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Abstract

Scale-up and transfer of lyophilization processes remain very challenging tasks considering the technical challenges and
the high cost of the process itself. The challenges in scale-up and transfer were discussed in the first part of this paper and
include vial breakage during freezing at commercial scale, cake resistance differences between scales, impact of differences
in refrigeration capacities, and geometry on the performance of dryers. The second part of this work discusses successful and
unsuccessful practices in scale-up and transfer based on the experience of the authors. Regulatory aspects of scale-up and
transfer of lyophilization processes were also outlined including a topic on the equivalency of dryers. Based on an analysis
of challenges and a summary of best practices, recommendations on scale-up and transfer of lyophilization processes are
given including projections on future directions in this area of the freeze drying field. Recommendations on the choice of
residual vacuum in the vials were also provided for a wide range of vial capacities.

Keywords freeze drying - lyophilization - scale-up - technology transfer

Introduction

Developing efficient and robust lyophilization processes
at commercial scale remains a nontrivial task even in the
twenty-first century. While many tools and approaches
were developed to assist in lyophilization cycle optimiza-
tion at laboratory scale [1], establishing commercial pro-
cesses at any scale is a complicated process due to numerous
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challenges that could arise with the change in scale. The
challenges during lyophilization process scale-up and trans-
fer were outlined and discussed in the first part of this paper
[2]. It was demonstrated that due to differences in refrig-
eration capacity, shelf mass, and heat transfer coefficients
between commercial and laboratory dryers, the same pro-
cess parameters in laboratory scale may not be applied to
commercial dryers. Some phenomena such as vial breakage

Bayer, Wuppertal, Germany

Lonza AG, Basel, Switzerland

Pfizer Inc., Temse, Belgium

" IMA Life, Tonawanda, New York, USA

12 Merck & Co., Inc., Rahway, New Jersey, USA

13 OPTIMA Pharma, Gladenbach, Hesse, Germany
14 Fresenius Kabi, Grand Island, New York, USA
15 AbbVie Inc., North Chicago, Illinois, USA

Teva Pharmaceuticals, West Chester, Pennsylvania, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-023-02553-4&domain=pdf
http://orcid.org/0000-0003-0063-8509

96 Page2of23

AAPS PharmSciTech (2023) 24:96

or vial fogging, not seen in laboratory experiments, could
suddenly appear at the commercial scale. The purpose of
the second part of this paper is to share past (good and bad)
practices and provide some guidance for the industry based
on the experience of contributors. It was shown that trans-
ferring the same process set points from dryer to dryer (“as
is”’) may not be a great idea especially for collapse sensitive
products. Modeling of the lyophilization process was shown
to be a good practice given multiple examples of successful
scale-up and transfer. The importance of regulatory consid-
erations during scale-up and transfer was discussed along
with the guidance on demonstration of equivalency between
dryers. The long-time discussion in the freeze drying com-
munity on the proper choice of residual vacuum in the vials
after stoppering (or as it is often called “head space pres-
sure”’) was addressed with the data calculated for different
sizes of vials and fill volumes. The principles of process
scale-up/transfer were summarized followed by detailed rec-
ommendations based on co-authors’ experience.

Past Practices

Unsuccessful/Non-rational/Trial-and-Error-Based
Approaches (Cycle “Transfer As Is”)

In the early days of lyophilization process development (per
author’s experience up to end of the 1980s), for both labora-
tory and commercial scales, trial and error-based approaches
were common. Reliable PAT tools (i.e., comparative pres-
sure measurement, pressure rise test) were not available.
With advances in process understanding and development
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Fig. 1 Left panel represents the case with pressure control loss
(seen as a hump in the pressure readings) when the cycle was
transferred from one commercial dryer to another. Right panel
represents another case where differences in product tempera-
ture profiles during cycle transfer from the laboratory (magenta
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of the Smart™ Freeze Drying software [3] and implementa-
tion of reliable fast responding capacitance manometers and
isolation valves, the design of optimized lyophilization cycle
became routine. However, those tools were not available for
the large-scale dryers due to technical limitations. Process
transfer and scale-up may still resemble a black box without
the use of in-process data and thorough characterization of
the lyophilizers using minimum controllable pressure and
understanding the heat transfer coefficient (K,) for the spe-
cific vials.

Figure 1 shows a couple of examples of inefficient trans-
fer and scale-up. When a relatively aggressive cycle was
transferred from one commercial dryer to another, pressure
control was lost at the peak of sublimation (Fig. 1, left panel)
when the same cycle parameters were used. Later analysis
showed that the second dryer has a smaller and longer duct
between chamber and condenser than the first dryer, a factor
that was not taken into account during the transfer process.
Another example is shown in Fig. 1 (right panel), where
the cycle was transferred from a laboratory to a commercial
dryer using the same process parameter set points (so-called
transfer as is) using the same container closure. In this case,
primary drying on the pilot dryer was not complete prior
to the ramp to the secondary drying resulting in product
collapse due to lower vial/shelf heat transfer coefficient on
this dryer.

Another example of failure using an “as is” approach is
shown in Fig. 2.

