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Model-based process analytical technologies can be used for the in-line control and
optimization of a pharmaceuticals freeze-drying process, as well as for the off-line design
of the process, i.e., the identification of the optimal operating conditions. This paper aims
at presenting the state of the art in this field, focusing, particularly, on three groups of
systems, namely, those based on the temperature measurement (i.e., the soft sensor),
on the chamber pressure measurement (i.e., the systems based on the test of pressure
rise and of pressure decrease), and on the sublimation flux estimate (i.e., the tunable diode
laser absorption spectroscopy and the valveless monitoring system). The application of
these systems for in-line process optimization (e.g., using a model predictive control
algorithm) and to get a true quality by design (e.g., through the off-line calculation of
the design space of the process) is presented and discussed.

Keywords: freeze-drying, process analytical technology, control, optimization, design space, pharmaceuticals

INTRODUCTION

Freeze-drying is a process widely used in pharmaceuticals manufacturing, aiming to recover an
active pharmaceutical ingredient from a liquid solution with the goal of increasing its stability over
time and, thus, its shelf life (Fissore, 2013).

With respect to other drying processes, freeze-drying is generally the preferred technology
in the pharmaceutical field, as the low temperature of the process avoids jeopardizing product
characteristics (e.g., the pharmaceutical activity), being active pharmaceutical ingredients highly
heat sensitive (Pikal and Dellerman, 1989; Carpenter et al., 1997; Franks, 1998; Leader et al., 2008).

In a freeze-drying process, the product is at first cooled at low temperature (e.g., —50°C) in such
a way that the solvent (water, in most cases) freezes. Then, the pressure in the equipment where the
process is carried out is decreased, in such a way that ice sublimation can occur (primary drying).
During this stage, the temperature of the product is increased, and heat is continuously supplied
to the product as ice sublimation is an endothermic process. As during the freezing stage not all
the water leaves the product, but a small amount remains bound to product molecules, the drying
process is usually not completed at the end of the primary drying stage. It is necessary, in fact, to
further increase the temperature of the product to promote water desorption, in such a way that
the desired amount of residual humidity is obtained in the final product (Mellor, 1978; Jennings,
1999; Oetjen and Haseley, 2004; Franks, 2007). Nowadays, the number of products requiring freeze-
drying in the manufacturing stage is rapidly increasing, as a consequence of the ever-increasing
number of molecules like proteins, peptides, vaccines, cell-based products, monoclonal antibodies,
and oligonucleotides put on the market.

The freeze-drying process is generally carried out in a batch mode: the product is processed either
in vials or in trays, loaded onto the shelves of the drying chamber. Product cooling, in the freezing
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stage, and heating, in the drying stages, is obtained through a
technical fluid that flows into the shelves. The desired vacuum
level is obtained using a vacuum pump and a condenser, where the
vapor leaving the product is removed. In some cases, a controlled
leakage of inert gas is used to achieve a better pressure control.

Despite the low values of pressure and temperature character-
izing the process, the quality of the product can be jeopardized
in case its temperature trespasses a threshold value, which is a
characteristic of the product being processed. In case of an amor-
phous product, the limit temperature is related to the collapse
of the dried cake, which can be responsible for product quality
degradation, higher residual moisture, and longer drying time
(Bellows and King, 1972; Tsourouflis et al., 1976; Adams and
Irons, 1993; Pikal, 1994; Franks, 1998; Wang et al., 2004). When
processing a crystalline product, the limit value is the melting
temperature, to avoid the formation of a liquid product. Besides,
the limit temperature can be related also to the thermal stability
of the molecule processed. A further constraint that should be
considered is connected to the sublimation flux: on one side, it has
to be compatible with the capacity of the condenser, on the other
side the occurrence of choking flow in the duct connecting the
chamber to the condenser has to be avoided, as it implies the loss
of pressure control in the chamber (Searles, 2004; Nail and Searles,
2008; Patel et al., 2010). Finally, as the process can be highly time
consuming, and the identification of the operating conditions that
allow minimizing the duration of the process and, especially, of
the primary drying stage should be an important concern. It is
therefore necessary to set adequate values of chamber pressure and
shelf temperature during the drying process aiming to fulfill the
previously listed targets and constraints.

A trial and error approach is usually used to design a freeze-
drying process, testing (experimentally) a certain set of operating
conditions and, then, evaluating product quality at the end of the
process. Clearly, by this way, the time required to design the pro-
cess can be very high (as well as the cost), and a real optimization
of the process cannot be assured. In this framework, a change of
paradigm occurred in 2004 with the issue of the “Guidance for
Industry PAT” by the US Food and Drug Administration. The
central point of this document is that a pharmaceutical process
must be designed and carried out in such a way that product
quality is no longer tested at the end of the process, but it is
built-in, or is by design. This result can be achieved by using
suitable process analytical technology (PAT) tools, i.e., systems for
designing, monitoring, and controlling a process with the goal of
ensuring final product quality.

