
24 April 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Enhancing freeze-drying uniformity in pharmaceuticals using rack systems / Artusio, Fiora; Pisano, Roberto; Massotti,
Vincenzo. - In: EUROPEAN PHARMACEUTICAL REVIEW. - ISSN 1360-8606. - ELETTRONICO. - 30:1(2025), pp. 41-
45.

Original

Enhancing freeze-drying uniformity in pharmaceuticals using rack systems

Publisher:

Published
DOI:

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/3001681 since: 2025-07-15T08:39:13Z

Russell Publishing



40

THIS ARTICLE WAS PREVIOUSLY 
PUBLISHED ONLINE OCT 2024

SCAN THE  
QR CODE TO 

VIEW THIS 
ARTICLE'S 

REFERENCES

What is significant about approval of 
EURneffy as the first new delivery method 
in over three decades for adrenaline?

Approximately 40 million people in the US 
experience Type I allergic reactions due to food, 
venom or insect stings,4 and the numbers are 
similar in Europe.5 It is the international consensus 
that prompt epinephrine (adrenaline) treatment 
at the first sign of symptoms is critical to stop 
disease progression.

However, reports and surveys say that only half 
of people with an epinephrine needle-injector 
prescription consistently carry their device,4 and for 
patients and caregivers who do carry a needle-
injector, more than half either delay or do not 
administer it in an emergency.4

In the UK, ARS Pharmaceuticals anticipated filing 
for approval from the Medicines and Healthcare 
products Regulatory Agency (MHRA) by Q4 2024, 
under their Mutual Recognition Process A.

The US FDA approved neffy® as the first needle-
free epinephrine treatment for younger children in 
March 2025.10

ARS anticipates approval by Q1 2025 in the UK 
and launch by summer 2025.

What have been the main challenges in 
developing EURneffy as a novel delivery 
method for severe allergic reactions?

The first challenge was that there were no delivery 
methods approved other than injections, which 
were mostly approved without clinical studies. 
There was no regulatory path for non-needle 
delivery methods. We worked collaboratively with 

the US and European agencies to develop the 
regulatory pathway.

During the development process, we learned that 
there are significant differences in pharmacokinetic 
(PK) and pharmacodynamic (PD) profiles among 
approved injection products (eg, intramuscular 
injection and EpiPen). While these products have 
been used interchangeably in clinical practice, 
we had to develop the path for addressing such 
differences from a regulatory point of view as well 
as scientific.

We proposed a bracketing strategy to test 
neffy (the registered name for EURneffy in the US) 
between the approved injection products.

This allowed us to address the differences, which 
is being applied to other novel epinephrine delivery 
methods in the US.

Through our studies, we designed neffy to have 
its PK profiles be within the range of approved 
injection products and PD profiles similar to, or 
greater than, approved injection products6 under 
various conditions (ie, allergic and infectious rhinitis7 
and self-administration).8 An additional study in 
patients experiencing anaphylaxis symptoms 
following an oral food challenge demonstrated 
that neffy reversed anaphylaxis symptoms 
within the same timeframe typically observed for 
injection products.9 

Some people, 
particularly 

children, may delay 
or avoid treatment 

due to fear of 
injections and a 

nasal spray option 
may reduce 

barriers to rapid 
treatment of 

anaphylaxis, which 
is a potentially 

life-threatening 
condition
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Using rack systems to  
reduce thermal interactions 

between vials during freezing
Formulation experts from Polytechnic University of Turin, Italy, discuss the impact of freeze-drying 

on the integrity and stability of pharmaceuticals and explains how mathematical modelling can 
support improved uniformity of drug products.
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The distribution of pharmaceuticals in vials 
often requires freeze-drying to preserve 
drug stability. Vials can be frozen on a 
temperature-controlled shelf or nested 

in a rack system. The loading configuration 
influences the thermal profiles experienced by 
the product during freezing. For example, nests 
reduce heat transfer from/to the shelf and mitigate 
thermal interactions among vials during freezing. 
Mathematical modelling can help understand 
the impact of the loading configuration on the 
distribution of nucleation temperatures and 
freezing times.

