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Abstract

Monitoring a vial freeze-drying process without interfering with product dynamics is a
challenging issue. This paper presents a novel device constituted by an IR camera designed to
be placed inside the drying chamber, able to monitor the temperature of the vials, very close to
that of the product inside. By this way it is possible to estimate the ending point of the primary
drying, the heat transfer coefficient to the product (Ky) and the resistance of the dried product
to vapour flux (Rp). Experiments were carried out in a pilot-scale freeze-dryer, processing 5%
and 10% sucrose solutions at different values of shelf temperature and chamber pressure, using
both thermocouples and the IR camera to track product dynamics. Results evidence that the
measurements (of temperature) and the estimates (of the ending point of the main drying and
of Ky and Rp) obtained using the two systems are very close, thus validating the IR camera as
an effective PAT for the freeze-drying process. Besides, it was shown that the presence of the
IR camera in the chamber is not responsible for any additional heating to the product, and that

monitored vials are representative of the majority of the vials of the batch.
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Introduction

Freeze-drying stands out as the most suitable way of stabilizing pharmaceutical and
biopharmaceutical products that are poorly stable when formulated as liquid solutions. This is
due to the fact that the liquid solvent, water in most cases, that can mediate several drug
degradation pathways, may be removed at low temperature without jeopardizing the quality of
the product.** In fact, in a freeze-drying process the liquid product, usually poured into glass
vials, is loaded onto the shelves of a drying chamber where, at first, the liquid is frozen and,
then, the sublimation of the frozen solvent (primary drying) is obtained by reaching proper
values of pressure in the chamber, and supplying heat to the frozen product since sublimation
is an endothermic process. Finally, the desired value of residual moisture in the product is
obtained by further modifying the operating conditions in the chamber to promote the
desorption of the “free water” (secondary drying), i.e. the amount of water that did not turn into
the frozen state during freezing and remained bounded to product molecules. Secondary drying
is usually attained by further increasing the temperature of the product. With respect to chamber
pressure, its value can be decreased to the lowest value that can be attained in the apparatus, or
it is maintained at the same value used during the primary drying stage (or even at a higher
value, aiming to promote the heat transfer), as it was demonstrated that no significative effect
on secondary drying could be observer when increasing the pressure up to a certain level (e.g.
200 mTor, when processing mannitol, moxalactam di-sodium and povidone).®

It is well known to every freeze-drying practitioners that product quality in the final
product is not jeopardized only in case product temperature remains below a threshold value
throughout the drying process, being this threshold dependent on the specific product
processed. In most cases, when processing amorphous products, the threshold temperature is

the value resulting in the collapse of the dried product (see, among the others, Refs.®?),



although quite often the glass transition temperature is considered, in a precautionary way, as
this may result into higher values of residual moisture in the product, a higher reconstitution
time, a longer-lasting process and, in some cases, drug degradation. When processing
crystallizing products, the threshold value is the eutectic temperature, to avoid the formation of
a liquid phase in the system. Besides, additional constraints arise from the design of the
equipment. The condenser capacity has to be compatible with the rate of sublimation and
choking flow in the duct connecting the chamber to the condenser has to be avoided as both
would result into an uncontrolled increase of pressure in the drying chamber, being this
responsible for product overheating.21

In this framework, the "Guidance for Industry PAT - A Framework for Innovative
Pharmaceutical Development, Manufacturing, and Quality Assurance”, issued by FDA in
September 20044, clearly states that suitable Process Analytical Technologies (PAT) have to
be used in every manufacturing process of pharmaceutical products, with the goal of evaluating
in-line product evolution and, thus, if the desired characteristics are obtained. In the case study
of the freeze-drying process, focusing on the primary drying, that is the riskiest step of the
whole process due to the higher water content, it is necessary to monitor in-line the following
variables:

i.  Product temperature, for the above discussed reasons.

ii.  The residual amount of ice in the product, to identify the ending points of the primary
drying stage (thus modifying the operating conditions to promote secondary drying
without prolonging unnecessarily the previous step) and of the secondary drying stage
(that is identify when the target value of residual moisture has been reached).

iii.  The sublimation flux, that has to be compliant with duct and condenser capacity, for the
abovementioned reasons.

