
freeze-drying process. That is, the reduction in tortuosity and the increase in mean ice crystal size were found
to have a similar impact.

The method described above is very labor-intensive, thus alternative methods to estimate t or characterize

the pore structure would be advisable. For instance, a procedure to estimate, using computational fluid
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dynamics, the tortuosity of a cake reconstructed by randomly assembling pores of appropriate size as
indicated by 2D SEM images, has been recently proposed by the authors, and is currently under development
[82].

Also the freeze-drying microscope (FDM) can be a useful tool in this context. However, while FDM may
be very valuable to evaluate the influence of the cake structure on the lyophilization kinetics, as shown by
Raman [83] and by Ray et al. [84], in the opinion of the authors it is very difficult to predict or reproduce via
FDM the actual structure obtained in vials used in the industrial apparatus [85]. The use of FDM has been
proposed by Pikal et al. mainly for studying the morphology of the crystal/pore structure obtained from
different freezing and annealing regimes [86]; later on, Kochs et al. [85, 87] pursued its use for kinetic
studies, and the technique was further developed by Ray et al. [84]. The use of the FDM offers some
advantages in this respect; it allows an easy estimation of the effective diffusion coefficient D¢ , which
describes the diffusion of water vapor from the inner frozen core through the outer dried cake of the sample
being freeze dried, and can be determined from the relationship between the thickness of the dried cake and
the sublimation time. Since FDM allows the direct observation of the movement of the sublimation front, the
value of Des can be efficiently estimated by this technique [88]. An advantage of this approach is that values
of Der were found to be constant at temperatures below the collapse temperatures of the dried cakes, while
R, lumps the cake temperature and structure, and thus it is expected to depend (even if not strongly) on
product temperature. Moreover, in FDM both one-dimensional planar and cylindrical geometries can be
studied, which simplifies analysis. On the other hand, this planar structure may be very different from the
one obtained in the freeze-dryer. In addition, during the cooling step in the FDM, nucleation of the sample
can neither be controlled nor predicted, and results are poorly reproducible [89], unless an ice nucleator like
Agl is used [84].

Along with experiment-based approaches, model-based techniques exist as well, which allow prediction
of pore size distribution and, thus, of the mass transfer resistance within the product being dried. While
several mechanistic models for primary drying have been developed over the years, the literature on models
for the freezing process is not as extended. Two models of the freezing process were developed by
Nakagawa et al. [90] and Pisano and Capozzi [91], for shelf-ramped freezing and VISF respectively. Starting

from input data such as cooling rate, heat transfer coefficients and nucleation temperature, these models
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allow prediction of the whole temperature profiles within the product being frozen. These temperature
profiles may then be used to obtain the freezing front velocity and temperature gradients within the already
frozen zone, that are the required data for calculation of the pore size distribution. For performing this
calculation, both empirical laws [92-94], and a recently developed mechanistic model [95], exist. Both these
approaches allow estimation of the intra-vial pore-size variability, that significantly affects the calculation of
the mass transfer resistance.

However, while empirical laws are simply based on fitting of experimental data, the mechanistic model
for ice crystal size prediction is based on mass and energy balance equations, which can provide insight into
process phenomena, and was developed in both a detailed and a simplified version. In its first formulation,
this mechanistic model still contained a term which could not be accessed experimentally and had to be
calculated from fitting of experimental data. This term accounted for the free energy change due to the
generation of a new ice-freeze concentrate interface. Recently, we found that this term could be
approximated using Molecular Dynamics simulations [96]. In fact, upon simulation of a box undergoing a
freezing process, it is possible to calculate the decrease in energy due to the formation of ice. We observed
that, in the case of pure water, the energy change per frozen molecule was larger than the same value
measured, for instance, in the case of a 5% w/w mannitol or sucrose solution. The smaller energy change per
molecule in the case of the freezing of water-sugar solutions could be explained assuming that a new ice-
freeze concentrate interface had to be generated, and this interface generation required energy to be
completed. Therefore, the analysis of the difference in energy change upon freezing could be used to
estimate the free energy change due to the generation of new interfaces. A more detailed description of this
approach can be found in [96], where the model described in [90, 91] was used to obtain the design space for
the freezing process.

