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Abstract
Purpose  This study investigates the thermal interactions between adjacent vials during freezing and assesses their impact 
on nucleation times.
Methods  Various loading configurations were analyzed to understand their impact on nucleation times. Configurations 
involving direct contact between vials and freeze-dryer shelves were studied, along with setups using empty vials between 
filled ones. Additionally, non-conventional loading configurations and glycol-filled vials were tested. The analysis includes 
2R and 20R vials, which are commonly utilized in the freezing and lyophilization of drug products, along with two different 
fill depths, 1 and 1.4 cm.
Results  The investigation revealed that configurations with direct contact between vials and freeze-dryer shelves led to 
substantial thermal interactions, resulting in delayed nucleation in adjacent vials and affecting the temperature at which 
nucleation takes place in a complex way. In another setup, empty vials were placed between filled vials, significantly reduc-
ing thermal interactions. Further tests with non-conventional configurations and glycol-filled vials confirmed the presence 
of thermal interactions with a minimal inhibitory effect.
Conclusions  These findings carry significant implications for the pharmaceutical industry, highlighting the role of thermal 
interactions among vials during freezing and their impact on the temperature at which ice nucleation occurs.

Keywords  batch heterogeneity · drug products · freezing · thermal interactions

Introduction

The storage and distribution of biopharmaceuticals have 
become a topic of increasing concern, with particular atten-
tion to the challenges of maintaining specific temperature 
conditions. Most biopharmaceuticals necessitate cold stor-
age, including some lyophilized drug products, typically 
between 2 to 8 °C, or ultra-cold storage at temperatures of 
–20 or –70 °C.

Several considerations come into play when it comes to 
products stored in a frozen state or subjected to lyophiliza-
tion. Freezing can compromise the therapeutic effectiveness 
of the drug formulation. For instance, low temperatures can 

lead to denaturation of therapeutic proteins due to reduced 
water-hydrophobic interactions [1–5]. Moreover, the forma-
tion of the ice-water interface can induce changes in the 
native protein fold [6, 7] and potentially accelerate chemi-
cal reactions through alterations in ionic strength and amor-
phous phase composition. Variations in pH, phase separation 
of polymers, and selective crystallization of excipients can 
further impact protein activity, making the freezing process 
a critical factor in product stability [8–10]. Therefore, the 
choice of freezing conditions becomes pivotal in either pre-
venting or promoting these undesired occurrences, and the 
precise design of the freezing process is essential within the 
pharmaceutical industry [11].

The freezing process involves two distinct phases; a 
cooling phase, where the solution remains in a liquid state, 
and a solidification phase, characterized by ice formation. 
The latter is initiated by a stochastic process, known as ice 
nucleation, which introduces variability in freezing behav-
ior among vials, even when their thermal environment is 
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identical [12–19]. Unfortunately, even minor differences in 
nucleation time and temperature can lead to variations in ice 
crystal size, which plays a pivotal role in maintaining protein 
stability, with larger ice crystals being more favorable.

When dealing with drug products vulnerable to freez-
ing-induced degradation, it is imperative to consider three 
parameters: nucleation time, nucleation temperature, and 
solidification time. The nucleation time defines the dura-
tion during which the solution remains in a liquid state 
under supercooled conditions, rendering it susceptible to 
cold denaturation. The nucleation temperature is the primary 
determinant of ice crystal shape and size and, consequently, 
of  the extent of the ice-water surface area [20]. Lastly, 
the solidification time is tightly related to the cooling rate 
and defines the duration of the freeze-concentration phase 
[21–23] and can further influence the ice crystal size. When 
the cooling rate is high, such as rapid freezing with liquid 
nitrogen, the formation of smaller ice crystals is favored 
[24, 25]. However, in industrial practice, the cooling rate 
typically falls within a range of 0.1 to 1 °C min−1, and the 
nucleation temperature becomes the primary determinant of 
ice crystal size. Higher nucleation temperatures lead to the 
formation of larger ice crystals [26].

Unfortunately, precisely controlling the nucleation tem-
perature is challenging, as it exhibits a stochastic distribution 
within a batch of vials, making it unpredictable [13, 27]. 
Attempts have been made to develop technologies that can 
induce ice nucleation within a narrower temperature range 
[12]; however, these solutions are still in the experimental 
stage and are rarely integrated into manufacturing processes 
[28, 29]. The unpredictability of ice nucleation leads to vari-
ations in product morphology, residual biological activity, 
and, in the case of lyophilization, residual moisture and 
reconstitution time. These differences in product quality can 
impact the critical attributes of frozen and lyophilized drug 
products, emphasizing the need to consider batch heteroge-
neity when designing the freezing process [13, 14].