Besides, as mathematical modeling may be used for in-line*>*" or off-line optimization®®%°, it



can be worthwhile estimating in-line also the values of the parameters of these mathematical
models. In particular, the parameters of interest are two, namely Ky, the heat transfer coefficient
between the shelf and the product, and Ry, the resistance of the dried product to vapor flux.?!
These parameters are used to calculate, respectively, the heat flux to the product (Jq) and the

sublimation flux (Jw):

3o =K, (Toer = T2) (1)

J, = Rip( Pui — Puc) 2
where Tsheir is the temperature of the heating shelf, Tg is that of the product at the bottom of the
container, pw,i is the solvent partial pressure at the sublimation interface, and pw, is that in the
drying chamber.

In the last decade several reviews about the available systems for freeze-drying
monitoring appeared in the Literature???’. The most recent and up-to-date are those published
by the LyoHub consortium? and by Fissore et al.?°. In all these papers a great interest appears
towards systems that (i) are able to monitor the whole batch taking into account that the
dynamics of the product in the vials, that can be different due to the position of the vial over
the shelf*°, and (ii) that do not interfere with product dynamics. In this framework, i.e. with the
goal of monitoring the batch non-invasively, and accounting for its non-uniformity, it is of
particular interest the use of plasma sputtered thermocouples embedded into the glass wall333
and of optical fibers with the fiber Bragg gratings embedded in the shelf*4. Although both
systems are effective in reaching previously listed goals, they suffer from relevant drawbacks:
(i) they involve using special vials, or (ii) special shelves in the freeze-dryers, and both issues
can be hardly compatible with existing apparatus and containers. Hemteborg et al.®* proposed
the use of an infrared camera to monitor product temperature, without any interference with the

product, and without using any special vials or special shelves. Unfortunately, in their



arrangement the camera is installed on the top of the freeze-dryer, outside the equipment, and
it monitors the product in the vials loaded onto the top shelf, measuring, in particular, the top
temperature.

This paper aims at presenting an innovative device consisting of an IR camera that can
be placed inside the freeze-dryer, at any position onto the shelves: the system measures the
temperature of the glass vials standing in front of it, being product temperature very close to
that of the vial wall, as shown by Velardi and Barresi?.

The paper is organized in the following way: at first, details about the sensor are given,
as well as about the experimental investigation carried out; then, main results are presented and
discussed, focusing on the effect of the insertion of the sensor in the chamber on product
dynamics, the validation of the measurements of product temperature and the estimates of the

ending point of the primary drying and of the model parameters Ky and Rj.

Materials and methods

IR camera
Monitoring of product temperature was carried out by a specially designed system (IMC
Service S.r.l., Italy), composed of the following elements (Figure 1);

— A thermal camera (FILR Systems model A35);

— A standard video camera;

— Acold LED illuminator;

— A processing board, i.e. hardware/software system designed for the management of all

components, without the need for an external computer, and WiFi communication;

— A status LED, that allows to know the status of TICEM;



— A couple of special valves designed to allow the system to be flushed with nitrogen or
other gases.

As the system was aimed to be placed in the drying chamber, the following issues had to be
addressed:

— The impact of the operating conditions throughout the freeze-drying process;

— The measurement accuracy;

— The attainment of an autonomous operation mode and data access.
The freeze-drying chamber, during the cycle, is characterized by low temperature, up to -40/-
50°C in the freezing stage, low pressure and a gas composition about 100% water vapor. The
optimization of the thermal insulation of the existing container was discarded, because of the
size of the case and of several problems in the management of data transfer, and the design of
a protective enclosure in a thermally insulating plastic material, transparent to WiFi
communications, was preferred. The preventive filling of the case with nitrogen was required
to avoid the onset of halos due to the condensation of any humidity present inside the case.