Beside physical sensors, mathematical modeling can play a
significant role in the development of PAT tools. It is well known
that a mathematical model is a simplified representation of a
system (process) that can be used to predict the behavior of a
system under a set of conditions and, possibly, to enhance the
scientific understanding. The existing knowledge about the sys-
tem, the objective of the study, and the data available drive the
formulation of the model. The level of oversight of the model
should be commensurate with the level of risk associated with its
use and, particularly, with its contribution in assuring the quality
of the product. According to the Endorsed Guide for Q8/Q9/Q10
Implementation issued by the ICH (International Council for

Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use), it is possible to distinguish between:

- low-impact models, typically used to support product and/or
process development;

- medium-impact models, generally used to assure product qual-
ity (with other indicators);

- high-impact models, whose predictions are a significant indi-
cator of product quality.

As it will be shown in the following, low-impact models are
at the basis of various PATs used for both the off-line and for
the in-line process design/optimization. The in-line optimization
can be achieved using a control system as well as algorithms that
calculate the values of the operating conditions (the temperature
of the heating fluid and the pressure in the drying chamber) using
amodel of the process and the measurement of some process vari-
ables. The off-line design of the process requires the calculation,
using a model of the process, of the design space, defined, by the
ICH Q8 Pharmaceutical Development Guideline, as “the multidi-
mensional combination of input variables and process parameters
that have been demonstrated to provide assurance of quality”

The goal of this paper is to discuss the state of the art in
the field of the model-based PATs for quality management in
pharmaceuticals freeze-drying. According to the previously listed
targets and constraints of a freeze-drying process, such techniques
can be used:

- to monitor/estimate product temperature, thus evidencing if
the threshold value is trespassed;

- to monitor/estimate the residual amount of ice, thus identifying
the ending point of the main drying stage;

- to estimate the parameters of the selected mathematical model,
in such a way that the model can be used for off-line opti-
mization of the process (i.e., the identification of the values
of chamber pressure and heating shelf temperature that allow
minimizing the drying time, beside fulfilling the constraint on
the threshold temperature);

- to optimize the in-line process.

At first, model-based PAT tools based on temperature mea-
surement will be introduced, pointing out how they can be used
for in-line and off-line process development. Then, the focus will
be on those PAT tools based on the pressure measurement and,
finally, on those based on the estimation of the sublimation flux.
Finally, the industrial application of these tools will be discussed
in the Section “Conclusion.”

MODEL-BASED PATs BASED ON THE
MEASUREMENT OF PRODUCT
TEMPERATURE

Product temperature can be directly measured using either a
thermocouple or a resistance thermal detector. With the goal of
estimating also other important variables, e.g., the sublimation
flux and, thus, the residual amount of ice in the product, the mea-
surement of product temperature can be used with a mathematical
model to get an observer.
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One of the elements of the observer is a mathematical model of
the process, generally constituted by a set of non-linear differential
equations relating the state variables (x) and the manipulated
input (u) to the variation of the state variables vs. time (¢):

% = f(x, u) (1)
and by an equation relating the output (measured) variable (y) to
the state variables and the manipulated input:

y=h(x,u) (2)

The functions f and h are obtained from model equations of
the process. The measured values of the output variables can not
be coincident with the values calculated using the model, due to
model approximations and the uncertainty of the experimental
measurement. As a consequence, the difference between calcu-
lated and measured values of the output variables can be used to
“correct” the model, thus obtaining the equations of the observer:

i _

o~ (W T KG—) 0

y=h(x,u) 4)

The model of the process is thus used to calculate the evolution
of the (estimated) state variables (x) through the vectorial function
f and the difference between the estimated () and the measured
(y) values of the output variables, multiplied by the parameter K,
the “gain” of the observer, that can be calculated using various
algorithms, with the goal of obtaining the convergence of the
observer, i.e., of driving the estimation error (y — y) to zero. The
user can start the calculations with a first guess of the state vari-
ables (x(0)) and, then, the measurement of the output variables
is used to “refine” model calculations: by this way, a reliable
estimate of the state variables is obtained through mathematical
simulation.