The potential impact of freezing conditions on the freeze-
drying process, and on the quality attributes of the drug 
product, has motivated various studies in recent times. Many 
researchers have turned to mathematical modeling to predict 
the distribution of ice nucleation temperatures among vials 
nested in pallets and have linked this distribution to frozen 
product morphology [16, 17, 30–32]. Moreover, the heat 
released by a nucleated vial can potentially delay ice nuclea-
tion in neighboring vials, further complicating the freezing 
process and varying the heat transfer efficiency between 
adjacent vials, which depends on the loading configuration 
[17]. While previous studies have explored the influence of 
packing density and loading configuration on batch uniform-
ity, they have predominantly focused on heat transfer during 
primary drying [33–36].

Pisano et al. [27] have recently compared two loading 
configurations, vials directly resting on the shelf and nested 
in a rack system. They found that nucleation time distribu-
tions change when a customized holder separates vials from 
one another and lifts them off the refrigerated shelves. This 
loading configuration minimizes the potential for thermal 
interactions among neighboring vials while concomitantly 
reducing the cooling rates.

On a commercial scale, where tens of thousands of vials 
are commonly grouped within pallets and subjected to slow 
freezing within cold storage facilities, the interplay of sto-
chastic ice nucleation and spatial variations in heat transfer 
complicates the process [16, 17]. The specific configura-
tion of densely packed vials significantly affects freezing 
behavior, as thermal interactions among neighboring vials 
are unavoidable. The same issue arises in batches of vials 
subjected to freezing before undergoing lyophilization.

In conclusion, many studies have elucidated the correla-
tion between frozen product characteristics, such as mean ice 
crystal size, and the freezing conditions. However, despite their 
valuable contributions, these insights have not yet impacted 
the redesign of the freezing process in the industry. One of 
the primary reasons for this limited impact is the predominant 
focus of these studies on the single-vial scale. To bridge the 
existing research at the individual (and isolated) vial scale with 
the practical process design on a batch scale, i.e., hundreds of 
vials in contact one another, this study addresses the influence 
of thermal interactions between neighboring vials on nuclea-
tion time distribution within a batch.

Materials and Methods

Materials

Freezing experiments were conducted using 4 cc tubing 
vials (2R ISO, Soffieria Bertolini, Candiolo, Italy) filled 
with 2 mL of a 5 wt% sucrose solution (corresponding to 
1.4 cm as fill height) or 50 vol% ethylene glycol solution. 
2R vials were used to allow the visualization of a matrix of 
10 × 20 vials through video cameras, guaranteeing statistical 
significance of the dataset. Additional experiments were also 
performed in 20R vials filled with 5 mL (corresponding to 
1 cm as fill height) of a 5 wt% sucrose solution. Vials were 
left unstoppered to facilitate the monitoring of ice nuclea-
tion using video cameras. The sucrose and ethylene glycol, 
sourced from Merck, were used as-is without additional 
purification, and the solutions were prepared using water for 
injection (Fresenius Kabi, Milan, Italy). All reagents used in 
these experiments were of analytical grade, and the result-
ing solutions were filtered through a 0.2 µm syringe filter 
(PVDF, Merck, Milan, Italy) before use.
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Experimental Setup

The freezing runs were conducted using various loading 
configurations in a lab-scale freeze-dryer (Revo, Millrock 
Technology, Kingston, New York, USA). These configura-
tions aim to explore potential thermal interactions during 
freezing and evaluate whether such interactions might result 
in changes in the distribution of nucleation times. The vari-
ous configurations are depicted in Fig. 1 and include:

[A]	Vials are in contact with one another and resting on the 
refrigerated shelf. Each vial is filled with 2 mL of a 5 
wt% sucrose solution. They are arranged in a hexagonal 
pattern, so each vial is in contact with six neighboring 
vials. An additional test was performed using 20R vials 
filled with 5 mL of a 5 wt% sucrose solution loaded in a 
hexagonal configuration.