In Figure 5, an example of application of the previously described models for pore size prediction is
shown. The figure displays the pore dimension as function of the vertical coordinate z (setting z = 0 at the
product bottom) in the case of samples obtained by either uncontrolled freezing or VISF. As expected the
average pore size, defined as the numerical average of the pores diameter predicted by the model or

measured by SEM analysis, was much larger for VISF than for uncontrolled freezing. This result can be

16



explained considering that VISF triggered nucleation at much higher temperature than uncontrolled freezing,
-5 °Cvs. -10+-15 °C.

Considering that the sublimation process occurs through the pores of the dried product, pore network
models could provide further insight into this phenomenon [97, 98]. Pore network models are based on direct
simulations of fluid flow in the pores. First of all, a virtual representation of the porous medium is created.
Afterwards, the fluid flow through this medium is simulated.

Simulations using pore network models are much less computationally demanding than particle-based
methods and have been widely used for describing transport phenomena in porous media [99-102]. However,
for application of this technique to the lyophilization process, the equations describing gas flow in the
Knudsen regime should be incorporated into the model.

Therefore, it is our opinion that the previously described tools should be combined, in order to guarantee
optimal design of freeze-drying cycles. For instance, a possible approach to the choice of suitable freezing
conditions is shown in Figure 6. First of all, some initial tests should be performed to gain the required
information on the system under investigation. The product morphology could then be predicted using a
model, for all possible values of operating conditions. This knowledge of product morphology could then be
coupled with a model for primary drying and used to calculate the freezing conditions that maximize process
efficiency, preventing collapse or shrinkage of the cake as well.

We are convinced that the combined approach herein recommended would be extremely beneficial for
industrial applications. More specifically, the combination of experimental data and mechanistic models
allows accurate prediction of process performance and, thus, a more robust process design. In fact, the
selection of operating conditions on the basis of a limited number of empirical observations is no more
sufficient, since it is associated with a too high risk of product failure. By contrast, a deeper understanding of
process phenomena and the use of a more systematic approach would maximize the chances of meeting the
desired product requirements. This is in line with the current emphasis on Quality by Design (QbD) [103,
104]. QbD is a concept which focuses on process control and robustness, to be achieved by deep knowledge
of process behavior. The advantages of this increased process understanding would be manifold, including

enhanced manufacturing efficiency, reduced risk of product failure and cost savings.
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When controlled freezing approaches are used, both cooling rate and nucleation temperature may be
controlled, while in the case of conventional freezing, the nucleation temperature will necessarily remain a
random variable, stochastically distributed within the batch. In this last situation, to take into account this
heterogeneity, freeze-drying processes should be designed for the worst-case scenarios. However, this
approach may result in suboptimal process efficiency, and therefore the implementation of controlled
nucleation would be highly recommended. Furthermore, it must be considered that the water removal during
freeze-drying is not only by ice sublimation (primary drying) but also by vaporization from the freeze-
concentrated phase (secondary drying). The freeze-concentrated phase is usually in a glassy state, whose
viscous flow may cause collapse of the dried layer depending on temperature, evaporation rate and dried
layer strength [105-111]. A recent study suggested that completion of the freeze-concentration process is not
always achieved, especially when rapid freezing is applied [111]. In that case, removal of water from the
imperfect freeze-concentrated phase would cause deformation of the original microstructures of the frozen
system. To address this problem, annealing may be applied to complete freeze-concentration. During
annealing, the glassy phase relaxation and Ostwald ripening would jointly modify the ice crystal

morphology, and the dominant mechanism was found to depend on the stage of annealing [111].

Implementation of controlled freezing technologies in industrial plants

In recent years, because of the recognition of the determinant impact of freezing on product quality control,
the interest for controlled nucleation boosted out, and almost all the principal freeze-dryers manufacturers
developed their proprietary technology. Many patents were deposited, and different technical solutions were
made commercially available, especially at the pilot scale. Even if many difficulties still limit the application
of some methods to large production scales, controlled ice nucleation starts moving into manufacturing, as
well [6, 16, 17, 112-114]. In this section a short account of current solutions and of their strengths and
weaknesses will be given.