In the algorithm of the observer, a simple model can be used,
as the experimental measure is used in the observer algorithm. In
all the realizations of the observer (for freeze-drying monitoring)
appeared in the literature, the model of Velardi and Barresi (2008)
is used. It assumes that radial gradients of temperature and com-
positions are negligible, both in the frozen and in the dried portion
of the product, and that heat accumulation in the frozen product
is negligible and, thus, all the heat entering the frozen product is
used for ice sublimation. The heat flux to the product (J;) and
the sublimation flux (J,,) are thus related through the following
equation:

]q - AHs]w (5)

where AH; is the heat of sublimation. The heat flux to the product
is proportional to the temperature difference between the heating
fluid flowing in the shelf (Tpyiq) and the product at the bottom of
the container (T’):

]q = Kv(Tﬂuid - TB) (6)

K, is the overall heat transfer coefficient between the heating
fluid and the product in the container: it depends on the chamber

pressure, on the type of vial and freeze-dryer used, and on the
position of the vial over the shelf as all these parameters may
affect the heat transfer to the product. The sublimation flux is
proportional to the difference between the water vapor partial
pressure at the interface of sublimation (py,;) and in the drying
chamber (py,c):

1
]w - R*])(pw,i _Pw,c) (7)

R, is the resistance of the dried cake to vapor flux, and it
depends on the type of product, as well as on the freezing protocol,
and on the thickness of the dried layer (Lgsed), generally, in a
non-linear way:

AR, Ldried

Ry =Ry + ——rdied
’ ? 1+ BRpLdried

(8)

The second equation of the model (beside Eq. 5) is the mass
balance for the frozen layer:

dL rozen l
= Ju ©)
t Ptrozen — Pdried

where Pgrozen and Pariea are, respectively, the density of the frozen
and of the dried product, and Lyy,ep, is the thickness of the frozen
layer.

Velardi et al. (2009, 2010) proposed two different observers for
the primary drying stage, using the extended Kalman filter and
the high gain technique to calculate the gain K. Although the
extended Kalman filter (Kalman, 1960) was originally proposed
to cope with the experimental measurement uncertainty (and not
with model approximations), such algorithm was demonstrated
to provide accurate estimates of the desired variables due to the
accuracy of the model used. The original algorithm of Velardi et al.
(2009) was then modified by Bosca and Fissore (2011) to account
for the non-linear dependence of the resistance of the dried prod-
uct on its thickness. Further improvements were introduced by
Bosca et al. (2013a,b, 2014) to reduce the number of estimated
variables and, thus, to improve the robustness of the system, as
well as to get reliable estimates of the model parameters required
by the observer (Bosca et al., 2015a). In the last formulation, the
equations of the observer are the following:

dT; o

ar | _ (f (7K., Tﬂuid)> +K(T-1) (0
dK, 0

dt

s = h (T,-,fg, Tﬂu,-d) (11)
where T; is the estimate of product temperature at the interface
of sublimation, T and Tp are, respectively, the estimated and
the measured values of product temperature at the bottom of the
vial, K, is the estimate of the heat transfer coefficient between the
heating fluid and the product, and f and 4 are non-linear functions
obtained from the model of Velardi and Barresi (2008) previously
described. Considering Eq. 10, it appears that the observer is used
not only to estimate the state of the product but also the model
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parameter K. With respect to the other parameter Ry, the values
of Bg, and Ry, are kept constant and equal to their first estimates,
while the parameter Ag, is calculated from Eq. 5, using Egs 6-8,
thus obtaining:

AH5(1 + BR[,Ldried)(pwJ - pw,c) Rpo+ Rp,OBRpLdried
R = _
’ Ky (Thgia — T8)Ldried

Ldried
(12)

The first estimate of the parameters Rpo, Ag,, and Bg, are
obtained using the measurement of product temperature in the
freezing stage to calculate the axial distribution of the ice crystal
diameters [using the model of Nakagawa et al. (2007)] and, then,
the estimate of the resistance of the dried product vs. Lseq is
obtained using the method of Kuu et al. (2013). With respect
to the first estimate of K,, a least-square problem is solved con-
sidering the measurement of product temperature in the first
30 min after the onset of the primary drying stage, and looking
for the best fit between measured and calculated values of product
temperature.

