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Real-time sublimation front advance 
monitoring system for GMP freeze-dryers 
using wireless single use probes as a PAT 
tool

How a new generation of PAT tool allows to follow-up 
critical parameters in real time to optimize the primary drying 
step and preserve the product critical quality attributes in 
lyophilization processes



A  B  S  T  R  A  C  T
The advance of the sublimation front during primary drying in a freeze-drying process is one of the 
most critical parameters whose control is key to understand the drying kinetics for cycle development 
and validation as well as to ensure process robustness and repeatability during production cycles. 
In addition, new GMP conditions updated in Annex 1, makes the lyophilization process more 
challenging. The following article presents a new solution to overcome the current market needs 
with a new PAT tool capable to monitor the advance of the sublimation front temperature interface 
using single use wireless probes displaying process product temperature data in real time, simplifying 
the introduction and retrieval logistics and reducing the possible risks of cross-contamination.

Current challenge

The manufacturing of pharmaceutical products 
requires sophisticated technical and production 
solutions that fulfil stringent quality, safety, and 
production controls. 

The new Annex 1 for GMP includes new conditions 
to reduce or prevent manual interventions as a key to 
reduce the risk of cross-contamination, encouraging 
the demand for automatic loading and unloading 
systems. 

Moreover, the product might need to be maintained 
at specific conditions during the entire process, with 
substantial associated production costs. Therefore, a 
PAT tool for the continuous monitoring of the most 
critical parameters during lyophilization is required for 
a precise monitoring of the process and minimize the 
risk of product damage or loss. 

Background

The lyophilization process is a high added value 
drying process related directly with the conservation 
and the quality of some pharmaceutical and biological 
products, among others. The main phases of this 
process are freezing, primary drying and secondary 
drying. 

During the primary drying phase, the product remains 
under vacuum and solvent is sublimated going from a 
solid state (frozen) to a vapor state. The sublimation 
starts in the product surface and advances downwards, 
this is usually the longest step of the freeze-drying 
process. 

The sublimation front is where phase changing is 
taking place, and the temperature at the sublimation 
front should never exceed the critical temperature 
of the product (eutectic or collapse temperature 
depending on whether the product is crystalline or 
amorphous). When this is guaranteed, a good drying 
and preservation of the product quality would be 
achieved. If this temperature is exceeded, the product 

will be damaged and could lose its critical quality 
attributes (CQAs).

Figure 1. Sublimation interface front during primary drying

The product temperature is influenced by the 
freeze-drying recipe, taking into account the shelf 
temperature, chamber pressure and other factors 
during the process, but cannot be influenced directly. 
Nowadays, there are existing solutions able to monitor 
the product temperature during the lyophilization 
process like wired thermocouples or even wireless 
temperature probes (with or without batteries). 

However, these existing devices only read one point 
or an average of product temperature and are not 
capable to monitor the sublimation front temperature 
due to the downwards movement which generates a 
lack of critical information to ensure the quality and 
the preservation of the product.Moreover, the wired 
temperature probes or the wireless temperature 
probes with batteries, are exceedingly difficult to 
manage when there is an automatic loading and 
unloading system.

To monitor how the sublimation front interface is 
advancing during production batches or especially 
when scale-up or optimization activities are conducted 
is of uttermost importance, but it really becomes a 
difficult operation when the freeze dryer is equipped 
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with automatic loading and unloading devices, 
something becoming the standard for new equipment. 
The number of units with automatic loading and 
unloading systems is growing exponentially to a point 
where about 80% to 90% of the new equipment for 
sterile applications uses them. On top of that most 
of the modern lines use either RABS or isolators. The 
design and manufacture of this type of equipment 
requires the ability to anticipate the issues operators 
face on a day-to-day basis and provide solutions to 
resolve common situations.

The main challenges an automatic loading and 
unloading system should solve are the compatibility 
with the GMP requirements, to be able to operate 
in the strictest aseptic conditions, to minimize by all 
means any potential risk of product contamination 
and particle generation as well as potential cross-
contamination. But only meeting GMP requirements 
is not enough. The productions processes are 
extremely strict, and time is crucial to raise production 
compromises. To lose a batch means losing time, 
supply time increases and of course, money and 
customer dissatisfaction will prevail. This is one of the 
important challenges that an automatic loading and 
unloading system must manage. Be robust and in 
case of failure save the production without risking the 
operator’s safety. 

To introduce and retrieve automatically the wireless 
temperature probes to monitor the product 
temperature into the freeze dryer feeding line without 
human intervention is also a challenge. However, there 
are existing devices that placed between the filling 
line and the freeze dryers are capable of inserting the 
sensor into the line with almost no disruption of the 
loading process and in a similar manner to retrieve 
the from the unloading line during the unloading 
operations. This allows programming the automatic 
introduction of previously prepared vials with the 
wireless temperature sensors into predefined locations 
without any potential risk.

Figure 2. Vial introduction and retrieval device

Challenge resolution

Due to new GMP requirements, lack of information 
during the process, potential risks between product 
and operators and extra dedicated time to manipulate 
the existing temperature probes to monitor the 
product temperature, there is a need to implement 
a new solution into the market to overcome all these 
facts.

Under these conditions the traditional approach of 
adding manually product temperature sensors once 
the freeze dryer was fully loaded is no longer possible. 
To make this viable, a single use wireless temperature 
probe able to monitor the sublimation front interface 
advance has been developed, ensuring accurate 
temperature follow-up during the freeze-drying cycle 
in real time. 