[B]	Vials are in contact with one another and loaded on a 
stainless-steel tray placed on the refrigerated shelf. Each 
vial contains 2 mL of a 5 wt% sucrose solution. Similar 
to configuration A, vials are arranged in a hexagonal 
pattern, and each vial is in contact with six neighboring 
vials.

[C]	Vials are loaded onto a support that suspends them 
above the shelf. In this configuration, the vials are 
arranged in a single line, so each vial is in contact with 
two neighboring vials.

[D]	Vials are in contact with one another and resting on the 
refrigerated shelf. Some vials are filled with 2 mL of a 5 
wt% sucrose solution. Six empty vials surrounded each 
filled vial.

[E]	Vials are resting on the shelf, and a customized holed 
spacer separates them from one another. The empty 
space between neighboring vials is approximately 6 mm.

[F]	Similar to configuration D, empty vials are substituted 
by vials containing 2 mL of ethylene glycol solution to 
delay nucleation and quantify the thermal interaction 
caused by the nucleation of the center sucrose vial. The 
ethylene glycol solution has a freezing point equal to 
—36 °C, thus ensuring that these vials nucleate after all 
the vials filled with sucrose solution.

Table I summarizes the characteristics of the various 
configurations in terms of batch size and composition, and 
the type of contact between the vials and the refrigerated 
shelves.

For each configuration, we performed three freeze–thaw 
cycles. During these cycles, the vials were cooled to –45 °C 
at 0.5 °C min–1, held at that temperature for 20 min, and 
then gradually thawed at 3 °C min–1 to + 25 °C. The shelf 
temperature was kept at –45 °C for the shortest time possible 
to minimize ice formation outside the vials due to humidity 
in the chamber.

Two video cameras recorded the freezing process in all 
experimental configurations at a frame rate of 5 fps. These 
cameras were strategically positioned on opposite sides of 
the temperature-controlled shelves to monitor the freezing 
behavior of a matrix consisting of 10 × 20 vials.

The ice nucleation time of individual vials ( tn ) was deter-
mined as the time instant at which the solution becomes 
visibly cloudy. This parameter is defined as the time elapsed 
from the point at which the temperature of a specific ref-
erence vial achieved 0 °C. The temperature was measured 
through three T-type miniature thermocouples (Tersid, 
Milan, Italy) placed in close proximity to the bottom of 
the vial and in strategic positions of the vial batch (see, for 
example, Fig. 2). The full measurement chain, from the sen-
sor to the reader, was calibrated against a traceable Pt100 
sensor. After the calibration, comparison tests carried out 
placing the thermocouple in ice showed a temperature error 
below 1 °C. It is worth noting that the detected time may 
exhibit slight variations from the actual nucleation time. 
This discrepancy arises from the fact that critical nuclei, 
being at the nanoscale, cannot be visually observed at the 
moment of their formation during nucleation. It is only when 
these critical nuclei reach a sufficient size to occupy a sub-
stantial volume fraction of the suspension that the solution 
becomes turbid [37].

This analysis focused exclusively on center vials in order 
to minimize potential biases stemming from edge-vial 
effects. Furthermore, the reference vials were intentionally 
excluded from the analysis to prevent potential interference 
caused by the thermocouple tips with the ice nucleation 
process.

Fig. 1   Schematic of the various loading configurations for vials used 
in this study. Various colors were used to identify vials containing  
sucrose,   ethylene glycol, and   empty vials.
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Statistical Analysis

A spatial autocorrelation analysis was conducted to examine 
the potential correlation between the nucleation times of 
adjacent vials. Positive spatial autocorrelation is observed 
when neighboring vials share similar nucleation time val-
ues, while negative autocorrelation indicates differences 
among neighboring vials. In cases where the distribution 
of the variable is random, no spatial autocorrelation is evi-
dent. Among the various indices for assessing spatial auto-
correlation, we used the local Moran's index 

(

Ii
)

 to explore 

these patterns and the global Moran's index (I) to assess the 
overall characteristics of the entire batch [38, 39].