For instance, electrofreezing has strong limitations related to the salt content of the solution and it is
therefore not applicable in manufacturing. By contrast, the addition of ice nucleating agents (INA) may be
eventually considered for application in the food industry, but it is not of practical use for FDA-regulated and
approved pharmaceutical products. In addition, it must be mentioned that despite being often used in

18



research, the addition of INAs does not allow control of nucleation. In fact, while the nucleation temperature
is increased upon addition of nucleating agents, the problem of high batch heterogeneity is not addressed by
this technique.

Ultrasound nucleation has been the object of extensive research, as discussed before, but the passage from
lab to commercial scale faced strong difficulties, notwithstanding the promising results. In fact, efficient
propagation of the ultrasonic waves is not easily achieved, and scaling-up of the process is not
straightforward, since the optimum ultrasonic frequency depends on the system set up. As a consequence, a
significant number of vials might remain non-nucleated, partly because of the possible presence of nodal
points, with minimal ultrasonic intensity, on the shelf. The efficiency of nucleation may anyway be
enhanced, reducing pressure or dissolving a volatile fluid in the solution [115]. In the context of an European
Project, a pilot scale prototype (LyoGamma Special by Telstar, Spain) was realized, that allowed the testing
of different technical solutions [34, 36, 37]. The positioning of the ultrasound probe below the shelf required
frequent degassing of the heat transfer medium (silicon oil) and interfered with vial stoppering. Moreover,
the presence of the probe made maintenance problematic. Further developments made it possible to
overcome these problems, for instance by directly installing bigger transducers onto the shelves. These
transducers were then activated in sequence and scanned over different wavelengths to avoid the presence of
nodes in fixed locations (M. Galan, personal communication). These solutions were anyway technically
complex and expensive, and hardly compatible with GMP and sterility requirements. Therefore, this line of
development was set aside, and alternative methods, characterized by easier commercial implementation,
became available in the meantime.

At present, commercially available equipment adopts either a variant of the ice fog technique, of the
depressurization method, or the vacuum induced nucleation [116].

The ice fog concept was probably the first method to be proposed for the control of nucleation (it is
known since 1990), but only recent technical developments made it suitable for practical applications [16].
The small ice crystals, formed by injecting cold nitrogen in the humid drying chamber, are obviously
effective in promoting ice nucleation within the vials. Moreover, it has been shown that the ice seed are so
tiny that no added water is detected in the samples after the ice fog injection [117]. However, it is necessary

that these ice crystals penetrate into all the vials, and at the same time. Obviously, this task becomes
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increasingly difficult as the size of the apparatus increases, and ad hoc solutions may be required to promote
mixing and improve hydrodynamics inside the chamber. As a matter of fact, in the work by Rambhatla et al.
the time interval for nucleation resulted very long, and, also because of the continuous cooling, the
homogeneity of the batch was therefore poor [47]. Improvements were obtained by partially depressurizing
the chamber (approximately to 66 mbar) and using a holed tube to distribute the ice fog. It was also
suggested to use the CIP/SIP equipment already available in manufacturing freeze-dryers [48]. It became
evident that the generation of a sufficiently dense ice fog and its uniform distribution represented a major
issue, which may require the design of internal convection devices or other ad hoc solutions. Some concern
is also related to the possible contamination by extraneous material entering the vial and, therefore, difficult
compliance with the sterility requirements. Finally, a liquid nitrogen heat exchanger is used to cool the
entering gas, and the use of liquid nitrogen adds complexity to the process and makes it more expensive.