The cycle shown in Fig. 2 was scaled up using an “as
is” approach; that is, the same shelf temperature/chamber
pressure/time profile was used at both laboratory and manu-
facturing scale. The appearance of the product from both
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dashed line) to the pilot dryer (green dotted line). The inset pic-
ture of vials with collapsed product is shown. Both cases are
examples of cycle transfer, referred to “as is,” where the same
process parameters were used without accounting for the differ-
ences between dryers
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Fig.2 Lyophilization cycle traces of proprietary small molecule
drug (left top panel—laboratory cycle, right top panel—large-scale
cycle). Bottom left panel represents X-ray powder diftraction pat-

laboratory and manufacturing scale batches was the same—a
white to off-white powder with uniform color and texture,
with no sign of cake shrinkage or collapse—both were con-
sidered pharmaceutically acceptable. The difference between
the two scales became apparent when reconstitution time
was measured—the reconstitution time of the product from
full-scale manufacture was about three times the reconstitu-
tion time of the laboratory-scale batches. Further analysis by
X-ray powder diffraction revealed a striking difference, as
shown in Fig. 2. The laboratory batch (left panel) is amor-
phous, whereas the scaled-up batch (right panel) shows well-
defined crystallinity.

This is an unusual case for at least two reasons. First,
the crystalline form of an API is usually preferred because
the crystalline state is usually more chemically stable than
the same drug in the amorphous state. There appears to be
no chemical stability issue with this drug as an amorphous
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tern of lyophilized material after laboratory-scale experiment while
right bottom panel shows XRPD traces of the same material after
the commercial cycle

solid. However, the crystalline form dissolves more slowly
than the amorphous form. In this case, the amorphous form
is preferred. Second, freeze dry microscopic analysis (data
not shown) revealed that the drug crystallizes rapidly from
collapsed, or partially collapsed, freeze-dried solid, but not
from a freeze-dried solid that has retained the microstructure
established by freezing.

It appears that primary drying was not complete in the
commercial-scale (Fig. 2—right top panel) cycle when the
secondary drying process conditions were initiated. This
likely triggered the onset of collapse, with relatively rapid
crystallization of the API which resulted in the undesired
product attribute of an extended reconstitution time.

Another case where the “as is” approach failed was scal-
ing up from partial load to full load during manufacturing.
The cycle transferred well from the development laboratory
to partial dryer but flaking or slicing off the top layer of the
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Fig. 3 Flaking of solid during
commercial batch

solid was observed when the product was scaled up to a full
dryer using all shelves (Fig. 3). Insufficient primary drying
time was found to be the root cause of this failure.

Authors also witnessed cases when random, not science-
based choice of process parameters was used during scale-up
and transfer. The cost of failure can be weeks or even months
of commercial manufacturing time. One of the authors
reports the case when at least 20 cycles at the commercial
scale were performed to ensure a robust commercial process.

Change of Container Closure Without Adjusting
Cycle Parameters (“As Is”)

Another example involves a change in vial for a lyophilized
product. The registered vial was discontinued by the vendor
and replaced with a similar 50-mL vial from same vendor
located at another site. A commercial-scale product run
was performed using the “as is” cycle with same lyo cycle

Fig.4 Appearance of meltback in the lyophilized product using as is
lyo recipe with new vials (left panel, a. Cycle traces (right panel, b)
demonstrate longer primary drying with new vials. This was due to
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Table | Vial Heat Transfer Coefficient of Discontinued (Old) and
Proposed (New) Vial at 150 mT

Glass vial Center vial K, (cal/ Edge vial
K#*s*cm?) K, (cal/

K*s*cm?)

Old discontinued 3.17E-04 4.01E-04

New proposed 2.48E-04 3.30E-04

parameters with the new vial. Primary drying was not com-
plete before the cycle was stopped as shown by meltback
in some vials upon inspection (Fig. 4a). Further investiga-
tion indicated that primary drying was longer based on the
product temperature data (Fig. 4b). This was because the
new vial had a lower K, (Table I) meaning that hold times
needed to be longer if using the same cycle parameters (shelf
temperature and chamber pressure) or the critical process
parameters needed to be adjusted to keep the same cycle
time with no product meltback.

In another example of the impact of changing vials of the
same size and vendor, but a different manufacturing location,
no fogging was observed during the lab-scale development
and PQ (process qualification) batches with the old vial,
while fogging was observed with the new vial (Fig. 5). A
specification of no fogging for the drug product meant that
the batches had to be rejected.

Successful Practices

Conservative approaches to lyophilization are common in
the pharmaceutical industry due to the significant cost of
manufacture and expensive products that need to be lyo-
philized (especially biologics). Typically, the same pro-
cess set points are used in process scale-up; however, all
steps (freezing hold, primary and secondary drying steps)

b so
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Fig.5 Fogging observed in new
vials

were longer than in laboratory dryers due to increase in
thermal load at full scale. As it is commonly assumed, the
reduction of particulates during manufacturing (typical for
GMP) leads to a higher degree of supercooling as com-
pared to a laboratory-scale unit, resulting in an increase
in cake resistance causing an increase in product tem-
perature during primary drying. In one example, almost
3 deg higher product temperature was measured at GMP
clinical scale. The temperature of supercooling (Tsc) was
measured to be — 19.9°C at clinical scale (Tempris wire-
less sensors were used—data not shown), whereas the Tsc
was found to be — 16.4°C at laboratory scale (T-type ther-
mocouples were used) for the same formulation, fill vol-
ume, protein concentration, and same vial using the same
cycle set points. The presence of the temperature sensors
could itself be a center of nucleation and, therefore, the
true difference in degree of supercooling between labora-
tory and GMP products may be greater. A higher product
temperature (Tp) during primary drying and an increase in
primary drying time was confirmed for the clinical scale
batch, as shown in Fig. 6.