In calculating the Moran index, we employ a neighbor 
matrix (or weight matrix) sized n × n to portray the spatial 
configuration:

where the element wij equals 1 if vial i is adjacent to vial j ; 
otherwise, it is null. The local Moran index, concerning the 
i-th vial, is defined as,
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standard deviation are,
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Table I   Experimental setup 
used for the various freezing 
runs. Nv,tot is the total number of 
vials, Nv,s is the number of vials 
containing sucrose solution, 
Nv,empty is the number of empty 
vials, and Nv,gly is the number of 
vials containing ethylene glycol 
solution

Configuration Nv,tot Nv,s Nv,empty Nv,gly Shelf contact Tray Vial contact

A 196 196 – – Yes No Yes
B 196 196 – – Yes Yes Yes
C 40 40 – – No No Yes
D 196 36 160 – Yes No Yes
E 100 100 – – Yes No No
F 196 36 – 160 Yes No Yes

Fig. 2   (top) Schematic illustrating the positioning of three thermo-
couples within the batch when vials are in direct contact with the 
freeze-dryer shelves (configuration A). (bottom) Temperature profiles 
of thermocouples TC1 (vial#1, ○) and TC2 (vial#2, ▲). The ini-
tial time was fixed at the time instant when the three thermocouples 
reached 0 °C.
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defined as,

The results can be visualized in a scatter plot, where the 
centered and normalized nucleation time vector z is plotted 
on the x-axis and the centered and standardized vector of 
local Moran indices Z is plotted on the y-axis. A vial associ-
ated with a negative local Moran’s index indicates signifi-
cant differences in nucleation times among its adjacent vials. 
Therefore, there is inhibition if most of the points reside in 
the third and fourth quadrants, where local Moran’s indices 
are negative.

Results and Discussion

Packed Vials Resting on the Shelf

In order to investigate thermal interactions between adjacent 
vials during the freezing process, vials were intentionally 
positioned in direct contact with both their neighboring vials 
and the freeze-dryer shelves. In this configuration, each vial 
was in contact with six neighboring vials, as depicted in 
Fig. 2.

All vials were filled with 2 mL of a 5 wt% sucrose solu-
tion, and the temperature of three vials was monitored by 
positioning a thermocouple at the bottom of each vial. Ther-
mocouples TC1 and TC2 were strategically positioned to 
observe the influence of nucleation in one vial on the ther-
mal behavior of the other. In addition, thermocouple TC3 
was introduced to assess potential thermal gradients on the 
shelf surface.

As shown in Fig.  2 (bottom graph), during the first 
25 min of the undercooling time, vials #1 and #2 cooled at 
a similar rate of about 0.5 °C min–1. Then, vial #1 nucle-
ated, causing its temperature to reach the solution freezing 
point. The heat released during nucleation was partially 
transferred to vial #2, sharply reducing the cooling rate to 
0.2 °C min–1. At the 48-min mark, the TC1 thermal pro-
file showed another temperature increase, likely due to the 
nucleation of adjacent vials.

Zi =
Ii − Ei

�I

I =

∑n

i=1
Ii

∑n

i=1
wi(2)

Vial #1 nucleated after approximately 25 min; its nuclea-
tion temperature was –12 °C, 2 °C higher than vial #2, even 
though vial #2 had been cooling for longer. This result sug-
gests the existence of thermal interactions between adjacent 
vials during ice nucleation and crystallization. These inter-
actions can delay the nucleation of neighboring vials, caus-
ing nucleation to occur at higher temperatures than expected, 
or it could change the expected distribution of nucleation 
temperatures when there are no thermal interactions. This 
phenomenon results from the heat released during nuclea-
tion and the growth of ice crystals in vials that have already 
nucleated. This result further demonstrates that it is impossi-
ble to establish a direct correlation between nucleation time 
and temperature. In other words, a vial that nucleates later 
does not necessarily do so at a lower temperature, even if 
there is uninterrupted cooling from the refrigerated shelf.

Figure 3a shows the evolution of the average distribution 
of nucleation times calculated from three replicas. Nuclea-
tion times exhibited a random distribution. On average, the 
time elapsed between the nucleation of the first vial in the 
batch and the nucleation of the last vial was 47 min. The 
distribution shows two peaks at 35 and 50 min. This bimodal 
distribution suggests an inhibitory effect due to the nuclea-
tion heat released by vials nucleating within the first peak on 
adjacent vials that have not yet nucleated. This hypothesis 
is supported when observing the behavior of thermocouples 
TC1 and TC2, as depicted in Fig. 2. Vial #1 nucleated within 
the first peak, while vial #2 belongs to the vials nucleating 
within the second peak.

In Fig. 3b, the cumulative distribution function reveals 
that after 35 min, 34% of the vials have nucleated. Between 
35 and 50 min, an additional 47% of the vials underwent 
nucleation. It follows that after the second peak, 81% of 
the vials in the batch have achieved nucleation, while the 
remaining 19% experienced delayed nucleation due to the 
heat released by vials nucleating within the second peak.