Freezing is a crucial step of pharmaceutical 
manufacturing as it enhances their shelf-life. 
However, it may also promote drug denaturation 
because of the formation of the ice-water interface 
and/or lead to heterogeneity within the lot due 
to thermal gradients within the batch of vials or 
even within the same vial. The thermal history 
experienced by the product during freezing is 
impacted by a complex set of parameters, including 
freezing conditions, loading configuration of the 
vials, and packing arrangements.

In the case of shelf-freezing, vials can be loaded 
directly on the shelf or nested in suitable rack 
systems. Most commonly, vials are loaded on the 
shelf with the help of a tray. Recently, racking 
devices for vials have been developed not only 
to deliver glass vials from the manufacturer to 
the pharmaceutical companies, but also as a 
loading device to be used in the freezing/freeze-
drying process.1,2 Vials are therefore nested in 
their secondary packaging, which prevents vials 
breakage during transportation, and are used as 

received. This strategy reduces the risk of product 
contamination during the filling operations, helps 
guarantee product sterility throughout the line 
because of reduced vial handling, and facilitates 
the vial loading/unloading procedures. Given the 
design of the system, nested vials are spaced from 
one another and slightly lifted above the shelf 
because of the presence of the plastic material. 
For example, Figure 1 shows a schematic of a 
rack system.

This feature impacts the heat transfer during 
the freezing (and the drying) phases. Compared 
to vials resting directly on the shelf, nested vials 
experience reduced heat exchange through the vial 
bottom because of the absence of direct contact 
with the shelf. The equipment-to-vial heat transfer 
coefficient, which considers all the heat transfer 
mechanisms, ie, conduction through the vial 
bottom and the lateral walls, results to be smaller 
for nested vials (48.7±5.8 W m-2K-1) compared to 
resting vials (77.5±7.2 W m-2K-1) during freezing. 
Due to the differences in the cooling protocol, the 
product frozen in the rack system exhibits larger 
ice crystals compared to resting vials.1 This feature 
might be desirable as it reduces the extent of 
the ice-water interface during freezing and, thus, 
the risk of interface-induced denaturation for 
specific biopharmaceuticals.3

How does the freezing step influence the 
attributes of pharmaceutical products?
During freezing, the temperature of pharmaceutical 
products is gradually reduced to ensure the 
complete solidification of the solution. This process 
occurs in two steps: a cooling step, where water 

When vials are 
placed in a rack 
system, they are 
not in direct 
contact with one 
another, and the 
effect of thermal 
interactions can  
be mitigated
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is cooled below its freezing temperature, and 
a solidification step, where the phase change 
occurs. Solidification is initiated by a stochastic 
phenomenon named nucleation, ie, the formation 
of the first stable ice nuclei. These nuclei originate 
ice crystals, which grow until the entire solution 
is in a frozen state. The competition between 
nucleation and crystal growth highly impacts the 
morphology of ice crystals and, consequently, that 

of the dried products in the case of lyophilisation.4 
When nucleation prevails over crystal growth, ie, 
ice nucleation starts at lower temperatures and/
or freezing rates are high, the average ice crystals 
are smaller.

On the contrary, high nucleation temperatures 
and/or slow freezing rates lead to larger ice 
crystals. Due to the stochastic nature of nucleation, 
the product morphology can be highly variable  

Figure 1: Schematic of the rack system. Figure reprinted with modifications1 

Figure 2: Nucleation time distributions, referring to the undercooling time, for the direct contact loading (blue bars) and nested 
loading (orange bars).
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even though all the vials undergo the same cooling 
protocol. As a further cause of heterogeneity, 
crystallisation is an exothermic phenomenon that 
can lead to thermal interactions between adjacent 
vials in highly packed arrangements. The heat 
released during the phase transition in a vial can 
alter the thermal profile of the surrounding ones, 
causing a delay in their nucleation.5,6

When vials are placed in a rack system, they are 
not in direct contact with one another, and the 

effect of thermal interactions can be mitigated. 
A comparison between the nucleation time 
distributions measured in direct contact and  
nested configurations is shown in Figure 2.