The product contained sucrose and the higher degree
of supercooling likely resulted in an increase in product
resistance during primary drying. Fortunately, the set
points for the cycles were conservative and likely miti-
gated any risk to cake appearance (some shrinkage was
observed as expected for sucrose cakes).

The criterion in this case was the comparability of labo-
ratory and commercial materials regarding product critical
attributes (moisture, high molecular weight, reconstitu-
tion time, etc.) which was achieved in this particular case
and could be achieved in most cases when formulation is
robust, and the cycle is conservative.

While this particular case shows an example of suc-
cessful transfer “as is,” the opposite examples shown in
Figs. 1, 2, 3, 4 and 5 demonstrated that failure is more
likely. For example, more shrinking or possibly collapse
could be expected when using more aggressive cycles dur-
ing scale-up and transfer.
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Fig.6 Comparison of product temperature during primary drying for
a lyophilized placebo product manufactured at laboratory scale and at
clinical scale at same cycle set points with product temperature meas-
ured in the similar vial position (center of shelf)

Current Approaches

Leveraging Historical Experience (Empirical
and Risk-Based)

Leveraging historical experience with lyophilization of simi-
lar products in the same dryer is somewhat of a continuation
of the past successful practices. If product characteristics and
container closures are similar and the freeze dryer load is
the same or smaller, the same cycle can be used. The manu-
facturing of clinical batches of two different drug products
containing the same platform formulation is an example that
used this approach. The thought process of “change as little
as possible” therefore provides an easier path to scale up (in
the short term) but it has limitations. The authors recommend
leveraging the data to perform risk assessment and provide
recommendations for the process transfer of the same product
under identical conditions, keeping in mind that an engineer-
ing batch may still be required for confirmation.

Implementation of PAT Tools at Full Scale:
Improving Product Appearance Through the Use

of a Pirani Gauge as Best Practice for Determination
of the End of Primary Drying

In one of many successful examples, a formulation contain-
ing sucrose, tris, and an active ingredient filled with 1 mL
into 3-mL vials was transferred to a third-party manufacturer.
There were two challenges resulting from this. The first was
that the choice of formulation components resulted in a criti-
cal product temperature of —38°C (measured by freeze drying
microscopy). The low critical product temperature is difficult to

@ Springer
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Fig. 7 In-process data for the primary drying cycle from a laboratory-
scale lyophilizer (Pirani lab) compared with a full-scale lyophilizer
(Pirani full scale) showing that both dryers required approximately
60 h for completion of primary drying

maintain at full scale and leads to a long primary drying cycle
to prevent collapse. The next challenge was that the product
was transferred to a lyophilizer that was not equipped with a
Pirani gauge for comparison with a capacitance manometer.
The lack of a Pirani gauge meant that the primary drying cycle
had to be based on time rather than relying on in-process data
to determine the end point of primary drying. The total cycle
time provided by the client for full-scale lyophilization was 70 h
with 46 h designated for primary drying conducted using a shelf
temperature of —37°C with chamber pressure of 40 mTorr.

Most of the product removed at the end of the cycle exhibited
poor appearance with severe shrinking. Laboratory-scale data
demonstrated that the Pirani gauge pressure starts to decrease
after approximately 50 h of primary drying time with primary
drying complete after 60 h. A Pirani gauge was installed on
the full-scale lyophilizer, and the process was advanced after
evidence of the Pirani gauge pressure becoming similar to the
pressure of the capacitance manometer. The data were com-
pared with the laboratory-scale data and the times required for
completion of primary drying were similar (Fig. 7).

The case study demonstrates the best practice of using the
differences in pressure between the capacitance manometer
and Pirani gauge to identify the end point of primary drying.

Utilization of Modeling for the Primary Drying Step

Even relatively simple steady-state models of lyophilization
processes [4] could significantly reduce risk during process
scale-up and transfer.

Models for primary drying can closely predict how the
product temperature will track during primary drying. The
models are created using parameters such as the K, for the
vial and the Pmin for the dryer that are experimentally
determined at laboratory scale. The data are entered into
the model for commercial scale to confidently predict param-
eters that will ensure the product temperature is well below
the point of failure. This avoids the need for several costly
and time-consuming engineering runs at commercial scale.

Figure 8 demonstrates how the prediction works and
shows data generated at laboratory scale (for a specific vial
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Fig.9 Utilization of modeling for process transfer from one site to
another of sucrose-based drug product containing a low amount of
active ingredient (< 1%). Process parameters were adjusted account-
ing for the differences in the dryers (left panel). The right panel repre-

type, with known K,) with a dryer with experimentally deter-
mined Pmin, demonstrating verification of the model with
an overlay of predicted versus actual product temperature.

Figure 9 shows an example of cycle scale-up of sucrose-
based formulations (left panel—low collapse temperature/
low solid content, right panel—medium collapse tempera-
ture/high solid content) when process transfer was performed
with the assistance of a primary drying model followed by a
successful single engineering run. The engineering run is a
trial or test run of the lyophilization process carried out for
process optimization and to ensure the final product meets the
desired specifications. It is typically performed on the clini-
cal or commercial freeze dryer, intended to manufacture this
particular product, and may include testing of various process
parameters (in particular product temperature) to refine and
optimize the lyophilization process prior to PV campaign.
The freeze dryer was characterized prior to the engineering
run by determination of the minimum controllable pressure
and the K, for the vial. Prior to engineering run, modeling
of product temperature profiles was performed account-
ing for differences in cake resistance and vial heat transfer
coefficient. In both cases (shown in left and right panels in
Fig. 9), the difference in calculated product temperature and
actual product temperature did not exceed 2°C for both edge
and center locations. Based on successful engineering runs
for both products, shown in Fig. 9, no adjustments of cycle
parameters were made for following PV campaigns which
produced both products with acceptable quality.