With respect to the temperature measurement, it should be
highlighted that the insertion of a thermocouple in the vial con-
taining the product does not affect importantly the nucleation
of the ice crystals (and, thus, the structure of the dried cake), at
least when the process is carried out in non-good manufacturing
practice conditions (Bosca et al., 2013c) and, thus, the observer
can be safely used for cycle development. Besides, it should be
considered that the measurement of product temperature is not
reliable in the final part of the primary drying stage. In fact, before
the ending of the ice sublimation, an abrupt increase of the tem-
perature value measured by the thermocouple is observed, with a
slope different from that of the first part of the drying stage, even
in case the heating fluid temperature is not modified. This can be
due to various (and not yet fully understood) reasons, e.g., the loss
of contact between the tip of the thermocouple and the product,
or the fact that the sublimation front advances past the tip of the
thermocouple. In any case, in the last part of the primary drying
stage, the temperature measurement is not reliable and, thus,
the observer calculations must be stopped. The evolution of the
product can be estimated till the end of the ice sublimation using
the model of the process, and the parameters estimated by the
observer, taking advantage of the fast convergence of the observer.
As an alternative, it is possible to measure the temperature of the
product with plasma sputtered thermocouples, obtained through
low-pressure plasma processes (Grassini et al., 2013; Parvis et al.,
2014; Oddone et al., 2015): by this way, a non-invasive monitoring
of product temperature can be achieved.

An example of the results that can be obtained using an
observer (and the mathematical model when the temperature
measurement is no longer reliable) is shown in Figure 1. The
temperature measurements used by the observer are shown in
Figure 1A: generally, in a freeze-drying process, various thermo-
couples, placed into different vials, can be used and, thus, the
observer can be run using different temperature measurements.
By this way, it is possible to get a mean value of the desired vari-
ables (heat transfer coefficient, dried cake resistance, drying time,
etc.) and the uncertainty range. With respect to the temperature
measurement, as shown in Figure 1A, there are no differences
in the estimated values when different measures are used. Up to

A -10 , . ,
S15Ek E
O 20t jE
o v'\
% 25F 1o
= 30 1
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-40 L L ) C‘ 0 L L L L
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FIGURE 1 | (A) Comparison between the experimentally measured values of
product temperature obtained through two thermocouples inserted into
different vials of the batch (—) estimates of the observer (o) and of the
mathematical model (o). (B) Estimated values of the dried cake thickness,
given as ratio with the initial product thickness, using different temperature
measurements. (C) Estimated values of the resistance if the dried cake to
vapor flow using different temperature measurements. (D) Estimated values of
the heat transfer coefficient using different temperature measurements. Data
refer to the drying of a 5% by weight sucrose solution processed at

Ttuig = —20°C and P, = 10 Pa in glass tubing vials ISO 83623-1 8R, with a
filling volume of 2 mL arranged directly on the shelf according to an hexagonal
array. Data taken from Bosca et al. (2015b); reprinted with permission from
Bosca et al. (2015b). Copyright 2015 American Chemical Society.

about 12 h, the temperature measurement is used by the observer,
and the comparison between the estimated and the measured val-
ues of product temperature can be used to point out the accuracy
of the observer estimates. After 12h, the mathematical model,
with the value of the parameters estimated by the observer, is used
to predict the evolution of the temperature of the product till the
end of the primary drying stage. The evolution of the thickness
of the dried layer is shown in Figure 1B, for the two temperature
measurements considered in the experiment: it appears that after
about 16 h the primary drying stage is completed, as confirmed
also by the temperature measurement. In fact, at the end of the
primary drying stage, product temperature approaches the value
of the heating fluid (or a higher value, in case radiation from
chamber walls plays an important role) as the heat arriving to the
product is no longer used for ice sublimation, as confirmed by
Figure 1A. The values of the parameters R, vs. Lgried and K, are
shown in Figures 1C,D, respectively.

Once model parameters have been estimated using the
observer, it is possible to calculate the design space and, thus, to
optimize off-line the process, using the model of the process. The
target of the calculation is to evaluate the values of temperature
of the heating fluid and pressure in the drying chamber (P.) that
allow fulfilling the constraint on product temperature (and that on
the sublimation flux, although this constraint is less demanding,
at least in lab-scale units, where the sublimation flux is lower) and
minimizing the duration of the primary drying stage. Giordano
et al. (2011) proposed a simple algorithm, based on the model
of Velardi and Barresi (2008), to calculate the design space of
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Tﬂuid’ °C

Tnuid’ °c®

Tl‘luid’ °C O

FIGURE 2 | Design space (solid line) calculated at the onset [panel (A)],
in the middle [panel (B)] and at the end [panel (C)] of the primary
drying stage, with contour plot of the sublimation flux (ll = 0.4,
©=0.30, A =0.25, 1=0.2, A=0.1, &> =0.05,0=0.01kgh~'m—3)
vs. Tquig and P.. Data refer to the drying of a 10% by weight sucrose
solution (Rp,0=1.1 x 10*ms™", Agp =2.7 x 108 s™", Bgp, =25 x

10% m~") processed in glass tubing vials ISO 83623-1 2R with an initial filling
height of 10 mm. Data taken from Fissore et al. (2011a).

the process, considering to use the same values of Tpqyq and
P. throughout all the primary drying stage. The algorithm was
improved by Fissore et al. (2011a), considering that the design
space can change during the primary drying stage, as a conse-
quence of the variation of the resistance of the dried product, and,
thus, the cycle can be further optimized by taking into account
this issue. An example of these calculations is shown in Figure 2:
with these diagrams, it is possible to calculate the optimal values
of Thuiq and P. that, at each time instant of the primary drying
stage, allows maximizing the sublimation flux, considering the
previously listed constraints of the process.