In the LyoCoN method proposed by Martin Christ [118], the ice fog is formed in the condenser or another
ice chamber, were the ice crystals are accumulated. Then, vacuum (about 10 mbar) is established in the
freeze-dryer, while the condenser, or the ice chamber, are connected to an external reservoir, maintained at
atmospheric pressure. As a result, when the valve between the drier and the condenser, or the ice chamber, is
opened, the ice fog is transported into the drying chamber. Similarly, the FreezeBooster® concept by
Millrock [119] utilizes the pressure differential between the product chamber and an external condenser,
which works as ice seed generator, to instantly distribute the ice fog. At present, this apparatus is
commercialized to retrofit lab scale or manufacturing units with a shelf surface up to about 9 m2, but it is also
being tested in pilot scale equipment up to 20 m? (Millrock, personal communication). Ice seeding can be
coupled with control of the freezing rate to improve uniformity of the ice structure, as well [50]. Moreover,
while the use of an additional external condenser allows better control of sterility, the same technique may be
applied using the internal condenser [49], especially for lab-scale equipment. In this case, pressure inside the
product chamber should be reduced to approximately 3.7 mbar, which resulted to be the optimum set point
value, while the condenser is kept at a higher pressure. Then, the opening of the vapor port creates gas
turbulence that breaks down the condensed frost into ice crystals that rapidly enter the product chamber. The
original patent [119] has then been modified to improve the nucleation efficiency. For instance, in [120] it
was suggested to create a predetermined volume of condensed frost on the inner surface of a condenser
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connected to the product chamber and kept at a higher pressure. Afterwards, when the product chamber and
the condenser are connected, the strong turbulence can knock off the frost formed on the surface of the
condenser, breaking it into large ice crystals. These large crystals can last longer in the product chamber,
improving the performance of the method [120]. Moreover, while in [119] the volume of the ice fog was
limited by the condenser volume, in [120] the thickness of the frost can easily be controlled to achieve the
desired density of ice crystals. Thus, according to the concept described in [120], the condenser volume may
be reduced to increase the velocity of the gas in the condenser and the resulting turbulence. In a third version
[121], a mixture of water vapor and CO gas is introduced into a condenser chamber separate from the
product chamber to create a predetermined volume of condensed frost, ice and dry ice crystals on an inner
surface.

A modification of the technique described by Geidobler et al. [49] is said to be at the basis of the
LYOSPARK developed by GEA [122]. Geidobler claimed that depressurization, followed by abrupt venting
of the product chamber through the condenser venting valve at 3.7 mbar absolute pressure, could efficiently
trigger immediate nucleation in all vials of the batch. However, a series of experiments showed early ice
nucleation, prior to venting, as well as absence of ice nucleation after the venting procedure. It was therefore
concluded that the value for the venting pressure theorized in [49] could not be confirmed. Moreover, to
comply with the sterility requirements, it was necessary to avoid any unfiltered current from the condenser to
the product chamber. Therefore, a cooling trap (with a manual valve) was mounted onto the freeze-dryer.
Then, during the venting step, the cold gas from the condenser was filtered and blown through the cooling
trap, where it scraped off the ice crystals stuck to the surface, carrying them into the chamber. The method is
claimed to have been already tested in a pilot-scale freeze dryer (5 m2 shelf area) as well as in a production-
scale model (42 m? shelf area).

A further development of the ice fog technique, i. e., VERISEQ®, was proposed by Linde and IMA, who
addressed the problem of sterility, control of the ice fog density (increasing its value to improve efficiency)
and good and uniform dispersion [51, 123]. According to patents, sterile steam [124], or a humid gas [125],
and liquid nitrogen (produced from sterile-filtered gaseous nitrogen in a heat exchanger) are mixed using a
suitable device (an injector) outside the lyophilization chamber. The distribution of the ice fog is then
improved by recirculating the ice crystals. The system has no moving parts, and both the gas velocity and the
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amount of ice crystals formed can be easily controlled. This technique resulted suitable also for
manufacturing scale, as success was reported in inducing nucleation for a 56 m? production apparatus, with
more than 195,000 vials [126].

Another possible concept is based on pressurization of the chamber, followed by rapid depressurization.
Scientifically known as depressurization method, it was patented by Praxair [44, 127, 128] and
commercialized as ControLyo™. Developed and tested in cooperation with different companies, it resulted a
simple and relatively scalable method [45, 129], even if the working principle is still unclear. It was initially
licensed to different manufacturers (SP Scientific, GEA), and recently acquired in exclusive by SP Scientific.
The system consists of a freeze-drying chamber, a gas circuit to pressurize the freeze-drying chamber, and a
separate circuit for depressurization. The detailed construction of a freeze-dryer implementing this
technology is described in the patent by Rampersad et al. [127]. However, it is relatively easy to retrofit a
commercial freeze-dryer that has steam-in-place (SIP) capability with the manifolds and controls required for
application of this technology [116]. The depressurization method is thus well suited for industrial apparatus,
which can sustain pressure higher than atmospheric, while lab freeze-dryer cannot be retrofitted with this
technology.