These distributions show a bimodal trend, 
indicating that some vials nucleated first and 
delayed the nucleation of the surrounding ones.

Specifically, for the direct contact loading, the 
two peaks are placed around 40 and 55 minutes, 
respectively, while for the nested configuration 

Figure 3: Nucleation temperature distributions for the direct contact loading (blue bars) and nested loading (orange bars).

Figure 4: Freezing rate distributions for the direct contact loading (blue bars) and nested loading (orange bars).
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for the estimation 
of the effects of 
these phenomena 
on the morphology 
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dried products
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at 35 and 50 minutes. In the latter case, the shift 
of the peaks towards shorter nucleation times 
and the reduced number of delayed nucleation 
events indicate that thermal interactions were still 
present. Still, their impact on neighbouring vials 
was mitigated. This mitigation could be beneficial 
in terms of batch uniformity since nucleation times 
are shorter and the delay effect is less relevant. 
In both cases, the random distribution of the 
nucleation times confirms the stochastic nature 
of nucleation.

Mathematical modelling supports 
understanding of the freezing process
The effect of nucleation temperature, freezing time, 
and thermal interactions on the thermal history 
of a product is challenging to evaluate through 
experiments. The use of thermocouples can alter 
the freezing behaviour of a solution. Thus, the 
use of non-invasive sensors like thermal imaging 
cameras would be desirable. However, thermal 
imaging cameras cannot be applied to real case 
studies due to the presence of the stopper. In 
this context, mathematical modelling could be 
a helpful tool for the estimation of the effects of 
these phenomena on the morphology of frozen or 
freeze-dried products.6-8 Having a deep knowledge 
of the involved phenomena, mathematical 
modelling requires a few experimental runs to tune 
the parameters of the model. After that, it can be 
used to predict the thermal behaviour of an entire 
batch of vials with limited computational and 
experimental costs.

Figure 3 shows the distribution of nucleation 
temperatures computed by the model for both 
direct contact and nested configurations, taking 
also into account thermal interactions among vials. 
In the case of the nested loading, the nucleation 
temperature distribution results to be narrow and 
centred around – 12.5°C. 

For the direct contact loading, the nucleation 
temperature distribution ranges from – 5 to – 
17.5°C, with a peak around – 10°C. These results 
suggest that the heat exchanged due to thermal 
interactions is responsible for a general increase in 
the nucleation temperatures and their distribution, 
resulting in higher heterogeneity within the batch. 
As expected, the presence of plastic material that 
separates vials in the rack system can mitigate 
thermal interactions, resulting in a narrower 
nucleation temperature distribution.

Finally, Figure 4 reports the distributions of 
freezing times in the two configurations tested, 
showing that freezing in nested vials was about 
three to four times slower than in resting vials. 
This difference in freezing times may lead to 
the formation of larger ice crystals observed 
experimentally.1 This result can be attributed 
to the fact that nested vials experience slower 
freezing due to the absence of direct contact with 
the refrigerated shelf. Moreover, since thermal 
interactions were mitigated, the dissipation of the 
latent heat of solidification became less efficient. 
The results of the freezing model clarify the effect 
of different phenomena on the thermal history of 
pharmaceutical products frozen in vials. Specifically, 
they highlight several side effects of the rack system 
on the freezing step. The mitigation of the impact 
of thermal interactions ensures a more uniform 
nucleation temperature distribution but does not 
necessarily result in more uniform freezing times 
compared to resting vials. Nevertheless, the impact 
of nests on primary drying is limited, as product 
temperatures and drying times of nested and 
resting vials are comparable.2 
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