The observer can be used also to optimize in-line the process.
Various tools were proposed to this purpose. Fissore et al. (2008)
proposed a simple feedback controller, based on the proportional
integral (PI) algorithm, that manipulates the temperature of the
heating fluid on the basis of the difference between the measured
value of product temperature and the target (limit) value. The
tuning of the controller is performed minimizing the integral of
the square error in the prediction horizon, i.e., in the time interval
between the measurement of the state of the system and the ending
point of the primary drying stage. The observer is used to get the
estimates of product temperature when the reliable measurements
are no longer available, as well as to get the values of model
parameters required to simulate product dynamics in the tuning
stage of the controller.

A different algorithm was proposed by Fissore (2015) based
on the application of the fuzzy logic. In this case, the control
system can manipulate both the temperature of the heating fluid

AY e D
B-10p \‘M*‘_“_
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E 20 g
= -30 e @)
S
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%-10F R g
E "0...”“ Z
=-20} 1 &
L
c g.) 0 ——————
w10} haa s SO
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5_30 L L ' L -10 L 1 L L
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FIGURE 3 | Panels (A-C): design spaces, given as maximum allowed
value of Tyyiq vs. the thickness of the dried product (normalized
through the initial product thickness), at three different instants during
the primary drying stage. Panel (D): values of the difference between the
actual product temperature and the limit one obtained using the design space
based control system. Data refer to the drying of a 5% by weight sucrose
solution, processed at P, = 5 Pa in glass tubing vials ISO 83623-1 2R with an
initial filing height of 10 mm. Data taken from Bosca et al. (2013a).

and the pressure in the drying chamber with the goal of keeping
product temperature as close as possible to the limit value, without
trespassing it. Mathematical modeling is used just in the stage of
control system design, aiming to define a unique set of fuzzy rules
that can be used for a wide range of product. The observer, in this
case, is used just to get an estimate of product temperature when
reliable measurements are no longer obtained by the temperature
probe.

Bosca et al. (2013b) proposed a method for the in-line opti-
mization of the freeze-drying process based on the calculation
of the design space of the process. Briefly, every prespecified
time interval, e.g., 1h, the design space of the primary drying
stage is calculated using the estimates provided by the observer,
and the temperature of the heating fluid is modified accordingly
(chamber pressure is not optimized). Obviously, at the onset of
the primary drying stage, the accuracy of the observer estimates
can be poor and, for this reason, it is necessary to repeat the
calculations as the process goes on, thus modifying Tfyiq accord-
ingly. An example of these calculations is shown in Figure 3,
where in Figures 3A-C three design spaces, calculated at three
different instants of the primary drying stage, are shown, while
Figure 3D shows the performance of the system, given as the
difference between the actual product temperature and the limit
one, evidencing that, a part from the beginning of the primary
drying stage, the temperature of the product rapidly approaches
the limit value, without trespassing it.

MODEL-BASED PATs BASED ON THE
MEASUREMENT OF CHAMBER
PRESSURE

The measurement of chamber pressure during the pressure rise
test is at the basis of various model-based PATs.
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During the pressure rise test, the drying chamber is isolated
from the condenser, closing the valve usually located in the duct
connecting the chamber and the condenser. Chamber pressure
increases due to the accumulation of water vapor and, at the same
time, product temperature increases due to the fact the heating
system is not stopped during the test: for this reason, the duration
of the test is generally limited to 10-30s. Once the measure of
chamber pressure is available, a mathematical model is used to
calculate the evolution of chamber pressure during the test: the
parameters of the model [e.g., K, and R, in case the model of
Velardi and Barresi (2008), is used] and the state of the product
(i.e., its temperature and the residual amount of ice) are retrieved
looking for the best fit between calculated and measured values
of chamber pressure during the test. Such approach can thus be
used for process monitoring, as it provides estimate of product
temperature and residual amount of ice, and for process optimiza-
tion, as the estimates of model parameters may allow the use of a
mathematical model for off-line or in-line optimization, as it will
be discussed in the following.