In order to assess the consistency of the collected data, we 
compared the nucleation time distributions within a batch of 
vials that underwent three freeze–thaw cycles. Subsequently, 
we compared quartiles, standard deviation, and the range of 
nucleation times. As can be seen in Table II, these results 
provide strong evidence confirming the reproducibility of 
the test.

Figure 3c shows the locally centered Moran's indices, 
centered with respect to the expected value and normal-
ized to standard deviation. Most data points fell within the 
third and fourth quadrants, where negative local Moran's 
indices confirm inhibition. A vial with a negative local 
Moran's index indicates significant variation in nucleation 
times among adjacent vials, explaining delayed nucleation 
in the center vial due to the surrounding six ones. The global 
Moran's indices, as presented in Table II, also affirm the 
presence of inhibition in all three test repetitions.
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Additionally, the potential presence of thermal gradients 
over the shelf was assessed by comparing thermocouple 
readings at three crucial freezing phase time points: the 
onset of the cooling ramp ( tin ), the achievement of equilib-
rium freezing temperature ( t

0
 ), and the completion of freez-

ing ( tf  ), i.e., when all the vials of the batch had nucleated.
The thermal gradients observed on the surface of the shelf 

were a result of the path taken by the refrigerant fluid within 
the shelf. Vials near the refrigerant outlet were warmer than 
those near the inlet. Temperature variations also occurred 
between adjacent vials. At the start of freezing, thermocou-
ples TC1 and TC2 had similar readings. However, when 
TC2 reached the equilibrium freezing temperature, TC1 

acquired a higher temperature difference, ranging from 
1.1 °C to 1.6 °C. TC3, positioned laterally, reached the same 
temperature as TC2. As freezing progresses to –45 °C, the 
gradient effects diminished, reducing the temperature differ-
ence between thermocouples to 0.7–0.8 °C.

An additional test was performed using a larger vial 
format, i.e., 20R, and a different fill height (1 cm). A 
similar behavior compared to the previous test performed 
on 2R vials was observed, as can be seen in Fig. 3d-f. 
The nucleation time distribution showed a first peak at 
30 min, followed by a second wider peak. The cumula-
tive distribution function reveals that after 35 min, 49% 
of the vials have nucleated. After 44 min, 88% of the 

Fig. 3   (a) Nucleation time 
distribution, (b) its cumulative 
function, and (c) scatterplot 
of standardized local Moran's 
indices for a batch of 2R vials in 
direct contact with one another 
and the freeze-dryer shelf 
(configuration A). Data refer 
to three replicas involving 196 
vials, each filled with 2 mL of 
a 5 wt% sucrose solution. (d) 
Nucleation time distribution, (e) 
its cumulative function, and (f) 
scatterplot of standardized local 
Moran's indices for a batch of 
20R vials in direct contact with 
one another and the freeze-dryer 
shelf (configuration A). Data 
refer to three replicas involving 
49 vials, each filled with 5 mL 
of a 5 wt% sucrose solution. 
The vials with thermocouples 
were omitted from the statistical 
analysis to avoid any potential 
interference that the sensor 
probes might have on the ice 
nucleation process.

Table II   Statistical parameters of the nucleation time distribution curves for the three replicates of the freezing test on a batch of 2R vials, both in 
direct contact with one another and in contact with the freeze-dryer shelf

Replica Mean, min Median, min Min, min Max, min IQR, min Global Moran’s 
index, − 

#1 42 43 19 66 16 –0.10
#2 41 42 20 62 16 –0.08
#3 40 41 21 60 15 –0.10
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vials have nucleated. The scatterplot of the local Moran’s 
indices highlights similar behavior to 2R vials, suggesting 
the presence of thermal interactions even in larger vials 
and smaller fill heights. Local Moran’s indices were more 
scattered compared to the test performed on 2R vials due 
to the smaller number of monitored vials. The global 
Moran's index was –0.06.