An earlier example of utilization of primary drying mod-
eling for scale-up was presented by Kramer et al. [5]. In that
study, a semi-empirical computational 2-dimensional heat and
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sents scale-up drug product with medium Tc (about —26°C) and high
solid content (14%). In both cases, vial heat transfer coefficients and
minimum controllable pressure were experimentally determined for
the dryers

mass transfer model originally developed by Mascarenhas et
al. [6] and commercialized as a Passage software was used to
calculate the product temperature and duration of the primary
drying for laboratory and pilot freeze dryers. Primary drying
conditions were established at laboratory scale using Smart FD,
and then the computer model was used to select shelf tempera-
ture for the pilot freeze dryer, in order to match the product
temperature profiles on the laboratory and pilot scales. The cal-
culated pilot shelf temperature was 10°C higher than that for the
laboratory scale (26.2°C vs. 16°C, respectively, calculated for
the edge vials in both scales) due to at least 12% (2.85 X 1074
pilot/3.24 x 10~ laboratory) lower vial heat transfer coefficient.
The recommended primary drying conditions for the pilot
scale were confirmed experimentally, with a good agreement
observed between the modeling results and the experimentally
determined product temperature and primary drying time val-
ues. The same Passage model was utilized to establish design
space for a different product on a commercial scale [7].

Modeling proved to be a very useful approach that can be
used to evaluate the possible impact of process parameters on
the product quality (by calculating product temperature pro-
files) during the commercial process and, especially, during
process deviations. It requires, however, extensive experimen-
tation to generate input parameters into the model. At mini-
mum, it should include determination of the following:

a) Minimum controllable pressure (MCP)/choked flow
conditions. This will allow assessment if pressure con-
trol could be lost (example is shown in Fig. 1, left panel)
when the cycle is transferred to the commercial dryer. One
could make a decision on either reduction of batch size
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(less probable) or modification of ramps, pressure/shelf
temperature set points to ensure stable pressure control.

b) Maximum sublimation rate (MSR) (max sublimation
rate). This will allow assessment if the dryer could be
overloaded (condenser temperature exceeding —40°C,
for example for the oil-sealed old vacuum pumps) or if
the refrigeration system could fail when an aggressive
cycle is used at commercial scale.

c) Shelf surface temperature distribution as a function of load.
This will allow estimation of the time needed for equili-
bration at the freezing set point to ensure homogeneity of
the product temperatures. In this case, flat self-adhesion
thermocouples could be attached to the bottom of shelves
at different locations. Thermocouples could also be placed
in the vials, located on the edge and center of the shelves.
To minimize complexity of thermocouple placement, in
case of automated loading, wireless sensors could be used.

d) Vial (container) heat transfer coefficient (K, or K, ) as a
function of pressure and position (edge effect). Ongoing
efforts on best practice recommendations for equipment
qualification are summarized in [8].

Execution of items (a-c) could take up to a week while inclu-
sion of heat transfer coefficient measurements could increase
the duration of characterization study up to 2 weeks. Even
though the characterization of dryers and container closures
takes some time, the input parameters to the model do not sig-
nificantly change with time, assisting with multiple transfers.

There are examples in the literature where minimum con-
trollable pressure could be calculated using computational
fluid dynamic modeling [9, 10]. This provides an option of
using CFD modeling and extensive OQ data to minimize
down time of commercial freeze dryers needed for lyophili-
zation characterization.

Addressing Challenges During Scale-up
and Transfer

Stochastic Nature of the Nucleation Process

Ice nucleation is a random process that is heterogeneous
under the conditions used for lyophilization. Nuclei often
form as a result of a seed present in the solution. The seed
can be a dust particle and/or imperfections in the container
holding the solution [11-13]. The homogeneous ice nuclea-
tion temperature for water is approximately 235 K [14],
whereas the ice nucleation temperature for everyday sys-
tems is always higher because of the presence of possible
nucleation seeds. Solutes included in freeze-dried solutions
will decrease the equilibrium melting point and may affect
the ice nucleation temperature, for both homogeneous and
heterogeneous nucleation mechanisms.

@ Springer

The relationship between equilibrium ice melting point
(water liquidus) and heterogeneous nucleation temperature,
T, is described by [15] as

AT, = KAT,, (M)

where AT;,,is the depression of the temperature of heterogene-
ous nucleation of hexagonal ice by a solute, AT, is the freezing
point depression, and k is an empirical constant. k values were
reported between 1.5 and 4.4 [16] and 1.3 to 2.6 [17] depending
on solution composition and ice nucleation agents added. Cor-
relation between the equilibrium melting point and homogene-
ous ice nucleation temperature can be described by a similar
equation [18]; although with lower k values between 1 and 2.

Note also that studies of such probabilistic processes as
nucleation would require large statistics, with tens and hun-
dreds of replicates [19], as well as a control of the type and
concentration of centers of heterogeneous nucleation.