The accuracy of a temperature measurement obtained with a thermal imaging camera

involves the knowledge of several parameters in order to "correct” the influence of parasitic
radiations and process the data coming from the measured system. In the specific case, the key
parameters are the followings:

— Emissivity of the subject;

— Distance from the subject;

— Reflected apparent temperature;

— Room temperature and humidity.
The emissivity of the measured element, as well as its distance from the camera, can be easily
calculated and fixed for the whole duration of the test. The 1ISO 18434-13¢ guideline (Part 1,

Annex A.2) was used to this purpose: the temperature of glass vials was increased, through



external heating, until it was 20°C higher than that of the environment where the vials were
placed, and the emissivity was estimated. The test was repeated considering, as starting
temperature, different values in the typical range of a freeze-drying process, namely form -40°C
to +20°C, and a mean value of 0.9 was obtained for glass emissivity.

With respect to room temperature and humidity, using a mean value estimated from the
values usually occurring in a freeze-drying process, a maximum error of 0.01°C is expected in
the measured temperature and, thus, both values were not optimized.

On the contrary, the reflected apparent temperature has much more importance. The
term "reflected apparent temperature” refers to the set of radiations that the surrounding
environment emits towards the measured item, and that the same "reflects" towards the thermal
camera together with its own radiation. The estimation of this parameter has a dramatic effect
on the measurement, leading to errors of several tens of degrees depending on the material
measured. Unfortunately, during a freeze-drying cycle, the surrounding environment
considerably changes the amount of radiation emitted towards the measured items (cooling -
drying - heating) and, therefore, it is particularly difficult to identify the correct value to be
entered manually. During the setup of the instrumentation various tests were carried out using
external probes to read the temperature in a known area and/or with the adoption of different
mean values of the reflected apparent temperature. The solution that allowed to obtain a reliable
result for the whole duration of the process was to use an area of the framed field as "pure
reflector” and read the value of the "apparent temperature™ reflected with the thermal camera
(according to 1SO 18434-1% guideline, Part 1, Annex A.1). The software was customized to
measure and update this variable in-line automatically.

Finally, the system was designed to operate in the absence of external terminals: the
software architecture of the system provides a main core for the management of connections

with the instrumentation and the work sessions, a communication core for the management of



external users, the transmission of commands, and the configurations to the main core. The user
may connect to the system via WiFi when necessary, displaying in real time the data of the

current session (if active), or accessing the archive to download the sessions already completed.

Case study

Freeze-drying tests were carried out using a LyoBeta 25™ (Telstar, Spain) freeze-dryer (drying
chamber: 0.2 m?, total area: 0.5 m?). Most of the tests were carried out processing a 10% by
weight sucrose solution, although also the processing of a 5% by weight sucrose solution was
considered for validation purposes. Reactants were purchased from Sigma Aldrich and used as
received; ultra-pure water obtained with a Millipore water system (Milli-Q RG, Millipore,
Billerica, MA) was used to prepare the solutions processed in the various tests. In all tests glass
vials (ISO 8362-1 10R) were filled with 5 ml of solution and placed directly on the shelf: the
distance of the first raw from the camera was 30 cm, and a new image was acquired every five
minutes.

Thin T-type thermocouples (Tersid, Italy) were placed in some vials for validation
purposes. Chamber pressure was monitored using both a capacitance (Baratron type 626A,
MKS Instruments, USA) and a thermal conductivity (Pirani type PSG-101-S, Inficon,
Switzerland) gauge, being the ratio of the two signals used to identify the ending point of the
primary drying stage®’.

Product freezing was achieved by decreasing the temperature of the technical fluid at
about 1°C/min, until a temperature of about -40°C was reached by the product. Then, the
operating conditions of the freeze-drying process were set according to the specific goal of the
test, as discussed in the following section. All the drying tests was carried out in non-GMP

conditions.