This analysis was repeated loading 2R vials onto a 
stainless-steel tray while keeping the original batch layout 
(configuration B). This tray helps reduce potential tempera-
ture variations on the refrigerated shelf, ensuring consistent 
subcooling times. As can be seen in Fig. 4, nucleation times 
appeared randomly distributed. On average, it took about 
40 min from the first vial nucleation to the last vial nuclea-
tion. Similar to the previous case, two peaks are observed 
at 25 and 45 min. Furthermore, the cumulative distribution 
function shows that within the first 25 min, 19% of the vials 
had nucleated, and between 25 and 45 min, 70% had initi-
ated nucleation. After the second peak, 30% of the vials 
experienced delayed nucleation due to the heat released by 
vials nucleating within the second peak.

Figure 4c, showing the scatterplot of local Moran's 
indices against subcooling times, continues to confirm the 
presence of nucleation inhibition within the batch. The 
trendline reveals that most data points fell within the third 
and fourth quadrants, where the local Moran's indices are 
negative, reflecting the double-peak pattern in subcooling 
time distribution. Additionally, the global Moran's indices 
were between –0.05 and –0.14, confirming the presence 
of inhibition across all three replicas

Lastly, as can be seen in Table III, the metal tray has 
mitigated the presence of thermal gradients between vials.

Packed Vials Suspended Over the Shelf

When vials are loaded directly on the shelf, the primary 
heat transfer mechanism is conduction between the bottom 
of the vial and the shelf. To mitigate this effect, vials were 

suspended above the refrigerated shelf, ensuring that heat 
primarily transfers through the walls of the vials. For this 
purpose, we utilized two plexiglass structures that enabled 
the simultaneous monitoring of the freezing process for 
40 vials (20 vials for each structure). In this configuration, 
each vial was in contact with two other vials. The distance 
between the bottom of the vials and the refrigerated shelf 
was 20 mm, while the gap between parallel vials measured 
18.3 mm.

Figure 5a shows the nucleation time distribution, with an 
average time between the nucleation of the first vial and the 
last vial of approximately 50 min, which was comparable 
to the case of packed vials directly loaded on the shelves. 
This distribution shows three distinct peaks; the first, at 
30 min, marks the nucleation of 12% of the vials in the 
batch; the second peak at 45 min corresponds to 44% of 
the vials nucleating, and the final peak at 60 min refers to 
the nucleation of 91% of the vials. After the third peak, 9% 
of the vials experienced delayed nucleation due to the heat 
released by vials nucleating within the third peak. This result 
confirms that thermal interactions among adjacent vials pri-
marily occur through heat transfer across the walls of the 
vials themselves.

Vials Resting on the Shelf with Empty Vials 
in Between Them

In this section, each vial containing 2 mL of a 5 wt% sucrose 
solution was surrounded by 6 empty vials in order to miti-
gate the thermal interactions between the vials. Figure 6 
shows that the nucleation times continued to exhibit a ran-
dom distribution. However, the range of variation has been 
reduced by half compared to the previous tests. The charac-
teristic double-peak pattern is no longer visible, confirming 
that the empty vials have dampened thermal interactions 
between adjacent vials.

The absence of thermal interactions is evident from the 
thermal profiles in Fig. 7, where even closely positioned 

Table III   Shelf temperature at 
three freezing phase time points 
and positions. TC1 and TC2 
were inserted in vials placed 
in the central part of the shelf, 
while TC3 was close to the edge 
of the batch

Vials loaded directly on the shelf (A)
Replica #1 #2 #3
TCs TC1 TC2 TC3 TC1 TC2 TC3 TC1 TC2 TC3
tin 19.8 19.4 19.8 29.2 28.9 29.5 29.2 28.9 29.4
t
0

1.0 –0.2 –0.2 0.9 –0.2 –0.2 1.4 –0.2 –0.2
tf –43.6 –44.3 –43.7 –42.0 –42.8 –42.5 n.a n.a n.a
Vials loaded on a metal tray (B)
Replica #1 #2 #3
TCs TC1 TC2 TC3 TC1 TC2 TC3 TC1 TC2 TC3
tin 19.3 19.8 19.8 29.1 28.6 29.4 29.1 28.6 29.4
t
0

0.8 0.8 –0.2 0.8 0.8 –0.2 0.3 0.3 –0.2
tf –42.9 –42.6 –43 – – – – – –
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vials (separated by one empty vial), such as vials #1 and 
#2, do not influence the thermal profile of the other in 
any instance. Furthermore, the nucleation times and tem-
peratures of individual vials varied between repetitions, 
regardless of their shelf positions. For example, in the three 
repetitions, vial #3, positioned at the outer edge near the 

lyophilizer walls, nucleated at temperatures of –11.2 °C, 
–14.2 °C, and –13.4 °C, with subcooling times of 23, 30, 
and 28 min.