Anyway, sterilization is generally carried out at 1.2 bar relative pressure, and the apparatus is tested at 1.5
bar. Initially, quite high pressures were considered for the method. For instance, relative pressures up to 3.5
bar are reported [6], and 2 relative bar were used for example by Konstantinidis et al. [45]. Such high
pressure would require an ad hoc design for industrial apparatus, as well. At present, using an appropriate
gas (for example argon is better than nitrogen), the process can be carried out with an overpressure smaller
than or equal to 1.5 bar. In the last version of the patent [130], it is claimed that the chamber must be
pressurized to a pressure between ambient pressure and 1.7 bar. Afterwards, the pressure must be rapidly
decreased (at a rate higher than 0.014 bar/s), and the pressure drop must be about 0.5 bar.

The depressurization rate is the element that may limit the applicability to large units, as it poses
constrains to the geometric characteristics of the apparatus and of the depressurization circuit. Initially,
application of this technology was therefore limited to pilot scale equipment (shelf surface between 1 and 5

m?) [44, 131], but recently the retrofit of a unit up to 28 m? was reported [116].
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The easiest and cheapest way to control nucleation is surely the vacuum induced surface freezing (VISF,
also known as vacuum induced nucleation, VIN), as this technology requires no hardware, any equipment
can be easily retrofitted, and there are no sterility concerns. Originally proposed by Kramer et al. [18], the
method was also patented and assigned to Bayer [132], but then abandoned, mainly because of the aesthetic
defects observed in the product. Actually, with some modifications (as proposed in [9, 19]), the VISF
technology resulted to be extremely effective, even if the operating conditions should be accurately tuned for
each product, in order to avoid the risk of boiling and puffing [133]. To this purpose, it is important to
control the pressure of nucleation, as well as the temperature and holding time for the different steps
involved in this technique. In addition, it is important that the amount of gas dissolved in the solution is
reduced to a very low level, as escaping gases during pressure decrease are the main reason for aesthetic
defects; in fact, degassing and handling of the solution is critical. In this regard, Hof Sonderanlagenbaw
GmbH proposed a process modification where degassing was obtained in the freeze-dryer at elevated
temperature and under partial vacuum at the same time [134]. Different temperature-pressure profiles were
proposed, but this first version of what was commercially named “SyncroFreeze” resulted to be effective
only with crystalline samples (like mannitol formulations); in case of amorphous formulations, skin
formation and then collapse during ramp up to primary drying was observed [135]. It must be noted, anyway,
that the boiling risk exists also for some of the ice fog concepts that were proposed, in which the chamber
was depressurized down to a few Pa.

VISF is currently being developed by Azbil-Telstar (and commercialized as VIN) [20] and by HOF
(SynchroFreeze) [123]. Its scalability is currently under evaluation: up to now it has been installed in a unit
with 12 m? shelf surface (Azbil Telstar, personal communication) and is currently tested in a 30 m? industrial
apparatus. The problematic is somehow similar to the depressurization method, as the control of the pressure
decrease and increase rate is critical. HOF has modified the original version of SynchroFreeze to make it
more robust including as additional process step, beside the degassing step, an increase in pressure after
nucleation, together with the dosing of the closing valve [135].

Some concern exists for possible product denaturation, in particular for the depressurization and the VISF

method because of the possible presence of small bubbles. In spite of this, the controlled nucleation
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technologies were generally proven to improve the stability of very sensitive products like enzymes and

monoclonal antibodies (17, 129, 136, 137), mainly because of the large ice crystals which are formed.
Therefore, the described methods are effective approaches to process intensification [138], but, in order to

guarantee the required quality and uniformity of the product, they must be coupled with methods that assure

the temperature uniformity of all the vials.

Conclusions

In the present work, we have summarized the tools which have been developed to control, measure and
predict the influence of freezing conditions on product morphology, and, thus, on the freeze-drying process.
These tools can be used as free-standing, self-sufficient approaches, but the best way to exploit their
potential is to combine them. It is our opinion that the synergistic effects, resulting from their joint
application to the design of a freeze-drying process, would be extremely beneficial.

Furthermore, the control of the nucleation temperature combined with mathematical modeling can be used to
calculate the design space for both freezing and drying [138]. A design space is a graph which relates the
operating conditions employed to the critical attributes of the process, defined as those properties or
characteristics that should be within an appropriate range or distribution to ensure the desired product
quality. Thus, it allows fast and knowledge-driven design of suitable process conditions, which guarantee
process efficiency and product quality at the same time. The design space is an important tool, especially in
the framework of QbD, and its use is particularly recommended in the pharmaceutical industry, where
product quality and process control play a crucial role.