There is no definite agreement on relationships between
cooling rate and ice nucleation temperature. While it has been
suggested that slow cooling causes larger supercooling [20],
and also reported that cooling rate (range 0.6—40 K/min) did
have some impact on the homogeneous ice nucleation temper-
ature in solutions of LiCl with concentration above 6.8 mol%
[21], there are also report to the contrary. Indeed, no impact of
the cooling rate on the homogeneous ice nucleation tempera-
ture was observed for LiCl solutions at 5 mol% [21]. Further-
more, it was reported that an increase in the cooling rate from
0.1 to 1000 K/min resulted in only 2°C difference in the hetero-
geneous ice nucleation temperature and 4°C in homogeneous
ice nucleation [22]. No trend in the ice nucleation tempera-
ture was observed with cooling rates of 0.5-3.2°C/min [23],
0.07-7°C/min [24], and 0.05—-1°C/min [25]. Also, nucleation
rate coefficients of ice on kaolinite did not demonstrate any sig-
nificant difference for cooling rate 0.8—10 K/min [26]. There
are anecdotal reports of studies in which impact of cooling rate
on ice nucleation temperature was indeed observed; unfortu-
nately, results of these studies have not yet been published.

Since there is no solid evidence that cooling rate can be
used to govern ice nucleation temperature, annealing [27]
or controlled nucleation technologies [28-30] may be uti-
lized to reduce a negative impact of heterogeneity of product
properties (specific surface area, etc.) created by stochastic
nature of nucleation process.

Cake Resistance Differences Between Products
Made in Laboratory Versus Products Made in Clean
Class A Commercial Manufacturing Conditions

Differences in the particulate matter levels of the environ-
ment could impact a lyophilization cycle during the freez-
ing step when ice crystals are formed. For example, the
grade A and grade B environments contain substantially
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fewer particles than an unclassified laboratory environ-
ment. A reduction of particles that could serve as seeds
for ice nucleation results in higher degrees of supercool-
ing in the manufacturing area than in the laboratory. High
degrees of supercooling leave less time for growth of
ice crystals. Sublimation of smaller ice crystals creates
smaller pores in the drying solid, increasing the resistance
to mass transfer of water vapor during primary drying.
An increase in resistance to the mass transfer of water
vapor can increase drying time, but can also increase
product temperature. Failure of the drying process can
occur if the increase in product temperature approaches
or exceeds the critical product temperature. Ideally, one
would prefer to use similar conditions in both laboratory
and commercial scales but maintaining grade A conditions
in the laboratory is impractical and expensive. One way
to mitigate the differences in ice crystal size in manufac-
turing is by annealing, post-freezing [27]. The product
is held at a temperature above Tg' during annealing to
provide additional time for crystals to grow in size (Ost-
wald’s ripening). This approach is relatively simple and
requires no modification to the equipment. The second
approach is to perform controlled ice nucleation by either
the rapid depressurization method [28] or ice fog method
[30] both during development in a laboratory scale and
during scale-up in production. Introduction of a controlled
ice nucleation step, however, requires special fitting to
the equipment which may not be financially viable and
may require equipment requalification and resubmission
of regulatory documents. Alternatively, vacuum-induced
nucleation method [29] could potentially be implemented
at commercial scale but it might require software adapta-
tion as well as a demonstration at a large scale.

A small caveat to keep in mind with the inclusion of an
annealing step, is, although primary drying time is opti-
mized, the smaller specific surface area left behind after
sublimation, results in a requirement for a longer secondary
drying step which was observed by some of co-authors [1].

An alternative option to mitigate the effect of increase
in product temperature during primary drying as a result
of the GMP factor is to either decrease the shelf tempera-
ture or chamber pressure set point during the primary dry-
ing step to avoid the product exceeding its critical product
temperature. Indeed, a higher degree of supercooling in
GMP environment results in smaller ice crystals in the
frozen product, which leads to smaller pores and increased
product resistance to water vapor mass transfer during the
primary drying process. Consequently, given the same
process conditions, shelf temperature, and chamber pres-
sure, the resultant product temperature will be higher,
which may result in product failure. Either of these or
both can be decreased in order to maintain the product
temperature below the critical value.

Vial Breakage

Glass vials for parenteral packaging differ by composition,
manufacturing method, and the degree of thermal expansion.
Three types are available that include type I borosilicate
glass, type II soda lime glass treated with ammonium sul-
fate to remove metal ions, and type III untreated soda lime
glass. These are divided into molded and tubing glass vials.
Molded glass vials are manufactured by placing molten glass
into a mold, using air to expand the glass into the mold, and
annealing the glass to prevent shattering. Tubing glass vials
are manufactured from tubing cane that is heated at the ends
to form the neck and heel of the vial. Type I glass is also
available with 2 different levels for the coefficient of thermal
expansion. The vials are identified as 33 coefficient of glass
expansion (32.5x 1077/°C) and 51 coefficient of glass expan-
sion (51.0x 1077/°C). Glass vials with lower numbers of
thermal expansion coefficient are more dimensionally stable
against thermal expansion stress that can result in cracking.
Therefore, 33 expansion glass is a preferable vial material
for lyophilized products [31, 32].

Most glass vials must be rinsed, depyrogenated, cooled
on a rotating table, conveyed along the filling line, and then
often transferred as a pack or shelf load to the lyophilizer.
The steps offer many opportunities for vials to contact each
other which may result in frictive damage. Frictive damage
can result in breakage of glass on the line or weaken glass
making it susceptible to breaking during lyophilization [33,
34].

Two factors that contribute to glass breakage during
freezing and drying can be addressed during formulation
development. The first is to suppress crystallization of
crystallizable excipient, by having a sufficient amount of
amorphous solutes; the ratio of crystalline to amorphous
component to avoid the crystallization depends on both
particular system and experimental approach [35] and
varies between 0.06 and 2. This formulation approach
will not work for crystalline bulking agent, because its
crystallization is required. The second is ensuring that the
fill volume is no more than 1/3 of the overfill volume for
the vial (as an example, 10R vial can hold 15 mL when
filled up to the very top. Therefore, 1/3 of the overfill is
5 mL). High concentrations of crystallizing component
along with high fill volumes increase the risk for vial
breakage [36-39].