Results and discussion

Study of the effect of the presence of the IR camera on the batch evolution

The first set of tests was carried out to assess the effect of the presence of the IR camera on the
dynamics of the vials of the batch. In all the tests the same values of temperature of the heating
shelf and of the pressure in the drying chamber were used: -20°C and 20 Pa respectively. As it
will be shown in the following, when the values of product temperature during primary drying,
as well as those of dried cake resistance to vapor flux, will be shown and discussed, these
operating conditions resulted in the microscopic collapse of the dried cake, a small-scale
collapse resulting in the formation of small holes in the dried cake and, thus, in the reduction
of cake resistance.®®% In any case, considering the goals of the study, i.e. to assess the effect of
the IR camera on product dynamics and validating the temperature values obtained through this
device, the selected operating conditions are irrelevant.

In the first test 10 vials were loaded onto one of the shelves of the freeze-dryer, arranged
in one row, without the infrared camera, while in the second test the IR camera was introduced
in the drying chamber, as shown in Figure 2. The mass of each vial was measured before starting
the freeze-drying process, and after 5 hours from the onset of the primary drying stage.
Considering the two vials exactly in front of the camera, the weight loss is 2.62 g and 2.73 g in
test #1, while the values obtained in test #2 are 1.47 g and 1.49 g. This seems to suggest that
the presence of the camera in the drying chamber has a shielding effect from radiation on the
vials standing in front of it. An additional test was carried out, loading 45 vials onto one of the
shelves of the freeze-dryer, arranged in three rows of 15 vials, without the thermal camera: row
1 faces the wall of the chamber, while row 3 faces the door of the chamber (Figure 3). The mass

of each vial was measured before starting the freeze-drying process and after 5 hours from the



onset of the primary drying stage. The values of weight loss in each vial are shown in Table 1.
It appears that the mean weight loss in the central vials is 1.04 g (with a standard deviation of
7.92%), while in the edge vials we get 1.54 g (with a standard deviation of 12.04%),
corresponding to a sublimation flux of 0.83 kg h*m and 1.16 kg h™'m™ respectively. The same
test was repeated introducing the infrared camera in the drying chamber in such a way that it
monitors directly vials of row 1 and, in particular, vials #2 to #13. The values of weight loss are
shown in Table 2. The mean weight loss in the central vials is 1.09 g, while in the edge vials
we get 1.37 g, corresponding to a sublimation flux of 0.85 kg h™m? and 1.06 kg h™'m™
respectively. Evaluating the standard deviation of the weight loss in the edge vials a quite large
value is obtained, 22.7%, thus suggesting a certain degree of non-uniformity among the
dynamics exhibited by the vials of the batch. Therefore, we focused on the weight loss of the
vials facing the IR camera, i.e. those from vials #2 to #13, excluding vials #9 and #10 as they
are placed in front of the cold LED. The mean weight loss in these containers is 1.17 g (with a
standard deviation of 3.0%), while in the other vials of row number 1 the mean weight loss is
1.63 g. Therefore, it appears that the weight loss in the vials standing in front of the IR camera
is very close to the value obtained for the central vials (just 7% higher, while without the IR
camera the weight loss in the same vials is 30% higher than that of the central vials). This result
seems to suggest that the IR camera acts as a sort of shield for the vials of the row standing in
front of it, whose dynamics is thus very close to that of central vials, while the effect is poor for
the others. This is of outmost importance as when we use the IR camera in the freeze-dryer we
are obviously able to monitor the evolution of the temperature only in the row of vials facing
the camera, and not that of central vials, that are the majority of the batch. Anyway, as it appears
that the dynamics of the product in the vials standing exactly in front of the camera is similar
to that of the vials in the center of the batch, while the dynamics of the other vials of the row is

still that of the edge vials, then the IR camera can be used t effectively monitor the whole batch



being processed.