With the present work, we aim to stimulate the transition towards the implementation of these tools in the
industrial manufacturing, as well. Considering the increasing importance given to process performance and
the ever more stringent quality standards in the pharmaceutical industry, this transition would be highly

desirable.
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LIST OF SYMBOLS
Dest effective diffusion coefficient, m? s*
Dy pore diameter, m

AHs latent heat of sublimation, J kg

Jw mass flux, kg s* m?

ky heat transfer coefficient, W m? K

L path length, m

Lo distance between the origin and the end, m
Lq dried cake thickness, m

lest effective pore length, m

M molar mass of water, kg mol*

n total number of pores, -

Pw,i vapor pressure of ice, Pa

Pe chamber pressure, Pa

R universal gas constant, J mol* K

Rp mass transfer resistance, m s

T gas temperature, K

Tt temperature of the heat transfer fluid, K
Th holding temperature at which nucleation is triggered
Tp product temperature, K

Vs volume of the solid, m?

z axial coordinate, m

Greek letters

e porosity, -

0 diagonal angle of the rectangular pore cross section, -
Ds density of the solid, kg m

T tortuosity, -
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o pore inclination from the vertical axis,

Abbreviations

FDM  Freeze-drying microscope
GMP  Good Manufacturing Practice
INA Ice nucleating agent

QbD  Quality by Design

PRT  Pressure rise test

SSA  specific surface area, m?

UIIN Ultrasound induced ice nuclation
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Table 1: Scheme of the effect of cooling rate and nucleation temperature on pore size and process

performance.
Nucl. Temp. Cooling Rate Pore Size Subl. Rate Desorp. Rate
High Low Large High Low
Low High Small Low High

Note: If the nucleation temperature is high and/or the cooling rate is low, a large pore size will be obtained,
speeding up the sublimation rate and lowering the desorption rate. By contrast, low nucleation temperature
and/or high cooling rate will result in small pore size, and, therefore, decreased sublimation rate and

enhanced desorption rate.
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Figure Legends

Fig. 1: Primary drying time and maximum temperature reached within the product as a function of the pore
size, defined as the average diameter that, introduced into Equation 1, leads to the experimental value of
mass transfer resistance. The Figure was obtained by means of the model described in [13], for the case of
mannitol 5% w/w and primary drying performed at 263 K and 10 Pa.

Fig. 2: a) Scheme of the Ultrasound-Induced Ice Nucleation technique. Batches of vials on different shelves
of a freeze dryer are exposed to ultrasounds to promote nucleation. b) Temperature and pressure profiles

during Vacuum Induced Surface Freezing.

Fig. 3: Images of freeze dried mannitol (section at top, center, and bottom of the product), in the case of a)
uncontrolled freezing, b) VISF AT T, =5 °C and (c) UIIN at T,=—7 °C. a) and b) are SEM images of the
pores after freeze-drying while ¢) are optical microscopy images of the frozen samples. T, is the holding

temperature at which nucleation is triggered.

Fig. 4: Cross sectional shapes of ice crystals; the minimum pore dimension in the transversal section can be
approximately taken as Dp, while I is the mean effective length of the pore (only sections where
major/minor pore length >2 were taken into consideration, and an average value over all the measured
crystals was taken as representative of the analyzed sample for the model).

Right hand side figure shows, for an ideal cylindrical pore, the relationship between different geometric
variables used to calculate tortuosity according to Eqg. (5)—(7), depending on the original ice orientation.

Adapted from [70] with permission from Elsevier.

Fig. 5: Comparison between detailed model predictions [92] (—4A-), simplified model predictions [92] (- -= -
-) and empirical laws described in: Bomben and King [89] (—A—), Kochs et al. [90] (—z—), and Kurz and
Fischer [91] (- -O- -, —=<®—), for mannitol 5% wi/w, in the case of (top) uncontrolled freezing and (bottom)
VISF (setting the nucleation temperature to -5 °C). Experimental data, obtained from SEM observations, are

reported in the box plots. Reprinted with permission from [92]. Copyright 2017, American Chemical Society.

Fig. 6: Scheme outlining the possible process for the design of optimal freezing conditions, as described in

this work.
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