Various methods were proposed in the literature to get this
result: they differ on the model equations used to calculate the
pressure rise and, thus, on the number and type of the parameters
calculated, although in call cases one of the parameters is the heat
transfer coefficient, used to model the heat flux to the product,
and the other is a coefficient used to model the mass transfer
from the interface of sublimation to the drying chamber. The first
algorithm, in chronological order, is the manometric temperature
measurement (MTM), proposed by Milton et al. (1997), followed
by the dynamic pressure rise proposed by Liapis and Sadikoglu
(1998), by the pressure rise analysis of Chouvenc et al. (2004), and,
finally, by the dynamic parameters estimation (DPE) proposed
by Velardi et al. (2008), whose original algorithm was modified
by Fissore et al. (2011b), aiming to improve the robustness of
the algorithm (the new algorithm was labeled as DPE+), and by
Pisano et al. (2011a), to account for the contribution of radiation
to product heating.

When considering the pressure rise test to monitor the freeze-
drying process, there are various issues that have to be considered:

i. When a pressure rise test is carried out, it is possible to get
the desired pieces of information (model parameters and state
of the product) only for the time instant when the test is
performed. In order to monitor the evolution of the product
during the primary drying stage, it is thus necessary to repeat
the test every prespecified time interval (e.g., every 30 min).

ii. During the pressure rise test, product temperature increases:
it is thus necessary to account for this temperature rise when
designing the process, and to modify the operating conditions
in such a way that product temperature is well below the limit
value during the primary drying stage, and it approaches the
limit value when the test is carried out.

iii. When the pressure rise test is used for process monitoring,
it is not possible to account for the non-uniformity of the
batch. As a consequence of different heating mechanisms
(e.g., radiation from chamber walls, that affect the dynam-
ics of the product in the vials of the first rows), of pres-
sure gradients in the chamber (Rasetto et al., 2010), of the

non-uniform nucleation rate, the evolution of the product
(i.e., the temperature and the residual amount of ice) is not
the same in the various vials of the batch. Unfortunately,
when the pressure rise test is used, “mean” values of model
parameters of product temperature and of residual ice content
are obtained, as the batch is assumed to be homogeneous. On
the contrary, when using the temperature measurement for
process monitoring, it is possible to account for batch non-
uniformity placing thermocouples in different vials of the
batch.

iv. Similar to the temperature measurement, also when the pres-
sure rise test is used to monitor the process it is not possible to
get accurate estimates of model parameters and of the state of
the product in the last part of the primary drying stage. This is
due to various reasons, as pointed out by Fissore et al. (2011b):
one of the most important ones is the non-uniformity of the
batch, as those vials receiving heat also by radiation from
the chamber walls complete the drying before the others
and, thus, at a certain moment, the number of vial where ice
sublimation occurs changes, but this is not accounted for in
any algorithm.

v. Both product state and model parameters are obtained look-
ing for the best fit between the calculated and the measured
values of chamber pressure during the test. The solution of
the least-square problem can thus impair the accuracy of the
estimates obtained through this method, as pointed out by
Bosca et al. (2016).

Figure 4 shows an example of the estimates obtained using
one of the pressure rise test-based methods, namely, the
DPE + algorithm. In Figure 4A, the estimates of product tem-
perature are compared with the values measured using thermo-
couples, evidencing that rather good estimates of this variable are
obtained, at least in the first part of the primary drying stage:
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FIGURE 4 | Panel (A): comparison between product temperature
measured by thermocouples (—) and estimated by DPE -+ algorithm
(e). Panels (B,C): comparison between the heat transfer coefficient [panel (B)]
and the mass transfer resistance as a function of cake thickness [panel (C)]
estimated by the soft sensor (—) and by DPE + algorithm (e). Data refer to the
freeze-drying of a 5% (w/w) sucrose aqueous solution (P. = 10 Pa) in glass
tubing vials ISO 83623-1 8R, with a filling volume of 2mL arranged directly on
the shelf according to a hexagonal array. Data taken from Bosca and Fissore
(2014).
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in fact, after about 18 h from the onset of the primary drying,
the estimates of product temperature starts decreasing, while it
is expected that product temperature does not change until the
ending of the ice sublimation (occurring after about 22 h from the
onset of the primary drying). With respect to model parameters
K, and R, shown in Figures 4B,C, respectively, their values are
compared to those obtained using the observer. It is possible to
point out that different values are obtained using the two methods,
about +10/15% around the mean values (a value that can be
considered acceptable in model parameters estimation for the
freeze-drying process), but in both cases, the estimate of product
temperature is correct. It has to be highlighted that in this test
the edge vials have been replaced by empty vials, aiming to shield
the batch from radiation effects and, thus, the non-uniformity
of the batch is significantly decreased and the “mean” values
estimated by DPE + algorithm are effectively representative of the
real values of the vials of the batch.