Validation of the monitoring system based on the IR camera: temperature measurement

The first step of the validation of the monitoring system based on the use of the IR camera in
the freeze-dryer was focused on the comparison between the temperature measured through
thermocouples inserted in some vials of the batch, and the values measured through the IR
camera. An example of thermography obtained in one of these tests is shown in Figure 4. In the
top picture the two thermocouples inserted in two different vials can be easily detected, but it
is not possible to identify the tip of the sensor, as it is immersed into the product, and, thus,
which is the point whose temperature is measured. The IR camera provides the temperature
distribution in all the vials, where it is well known that the temperature is not uniform both in
the radial direction, due to the effect of radial heating from the vial wall, and in the axial
direction, due to the heat conduction in the frozen and in the dried product. Therefore, just for
comparison purposes, the temperature evolution detected by the IR camera in five points in
different positions (shown in Figure 4, bottom picture), close to the bottom of the vial, was
considered, and compared to the temperature profile detected by the thermocouple (in the same
monitored vial). Results are shown in Figure 5, evidencing that the difference between the
temperature values detected by the thermocouple and by the IR camera at the bottom of the
product is very small, and is comprised in the uncertainty range of thermocouple measurements
(x1°C). Similar comparisons were carried out in other cases studies, modifying the operating
conditions and the type of product (not shown in this paper for sake of brevity), namely aqueous
solutions containing sucrose at different concentrations (5% and 10%), or mannitol (at the same
concentration), as they are representative, respectively, of amorphous and crystalline products,

and a similar agreement was always observed.



Validation of the monitoring system based on the IR camera: end of primary drying estimation
The temperature profile detected through a thermocouple can be used to infer the ending point
of the primary drying stage®’. In fact, the temperature of the product is a consequence of the
heat transferred by the freeze-dryer to the product in the vial, and of the heat subtracted from
the product as it is used for ice sublimation. In a freeze-drying process, at the beginning of the
primary drying stage product temperature increases from the value reached at the end of the
freezing stage till a value corresponding to a sort of steady-state, where all the heat transferred
to the product is used for the ice sublimation and, thus, product temperature does not change.
This takes place in all those cases where resistance of the dried product to vapor flow remains
almost constant throughout the primary drying stage (apart from the initial rise, obviously), e.g.
when the product is freeze-dried slightly above its microscopic collapse temperature. In other
cases, when the resistance of the dried cake increases a lot as drying goes on, also product
temperature continuously increases during the primary drying stage. When the ice sublimation
is completed, product temperature increases further up to the thermal equilibrium with the
environment, that is the shelf and eventual radiation from the surroundings. Figure 6, top graph,
compares the mean temperature detected at the bottom of the product by the IR camera and the
pressure ratio, that is usually used to assess the ending point of the main drying, when the 10%
sucrose solution is processed. It is possible to see that both curves reach the final asymptote at
the same time, about 35 hours. A similar trend is observed in Figure 6, bottom graph, where the
results obtained when processing the 5% sucrose solution are shown. These results prove that
the mean temperature detected using the IR camera can be successfully used to detect the ending

point of the primary drying stage, at least with the same uncertainty of the pressure ratio.

Validation of the monitoring system based on the IR camera: K, and R, estimation

Finally, the temperature detected by the IR camera can be used to estimate the values of the