It consists of a single-use, disposable sublimation 
front advance monitoring probe with no built-in 
battery or internal power supply. The energy to 
operate is harvested from one antenna placed inside 
the lyophilization chamber connected to a Gateway 
platform placed outside. This antenna is divided into 
the power generation antenna and the communication 
antenna reducing in this case the number of elements 
that should be placed inside the chamber, one 
instead of two. When the sensor is powered remotely 
from the gateway, the wireless probe measures the 
temperature thanks to its five different measurement 
points, making it possible to monitor the advance of 
the sublimation interface front. 

The five temperature measurements are sent back to 
the gateway. 

Figure 3. Sublimation interface front temperature single-use 
wireless probe
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During the temperature reading, the information 
is transmitted back to the gateway by the wireless 
module of the probe. The sensor has an integrated 
2,4 GHz antenna and no pairing or connection 
between the probe and the gateway is required for 
data exchange.

The configuration of the power transmission and the 
communication back can be customized reducing 
or increasing the periodicity of measurements 
depending on the duration of the lyophilization cycle. 
The gateway has an internal CPU with a timer circuit 
that manages the measurement time interval, able 
to control the power emission and the temperature 
reading duration.
Not only the result of the temperature measurement is 
transmitted wirelessly, but also various electrical stats 
in the electronic circuit module, such as the voltage 
value obtained by the power generation unit and the 
reception intensity at the wireless unit. The sensor 
interface circuit may also transmit an abnormal state 
such as a short circuit or disconnection to the upper 
side as additional data.

All the data received can be displayed at the freeze-
dryer SCADA via an OPC-UA protocol. The interface 
can display the trends during the whole freeze-
drying process, merging the probes temperature 
measurements data with the freeze-dryer ones like 
shelves control temperature, shelves inlet, shelves 
outlet, vacuum in chamber, condenser temperatures, 
etc., giving a complete information package of how 
the product and the process is evolving during 
the cycle. The system can display the temperature 
probes disposition on the freeze dryer chamber 
shelves in various positions across the shelf stack 
so the monitoring of the sublimation front interface 
temperature can be more representative and more 
relevant.

Figure 5. Graphical representation of the advance of the 
sublimation front temperature measured with one probe

Without cables or batteries, the probe communication 
works thanks to a patented power transmission 
technology. The main body of the probe is made of a 
printed circuit board covered with an FDA compliant 
coating. It includes an electronic circuit with a 
capacitor that collects the necessary power from the 
generator unit (in the gateway) thanks to a carrier 
wave sent to the antenna placed inside the chamber. 
This is a huge advantage because it does not need 
an external battery that could create temperature 
variations due to their heat emission and has fewer 
mechanical interferences during the loading and 
unloading processes because there is no need for 
extra space to allocate the battery. 

Once enough power is harvested, the probe can read 
the 5 product temperatures along the drying cake. 
Due to its design, the sensor interface circuit and the 
5 independent measurement points are arranged in 
a single line along the device with pitch of 2,5 mm, 
making it possible to follow-up the sublimation front 
temperature during the drying phase. This allows to 
monitor in real time how the phase of the product is 
changing while the drying of the product is moving 
downwards. As previously mentioned, it is key to 
know the product temperature during the primary 
drying phase to be able to work close but never 
exceeding critical temperature of the product at the 
sublimation front. Eutectic or collapse temperatures 
(depending on if the crystal phase is amorphous or 
crystalline) set this limit to ensure the preservation of 
the critical quality attributes of the product. 

Figure 4. Correctly dried product after lyophilization cycle
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Finally, by gathering all the information of the 
temperature measurements of the sublimation front 
interface obtained from the wireless probes and the 
freeze-dryer recipe variables, the sublimation process 
can be optimized, during the primary drying phase, 
ensuring that the product is drying correctly without 
exceeding its critical temperature and reducing its 
drying time.

Conclusions

The importance of having the complete information 
of what is happening during a freeze-drying process 
is key to ensure proper product quality and attributes. 

Technology is evolving and any device can be 
connected in real time anytime and anywhere. When 
we apply this technology to the pharmaceutical 
production processes it enables the development 
of a new PAT tool to help monitor the freeze-drying 
process. 
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With a new generation of PAT tools, like the new 
developed Sublime tool, the sublimation front 
monitoring system using wireless single-use probes is a 
huge advantage, reducing manipulation time and risks, 
thanks to wireless technology communication being 
able to be introduced and retrieved automatically 
with the automatic loading and unloading equipment 
of the freeze-dryer. Moreover, as it is designed as 
a single-use disposable probe, there is no need to 
recover it and go through a manual process of washing 
and sterilizing to be reused in the next batch, which 
simplifies the operations and eliminates any cross-
contamination risk.

Innovative design with five independent temperature 
measurement points placed in a single line along 
the device, makes the real time process information 
reading more relevant, monitoring the advance 
of sublimation interface front, and ensuring the 
correct drying parameters of the product during the 
lyophilization and preserving the quality attributes.

Telstar, part of the azbil Group, is a company specialized in the development of engineering & construction 
projects, integrated process equipment and GMP consultancy solutions, including turnkey projects and critical 
installations, for companies associated with Life & Health Sciences (pharmaceutical & biotechnology, healthcare, 
cosmetic, veterinary and food & beverage industries, hospitals, laboratories & research centers). Acknowledged as 
one of the 10 major suppliers for the pharmaceutical industry, Telstar is one of the few international manufacturers 
able to offer integrated process solutions for the biopharmaceutical industry with in-house sterilization, freeze 
drying, containment, process water & waste treatment, clean air and cold storage technologies. 
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