In Fig. 6c, a scatterplot of Moran's indices shows that 
most points cluster near zero on the x-axis, indicating null 
local Moran’s indices and minimal interactions between 
neighboring vials. The absence of inhibition is further sup-
ported by the global Moran's indices, I = 0.03.

Separated Vials Resting on the Shelf

The vials containing 2 mL of 5 wt% sucrose solution were 
spaced apart using cardboard supports. The decision to space 
the vials and employ a non-conductive material was made 
to observe how thermal interactions between vials could be 
affected. In the previous tests, heat released during solidi-
fication was transferred between adjacent samples through 
conduction via the glass vial walls. In this test, this conductive 

Fig. 4   (a) Nucleation time distribution, (b) its cumulative function, 
and (c) scatterplot of standardized local Moran's indices for a batch of 
vials in direct contact with one another and the freeze-dryer shelf, but 
loaded on a stainless steel tray (configuration B). Data refer to three 
replicas involving 196 vials, each filled with 2 mL of a 5 wt% sucrose 
solution. The vials with thermocouples were omitted from the statisti-
cal analysis to avoid any potential interference that the sensor probes 
might have on the ice nucleation process.

Fig. 5   (a) Nucleation time distribution and (b) its cumulative func-
tion for a batch of vials in direct contact with one another and sus-
pended over the shelves (configuration C). Data refer to three replicas 
involving 40 vials, each filled with 2 mL of a 5 wt% sucrose solution. 
The vials with thermocouples were omitted from the statistical anal-
ysis to avoid any potential interference that the sensor probes might 
have on the ice nucleation process.
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contribution was eliminated and replaced with convective heat 
transfer through the gas (air) present between the vials.

Figure 8a shows that the nucleation times follow a uni-
modal random distribution, with a peak at 35 min. The time 

span between the nucleation of the first vial and the last vial 
is approximately 30 min.

The cumulative distribution function of subcooling 
times, shown in Fig. 8b, indicates that 60% of the vials in 
the batch nucleated within a nucleation time ranging from 
30 to 40 min. In comparison to the case of vials separated 
through empty vials, the time distribution here exhibited a 
10-min increase in width. This result suggests that, even 
though the double-peak pattern is absent, interactions were 
still present in this loading configuration.

As can be seen in Fig. 9, the nucleation in vials #4 and #6 
has affected the temperature behavior of the solution in vial 
#3. In contrast to the typical pattern observed in previous tests, 
where the temperature of the non-nucleated vial significantly 
increased as a consequence of the interaction despite ongoing 
cooling, the response of the system, i.e., vial #3, was different 
here. The slope of the temperature change before nucleation 
was less steep, and this change was due to the absorption of 
heat released during solidification from vials #4 and #6.

The global Moran's indices were in the range of –0.03 and 
–0.01. Although the trendline of the local Moran's indices 
shown in Fig. 8c suggests an absence of interactions, some 
vials exhibited negative indices with higher absolute values 
compared to those in Fig. 3c and Fig. 6c, which refer to the 
case of all vials filled with 5 wt% sucrose or with empty vials 
in between them.

Fig. 6   (a) Nucleation time distribution, (b) its cumulative function, 
and (c) scatterplot of standardized local Moran's indices for a batch 
of vials separated from one another by empty vials (configuration D). 
Data refer to three replicas involving 36 vials, each filled with 2 mL 
of a 5 wt% sucrose solution. The vials with thermocouples were omit-
ted from the statistical analysis to avoid any potential interference that 
the sensor probes might have on the ice nucleation process.

Fig. 7   (top) Schematic illustrating the positioning of three ther-
mocouples within the batch of vials separated from one another by 
empty vials, marked as dashed-filled (configuration D). (bottom) 
Temperature profiles of thermocouples TC1 (○), TC2 (▲), and TC3 
(□).
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Vials Resting on the Shelf With Glycol‑Filled Vials 
in Between Them

The vials containing sucrose were surrounded by vials con-
taining ethylene glycol that do not nucleate in the range of 
temperature of interest. The final objective is to observe the 
perturbation in the thermal profiles of the solutions con-
tained in the vials adjacent to the nucleation event.