heat and mass transfer coefficients Ky and Ry, defined in equations (1) and (2), as it can be done
using the temperature measurement obtained through a thermocouple (details of the algorithm,
not shown here for sake of brevity, are given in Ref.?). The test was carried out processing the
10% sucrose solution and measuring product temperature with both a thermocouple and the IR
camera in the freeze-dryer. The test was repeated 5 times and when considering the
thermocouple measurements, the mean value of K, obtained was 156.5 W m2K* (with a
standard deviation of 8.65%). Using the mean bottom temperature detected by the IR camera,
the mean value of K, obtained was 153.0 W m2K! (with a standard deviation of 12.33%), thus
in perfect agreement with the previous value. The quite high value of K, obtained is a
consequence of the peculiar arrangement of the vials in these tests, as just one raw of vials in
considered and, thus, radiation from chamber walls plays a great role in product heating;
besides, also the value of chamber pressure, 20 Pa, is responsible for a higher value of K.
With respect to the coefficient Ry, it can be calculated using the temperature profile
(detected through the thermocouple or the IR camera) and the Ky value. From the value of Ky
and that of the temperatures of the heating shelf and of the product at the bottom of the vial, it
is possible to calculate the heat flux to the product using eg. (1). Then, considering the following
heat balance to the product:
J,=AHJ, 3)
stating that all the heat transferred to the product is used for ice sublimation, the water vapor
flux can be easily calculated and, finally, the value of R, using eqg. (2), as pw,c may be assumed
to be equal to chamber pressure (being the composition of the atmosphere in the chamber about
100% water vapor), and pw,i a well-known function of product temperature (details of the
calculations are given in Ref.*%) . Figure 7, top graph, shows the values of Ry, as a function of
the thickness of the dried layer as they are calculated from the measurement of product

temperature through a thermocouple. These values are interpolated using the following



equation:

Rp — Rpo + ALdried
’ 1+ BLdried

(4)

that is quite often used to express the dependence of the resistance of the dried product on its
thickness. Figure 7, bottom graph, shows the values of R, obtained using the mean value of
product temperature at the bottom of the vial, as detected by the IR camera, and the mean value
of Ky previously obtained, as well as the two curves of Ry vs Laried Obtained considering the
standard deviation of the values computed for Ky. Also in this case it is possible to point out an

acceptable agreement between the values of Rp vs Larieds Obtained using the thermocouple

measurement and the IR camera outcomes.

Conclusions

The IR camera presented in this paper stands out as a unique system able to on-line monitor a
freeze-drying process, without interfering with product dynamics and providing information
not only about product temperature, but also about the ending point of the primary drying stage,
and about the coefficients Ky and Rp. The accuracy about the measurements and the estimates
obtained with this system appears to be similar to that typical of a traditional thermocouple, but
in this case the sensor is not in contact with the product, and the measure is not limited to a
single vial. It has to be remarked that although trough the IR camera it is possible to monitor
only the first raw of vials of the batch, the camera shields the vials standing in front of it from
wall radiation and, thus, the sublimation flux in those vials is similar to that of the “central”
vials of the batch. This means that monitored vials are representative of most of the vials of the
batch.

Future investigations will deal with the use of multivariate image analysis, i.e. statistical



tools, to infer as much information as possible from the obtained thermography and for

classification purposes, that is process monitoring and fault detection.



List of symbols

AHs

Jw

Kv

L dried
Pw,c

Pw,i

Rp,O
Ts

Tshelf

parameter used to express the dependence of Rp 0N Laried, $*
parameter used to express the dependence of Rp on Laried, M™
heat of sublimation, J kg™

heat flux to the product, W m

mass flux, kg s*m

overall heat transfer coefficient between the heating fluid and the product at the vial
bottom, W m2K*

thickness of the dried layer, m

water vapor partial pressure in the drying chamber, Pa

water vapor partial pressure at the interface of sublimation, Pa
resistance of the dried product, ms*

parameter used to express the dependence of Rp on Laried, M s™
product temperature at the vial bottom, K

heating shelf temperature, K
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Table 1

Position
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Row 1
Row 2
Row 3

167 166 151 143 132 126 125 126 114 136 126 13 134 146 159
146 116 106 082 1.13 1.02 101 099 108 108 108 1.04 1.02 1.01 1.42
16 193 145 136 129 134 144 141 139 186 142 141 148 155 1.63




Table 2

Position
1 2 3 4 5 6 7 8 9 10 11 12 13

14 15

Row 1
Row 2
Row 3

15 12 117 112 116 121 111 116 133 148 121 12 1.18
121 098 096 096 095 122 112 098 109 154 108 0.89 0.97
153 119 114 113 124 193 139 118 162 157 091 114 1.86

22 115
1.46 1.38
203 1.8
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