During lyophilization, the design of the freezing and
drying cycle is important to prevent glass breakage. Sci-
entific literature suggests that fast cooling rates and cool-
ing to low temperatures, such as —70°C, increase the risk
for glass breakage [37, 38]. During freezing, the sample
volume initially increases as the result of water to ice
transformation and then vial contents solidify into a fro-
zen plug which contracts on further cooling. Due to the
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difference in the thermal expansion coefficient of the ice
and the glass itself, any further contraction results in the
separation of the solid plug from the walls of the vial.
This separation is referred to as the break-loose event that
can impact the integrity of the vial. The fully solidified
frozen plug likely expands on warming during the shelf
temperature increase during early primary drying. Addi-
tional expansion can occur during solute + water crystal-
lization during such warming.

During stoppering, stoppers are sealed on vials at the
end of the lyophilization process by compressing the
shelves using a stoppering ram. The ram pressure and
duration can be adjusted to prevent crushing glass or hav-
ing stoppers stick to the shelf above. Stoppered vials are
unloaded and the load proceeds to the capper. Caps are
crimped onto the necks of vials using a capping machine.
Care must be taken when setting up the pressure used to
seal the crimps. Excessive pressure can produce cracks in
the necks of the vials (Fig. 10).

Different scenarios of vial breakage are summarized
in Table II.

Addressing Differences in Dryer Design Between
Laboratory and Commercial Dryers Regarding Mass
Flow Resistance

Differences exist in the design of laboratory-scale and
commercial-scale freeze dryers. The differences have the
potential to affect the flow of water vapor from the product
chamber to the condenser. If possible, modeling experiments
should be completed to better understand the flow of water
vapor. It can be done either through computational fluid
dynamic (CFD) modeling [9, 10] or by performing subli-
mation tests at scale [40]. Modeling of the primary drying
process [4, 10], using inputs from sublimation tests using
CFD, could provide insights into the flow of water vapor
during a lyophilization cycle at commercial scale. For exam-
ple, if a commercial dryer is not capable of maintaining pres-
sure set points, commercial cycle inputs may be adjusted in

Fig. 10 Examples of vial dam-
age resulting from excessive
crimping pressure
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order to keep the product below collapse temperature. The
commercial cycle inputs include chamber pressure and shelf
temperature which are manipulated to control the product
temperature.

Designing a new commercial dryer capable of with-
standing aggressive cycles is an attractive option for drying
products with high failure points during primary drying. For
example, if a dryer can maintain a pressure of 200 mT at a
normalized sublimation rate of 1.5 kg/sq.m/hr or higher, it
could be used for the most aggressive cycles (for example,
40°C shelf temperature during primary drying or higher).
Use of CFD modeling at the initial step of dryer conceptual
design could be beneficial. Slight modifications of the duct
or a mushroom valve, made after CFD analysis of dryer per-
formance, can increase throughput by almost 15%.

Accounting for Edge Effects in Commercial Dryers

Conventional freeze dryers utilize shelves on which vials or
other types of containers are placed. Each shelf is cooled
with thermal fluid which is used to control the temperature of
the solution in the containers on the shelves. However, vials
located on the outer rows of the shelves are exposed to the
transfer of heat from the walls and door of the freeze dryer.
This is referred to as the edge effect and can result in tem-
perature differences between containers located on the edge
of the shelf and those containers located in the center [41].
The product in containers located on the edges of a shelf
is often warmer than the product in containers located on
the center of the shelf. Therefore, development of the lyo-
philization cycle should consider the temperature at which
the product located on the edges of a shelf may experience.
The degree of temperature difference between the edge and
center is often a function of shelf temperature. Another fac-
tor that exacerbates the product temperature differences is
the differences in K|, of the same vial across the shelf. This
K, difference is larger when operating at lower shelf tem-
peratures and smaller when using high shelf temperatures
[42]. The authors reported a reduction in the edge effect and
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Table Il Summary of Factors Impacting Vial Breakage and Corrective Actions

Corrective action/risk mitigation

Potential challenges/causes

Scenario

Damage due to friction as vials contact each other on the manufacturing lines Externally coated vials can help protect vials from damage during handling

Vial handling and manufactur-

and commercial-scale operations

ing operations in commercial

production

Reduce the fill volume to avoid breakage. Interior coating of the vial or sili-

Higher fill volume leads to higher breakage rates

Fill volume

conization (with careful assessment) can dramatically reduce vial breakage

Crystallization of excipients (e.g., Mannitol + water, NaCl + water) and forces Balance ratio of crystalline vs. amorphous excipients in formulation. Use an