The nucleation times followed a unimodal random distri-
bution. As depicted in Fig. 10, it was significantly narrower 
compared to all previous tests and showed a peak at 35 min. 
We can also observe that 76% of the vials in the batch nucle-
ated within 35 min. These results suggest that glycol-filled 
vials effectively absorbed the heat released by neighboring 
vials undergoing nucleation. Due to their heat capacity, the 

Fig. 8   (a) Nucleation time distribution, (b) its cumulative function, 
and (c) scatterplot of standardized local Moran's indices for a batch 
of vials separated by one another through a thermally insulating 
material (configuration E). Data refer to three replicas involving 100 
vials, each filled with 2  mL of a 5 wt% sucrose solution. The vials 
with thermocouples were omitted from the statistical analysis to avoid 
any potential interference that the sensor probes might have on the ice 
nucleation process.

Fig. 9   (top) Schematic illustrating the positioning of three thermo-
couples within the batch when vials are in direct contact with the 
freeze-dryer shelves and one another through a customized holder 
(configuration E). (bottom) Temperature profiles of thermocouples 
TC3 (□), TC4 (○), and TC6 (▲).
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glycol-filled vials did not transmit this heat to the sucrose-
filled vials that had not yet nucleated. As a result, ice nuclea-
tion times in this setup were entirely randomly distributed. 

The global Moran’s index was between 0.05 and 0.00 range, 
confirming that the nucleation process is fully stochastic and 
glycol-filled vials dampen any thermal interactions between 
nucleating vials. The global Moran’s index fell within the 
range of 0.05 to 0.00, confirming that the nucleation pro-
cess is entirely stochastic, and glycol-filled vials mitigate any 
thermal interactions between the nucleating vials.

Conclusion

This research offers valuable insights into the thermal inter-
actions in frozen pharmaceutical vials and their impact on 
nucleation times and inhibition. The findings of this study 
are of significance for the pharmaceutical industry, particu-
larly in understanding freezing processes.

This study shows that the thermal interactions among 
vials during the freezing process are not to be underesti-
mated. Vials in direct contact with neighboring vials and the 
refrigerated shelves experienced delayed nucleation, alter-
ing the expected nucleation temperature distribution. These 
delays can introduce variability in freezing behavior, affect-
ing ice crystal size and potentially compromising product 
stability. This phenomenon is attributed to inhibition caused 
by heat transfer from early nucleating vials to those that 
are yet to nucleate. The use of a stainless-steel tray did not 
result in narrower nucleation time distributions, even if it has 
reduced thermal gradients within the batch of vials, suggest-
ing that heat transfer through the vial walls was the primary 
factor in thermal interactions among adjacent vials. This 
finding was confirmed by the test using suspended vials.

Furthermore, this work has investigated the impact of dif-
ferent loading configurations, highlighting that the use of 
spacers, i.e., empty vials, cardboards, can mitigate thermal 
interactions between adjacent vials, yielding a more predict-
able and consistent nucleation time distribution. Neverthe-
less, these configurations are here intended only for scien-
tific purposes, rather than being an alternative to industrially 
adopted ones. However, it is worth noting that the use of 
nested rack systems is now adopted as an industrial practice 
for vial loading. While thermal interactions enlarge the range 
of ice nucleation times, this does not necessarily result in 
a wider distribution of nucleation temperatures. This work 
shows that if it is true that the nucleation of one vial can 
delay the nucleation of the neighboring vial, it is also true 
that the temperature at which the non-nucleated vial eventu-
ally nucleates can be similar, even if there is a delay in the 
process. Therefore, thermal interactions between nucleating 
vials, in combination with annealing or forced-nucleation 
techniques, could be beneficial for batch uniformity. Unfor-
tunately, this hypothesis cannot be directly validated because 
it would require a precise and non-invasive temperature 
mapping of individual vials in the batch. For this purpose, 

Fig. 10   (a) Nucleation time distribution, (b) its cumulative function, 
and (c) a scatterplot of standardized local Moran's indices for a batch 
of vials separated by one another through glycol-filled vials (configu-
ration F). Data refer to three replicas involving 36 vials, each filled 
with 2 mL of a 5 wt% sucrose solution. The vials with thermocou-
ples were omitted from the statistical analysis to avoid any potential 
interference that the sensor probes might have on the ice nucleation 
process.
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thermo-cameras might be used instead of thermocouples, 
but they are not sufficiently accurate in a low-temperature 
system immersed in a warmer chamber, which acts as a radi-
ant body.
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