The estimates of model parameters and product state obtained
through the pressure rise test-based algorithm can be used in
the framework of an in-line control system, aiming to identify
the optimal values of the operating parameters (Tpyq and Pc) in
such a way that product temperature is as close as possible to the
limit value, without trespassing it, and drying time is minimized.
A first example of these systems is the Smart Freeze-Dryer by
Tang et al. (2005): it is an “expert” system that manipulates Tgyiq
and P. using some empirical rules and the pressure rise test,
with the MTM algorithm, as monitoring system. Such approach
has no predictive capacity, i.e., it cannot determine the optimal
values of the operating conditions considering the evolution of
the system as a consequence of the selected values, and, thus,
an effective process optimization cannot be achieved (Gieseler
et al., 2007a). Pisano et al. (2010) proposed a different system,
where the pressure rise test, and the DPE algorithm, is used
to monitor the state of the product, but where a mathematical
model is used to calculate the optimal heating policy (at constant
chamber pressure). Two different algorithms are proposed: one is
based on a classic feedback controller, where the parameters of the
controller are calculated looking for the minimization of the error
(difference between product temperature and the target value)
along the prediction horizon, while the other is a model-based
algorithm. In both cases, the system has a predictive capacity and,
thus, it can prevent the occurrence of product temperature over-
shoots; besides, product temperature rise occurring during the
pressure rise test is accounted for, and modeling errors are taken
into account through a sliding horizon approach. Finally, Pisano
et al. (2011b) proposed the use of advanced methods, based on
the model predictive control technique, to optimize the primary
drying stage, manipulating both the temperature of the heating
fluid and the pressure in the drying chamber. This algorithm pro-
vides an implicit non-linear feedback, where modeling errors are
directly embedded in the control actions calculation. By this way,
both modeling approximations and parameter uncertainty can be
compensated, and various process and operational constraints can
be easily accounted for.

With the goal of overcoming the problem of the product tem-
perature rise during the pressure rise test, Pisano et al. (2014)

proposed to carry out a different test, called pressure decrease
test, to monitor the state of the system. In this case, the drying
chamber is no longer isolated from the condenser, but the pressure
variation in the chamber is induced by closing the controlled
leakage valve and, thus, chamber pressure decrease. Also, in this
case, a mathematical model is used to calculate the values of
chamber pressure during the test, and the state of the product
(temperature and residual amount of ice) and the values of model
parameters are retrieved looking for the best fit between calculated
and measured values of chamber pressure. Different from the
pressure rise test-based methods, this method requires a prelim-
inary characterization of the freeze-dryer, aiming to correlate the
flux in the duct connecting the chamber and the condenser to
the pressure difference in the two environments. Moreover, it is
necessary to measure not only the pressure in the chamber but
also that in the condenser and, obviously, the method cannot be
used in those freeze-driers where controlled leakage of inert gas is
not used for pressure control.

MODEL-BASED PATs BASED ON THE
ESTIMATE OF SUBLIMATION FLUX

A third group of model-based PATs is based on the estimate of
the sublimation flux. Different tools were proposed in the past
to estimate the vapor flux leaving the drying chamber during
the primary drying stage of a freeze-drying process. The working
principle of these systems is quite simple:

1. once the vapor flow rate has been measured, this value is
divided by the total surface area of the product, in such a way
that the sublimation flux J,, is calculated;

2. if product temperature (Tg) is also measured, the heat transfer
coefficient can be calculated using the following equation:

JwAH;

K= w2
! (Tﬂuid - TB)AV

(13)

where A, is the total sublimation area of the product;
3. with respect to the dried cake resistance, this parameter can be
calculated using the following equation:

Rp _ Pw,i ]_pr,c

assuming that water vapor partial pressure in the drying chamber
(pwe) is equal to total chamber pressure, and calculating water
vapor partial pressure at the interface of sublimation using one of
the equations proposed to correlate this value to the temperature
of the interface of sublimation [e.g., the equation proposed by
Goff and Gratch (1946)], and assuming that the temperature at
the interface of sublimation is equal to T’z (being axial gradient of
temperature in the frozen product very small).