Formulation composition

annealing step if crystalline excipient is desired

exerted due to volume expansion

Robust lyophilization cycle development and control strategy. Use of strain

Cooling rate and its subsequent impact on solid state transition could result

Inadequate development of

gauges and thermal mechanical analysis can help study the strain profile and
provide a knowledge of the thermal events. Making changes to the lyophili-
zation cycle to reduce the strain can help reduce or eliminate vial breakage

in vial breakage of frozen crystalline solutions. Break-free event during

lyophilization process for a
particular formulation

freezing and thermal expansion during drying can affect the integrity of the

vial during the process

Perform detailed glass fracture analysis, glass thickness, and surface analysis

Tubing glass vials are at greater risk for breakage than molded glass vials

Pre-treatment of glass vials

Adjust the time-pressure profile to reduce vial breakage

Stoppering and capping/crimping Extreme hydraulic pressures during stoppering or uneven loading patterns

can cause imbalance of forces resulting in vial breakage

a homogenized drying across the shelf at high shelf tempera-
tures which led to a significant decrease in K, for edge vials
from 18.7 to 13 W/m2/K. The decrease in K, for the center
vials was much less significant, only changing from 9.8 to
7.9 W/m2/K. Overall, the reported outputs from the experi-
ments suggest that an aggressive cycle design comprising a
shelf temperature and/or chamber pressure provides a more
uniform drying of a batch. However, one limitation of oper-
ating an aggressive cycle is that the product temperature
should still be maintained below the critical temperature of
the formulation.

In theory, the edge effect could be almost eliminated if
walls and doors of commercial dryers could be maintained
at or near the product temperature, but the authors are not
aware of such technology being used in manufacturing. It
is, therefore, a common practice (at least within group of
co-authors of this paper) to design a conservative cycle that
balances both the edge/corner vials not exceeding the prod-
uct temperature and at the same time allowing for complete
drying of center vials. Manufacturers typically resort to this
approach unless they are willing to sacrifice the edge vials.

A small-scale micro-freeze dryer [43] is available for
laboratory studies and offers the ability to control the wall
temperature to mitigate the edge effect. A small number of
vials in the micro-freeze dryer can be precisely controlled
by a LyoSIM® (temperature-controlled aluminum blocks),
to mimic vial-to-vial contacts of manufacturing scale units
and match the K, of center and edge vials. This technology
controls the temperature of product in vials so that all vials
on the shelf exhibit product temperatures as if they were
located on the center of a shelf. Again, this technology is
not implemented in manufacturing dryers.

One option for the complete elimination of the edge effect
is to introduce a continuous lyophilization process where
every single vial is dried at controlled conditions. A spin
freeze drying process [44] or continuous freeze drying pro-
cess with suspended vials [45] provides a path for elimina-
tion of the edge effect, significantly reducing freeze drying
process time. These technologies, however, are not yet avail-
able at full scale.

Estimation of Edge Effect in Commercial Dryers

In the past, the edge effect in commercial freeze dryers was
either measured (paper 1) or estimated from experience.
This requires process intervention due to use of temperature
sensors. A publication by M. Pikal [46] estimated the edge
effect in the commercial dryers using previously measured
emissivity of shelves and walls of and temperatures of heat-
ing surfaces. The heat transfer coefficient of center vials in
a commercial dryer can be estimated from Eq. 2 while the
edge effect could be estimated from Eq. 3.
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Center vials
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where e, is the emissivity of shelves in commercial dryer
(typically ~0.3), and ¢; ,;, is the emissivity of shelves in labo-
ratory dryer (typically ~0.65).

For the edge vials

AK,; = K (edge) — K (Center) 3)

Measurement of emissivity is a relatively easy task and
can be done during a site acceptance test (SAT) or during
1Q/0Q since SAT is only to confirm intended functionality
and test against acceptance criteria post installation. The
wall temperature can also be measured during engineering
run to estimate the edge effect. This information can be used
as an input in the models to design cycle in such way that
product temperature in the edge vials will never exceed the
critical temperature. Thus, one should consider measuring
wall temperature during the regular commercial process
given that modern commercial dryers could be equipped
with such measurement systems.

Responding to Non-uniformity of Shelf Temperature

Non-uniformity of shelf temperature is a common problem
leading to variable temperature distribution over the entirety
of the shelves. Temperature differences across and between
shelves lead to differences in product temperature between

Transient Thermal
Temperature 79
Type: Temperature

the vials. The differences in product temperature create vari-
ability across the batch where some product in vials will dry
faster than others. It is difficult to eliminate the shelf tem-
perature non-uniformity. However, measures can be taken
to study the individual effects and minimize the degree to
which they affect the shelf temperature uniformity.

The shelf uniformity is affected by several design fac-
tors such as fluid circulation path, number of the diversions
along the flow path (due to its serpentine or spiral nature),
dimension of the length of the shelf compared to its breadth,
and type of heat transfer fluid. These factors lead to different
flow characteristics (laminar flow along the length of the
flow path and turbulent flow at the diversions) and the cor-
responding heat transfer characteristics (higher heat transfer
coefficient at the diversions).

One of the factors that can help in achieving shelf tempera-
ture uniformity is the edge design. The edge design is not only
important for the rigidity of shelves but it also has a significant
impact on the rate of achieving homogeneous temperature over
the shelf. One of the contributors to the paper has investigated
(see Fig. 11, FEM simulation) the effect of the edge design
und optimized the standard shelf with respect to its geometry
and flow area without influencing the required shelf stability.

The simulation shows that the optimized edge design has
significantly improved the temperature homogeneity within
a specific timeframe.

It is to be noted that this freeze dryer manufacturer uses
shelves with fixed Support Rails for holding the vials in the
desired position. As per other freeze dryer manufacturer
analyses, the avg. ATpdt difference recorded for the side

Transient Thermal
Temperature 79
Type: Temperature

Unit: °C Unit: °C
Time: 5400 Time: 5400
Max: -35.552 Max: -42.27
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Fig. 11 Standard shelf design (left panel), optimized shelf design w.r.t. the edge material (right panel)
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edge vials in contact with rails vs. no rails was 0.5°C. Thus,
employing support rails might help minimizing the radiation
effect from the sidewalls of the chamber.