It appears that a system based on the estimate of the sublimation
flux, like that based on the pressure rise test, is able to estimate
“mean” values of model parameters, as the batch is assumed
homogeneous (i.e., the sublimation flux is assumed to be the same
in all the vials of the batch). Besides, in order to estimate K, and Ry,

(14)
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it is necessary to measure also product temperature at the bottom
of the vial. In case T is unknown, e.g., because it is not possible
to measure product temperature, then it is required to carry out a
preliminary investigation to get the value of K. Then, during the
primary drying stage the measure of J,, can be used to estimate T’
using the following equation:

Jw

— 15
AHK, (15)

T = Touid —

and once T is known, then R, can be calculated using Eq. 14.
Finally, once model parameters are known, the design space can
be calculated, and the process can be optimized off-line.

Various tools were proposed in the past to estimate the sub-
limation flux during the primary drying stage, e.g., the tunable
diode laser absorption spectroscopy (TDLAS) (Gieseler et al.,
2007b). This tool uses Doppler-shifted near-infrared absorption
spectroscopy to measure the concentration of water vapor and
the gas flow velocity in the duct connecting the chamber of the
freeze-dryer and condenser. The vapor flux is then calculated on
the basis of an estimate of the velocity profile in the duct. The
effectiveness of this system for the estimation of K, and R, has
been demonstrated (Kuu et al., 2009, 2011).

A different system is the valveless monitoring system proposed
by Pisano et al. (2016): in this case, the rate of sublimation is
estimated on the basis of the difference between the pressure in
the drying chamber and in the condenser. Few experiments are
required to get the parameter of the equation proposed to calculate
the sublimation flux from the measure of such pressure drop. It
has to be remarked that these calibration runs can be carried out
using just the solvent, and not the drug, in any container, as the
parameter required is not dependent on product and container
characteristics. The effectiveness of the method for model param-
eters estimation and for cycle design was shown by Pisano et al.
(2016).

CONCLUSION

Although freeze-drying is a key step in pharmaceuticals manufac-
turing, and final product quality can be seriously impaired in case
the operating conditions are not properly identified, even nowa-
days a trial and error approach is used to run the process, testing
product quality in the final product. The pressure of regulatory
agencies to provide evidences of the scientific rationale at the basis
of the selected operating conditions and of its design space, and the
pressure of the market, to reduce manufacturing costs and time,
in particular for new products, are the main drivers for a change of
approach. In this framework, model-based PATs are a unique tool
for both process design, at R&D scale, and for process monitoring
during manufacturing, as they allow going beyond the limits
of the physical sensors through a careful use of mathematical
modeling.

Considering that a freeze-drying process is generally designed
at lab-scale, the temperature measurement, in the framework
of the observer algorithm, is the unique system that allows for
process monitoring and optimization taking into account the non-
uniformity of the batch. The hardware required is very simple,

as in almost every freeze-dryer one or more thermocouples are
available, and, in every case, wireless temperature probes are on
the market and can be used in the time of need.

The pressure rise test-based systems are effective at lab-scale,
but it is required to verify if the test is feasible in the available
freeze-dryer, and if chamber pressure can be monitored with an
adequate sampling frequency. Besides, in order to improve the
accuracy of the method, it is advisable to shield the batch from
radiation from chamber walls/door, in such a way that the non-
uniformity of the batch is minimized. The problem of temperature
rise during the test, in case it is a critical issue, can be solved using
the pressure decrease test. In industrial-scale units, the feasibility
of the test is strictly related to the velocity of closure of the valve
during the test.

With respect to the systems based on the estimate of the sub-
limation flux, the use of TDLAS is impaired by the fact that the
calibration of the system can be tricky, and the installation of
the device can be even impossible, depending on the way the
condenser is connected to the drying chamber. On the other way,
the valveless monitoring system can provide the same pieces of
information, at a very low cost (just a second pressure sensor
in the condenser), and with a very simple and fast calibration
procedure.

Beside process monitoring, the control and optimization of the
primary drying stage is of outmost importance as well. In this
framework, if the goal is just to get an “adequate” cycle, then
systems like LyoDriver and the Smart Freeze-Dryer, based on
the pressure rise test, or the observer-based PI controller or the
temperature-based fuzzy controller, are effective. Nevertheless, in
my view, it is advisable to optimize off-line the process: in fact,
by this way, it is possible to get the widest knowledge about the
effect of the operating conditions on product dynamics (temper-
ature and sublimation flux), evaluating also the robustness of the
selected operating conditions.

At the end of this overview about the available model-based
PATs, it should be clear to every freeze-drying practitioner that
there is not a unique system that can be used to get the desired
results: there are various tools that can be used depending on the
hardware available, or that can be retrofitted, as well as on the
goal of the work, i.e., cycle design in lab-scale units or process
monitoring in industrial-scale freeze-dryers. These systems are
available, and some of them are already on the market, and, thus,
their effectiveness can be tested when a new product has to be
freeze-dried.
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