According to one of the freeze dryer manufacturers, the
chamber doors may have greater thickness compared to the
walls to provide them with the required strength. The parts
of the door region, in this case, are not insulated, whereas
the sidewalls are thoroughly insulated. Therefore, it can
be deduced that the temperatures in the chamber sides and
door are likely to be non-uniform. As per this manufacturer’s
analysis, the avg. ATpdt between the edge vials exposed to
the door vs. backside (exposed to duct) was 1.5°C.

Another manufacturer uses same wall thickness and rein-
forcement for the door and chamber wall with appropriate
insulation. However, according to this manufacturer, there
may be a discontinuity in radiated energy at the height of the
nozzle for the slot door.

In any cases, the temperature sensors can be attached to
the door/wall that serves to measure the warmest tempera-
ture in the chamber. This will help in identifying the largest
edge effect during entire freeze drying process.

Accounting for Differences in Refrigeration Capacity
and Dryer’s Performance

The refrigeration system is one of the most essential ele-
ments of a lyophilizer. It is crucial in maintaining chamber
pressure and shelf temperature control during the process
and is responsible in maintaining low temperatures on the
condenser coils to drive water vapor from the chamber to
the condenser [47]. Refrigeration systems on a freeze dryer
may have different components (e.g., compressors vs. liquid
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nitrogen heat exchangers), refrigerants (e.g., R-410A, R-507,
Liquid Nitrogen), or condenser cooling mechanisms (e.g.,
direct expansion vs. heat transfer liquid cooled). Various fac-
tors determine what type of a refrigeration system is used on
a freeze dryer. These include facility constraints such as the
usable site space or the availability of utilities such as liquid
nitrogen (LN2). During scale-up or tech transfer of a freeze
drying process, it is highly recommended to understand what
type of refrigeration system is present on each lyophilizer.

While compressor-based refrigeration systems have been
used in freeze dryers for a long time, LN2-based systems have
advanced in the last two decades. In addition, the presence of
lesser moving parts in an LN2-based refrigeration system as
opposed to a compressor-based refrigeration system will result
in less downtime due to maintenance and repairs which may
be a critical factor to consider during scale-up. Hence, given
the choice between two lyophilizers, it may be preferable to
transfer a lyophilization process to an LN2-based refrigeration
system lyophilizer when all other factors are the same.

The condenser coil temperatures during the freeze drying
process will influence process control. It is recommended to
have predetermined condenser temperature set points during the
process. In addition, having moderately higher condenser tem-
perature set points such as—60°C will be advantageous for ice
distribution on condenser coils as compared to extremely low set
points such as—110°C [8, 47]. The type of refrigeration system
will also influence the freezing process and affect the cooling
rate of the shelves. It can be seen from Fig. 12 (left panel), for
experiments performed on empty lyophilizer shelves that a lig-
uid nitrogen-based refrigeration system will have a linear shelf
cooling rate and will achieve typical ultimate freezing set points
of —40°C or lower faster than a compressor-based system.
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Fig. 12 Comparison of cooling rates between refrigeration and liquid nitrogen systems for the empty dryer (left panel). Comparison between
equipment capability limits obtained for freeze dryers with different refrigeration systems (right panel)
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The refrigeration system also impacts the freeze dryer
equipment capability limit, a crucial component required for
constructing design spaces. A comparison between equip-
ment capability limits obtained for freeze dryers with differ-
ent refrigeration systems is shown in Fig. 12 (right panel).
The equipment capability limit for laboratory freeze dryers
has a linear correlation between the sublimation rate and the
minimum controllable chamber pressure. This implies that the
equipment capability curve is solely the result of choked flow,
and the refrigeration capacity poses no limitations. There is a
non-linearity in the equipment capability curves of production
freeze dryers due to limitations in their refrigeration capacity.
Differences can also be seen in 40-m? production freeze dry-
ers with liquid nitrogen and compressor-based refrigeration
systems. Hence, it is recommended to not only characterize
each freeze dryer with an equipment capability limit test, but
also obtain the refrigeration capacity in terms of the total ice
capacity of the condenser at operating set point temperatures.

There have been significant changes to the types of refrig-
erants being used in freeze dryers over the past several years.
This is due to enhanced concerns regarding the environmen-
tal impact of refrigerants with respect to their global warm-
ing potentials (GWP) and ozone depletion potentials (ODP).
For example, refrigerants R-410A, R-507, and LN2 have an
ODP of 0, while a GWP of 2088, 3985, and 0 respectively.
Alternate refrigerants such as air, carbon dioxide, or other
hydrocarbon mixtures are being explored for use in freeze
drying refrigeration systems. Only time will show whether
any future developments can satisfy most user requirements.
It is recommended that freeze drying experts and users be
aware of the regulatory guidance, restrictions, and incentives
in their respective regions while deciding on a particular
refrigeration system for their lyophilizers.

The refrigeration system is one of the most crucial subsys-
tems in a lyophilizer. The authors recommend that special care
be given to understanding its type, capacity, and performance
limits during the scale-up and tech transfer for any given process.

Accounting for Differences in Process Control

Chamber pressure is a critical parameter during primary drying.
Pressure is measured and controlled by a variety of capacitance
manometers, which measure pressures independent of the gas
composition in the chamber. However, some older freeze dry-
ers still use only a Pirani or similar pressure sensors reading of
which depends on gas composition. In this case, adjustment of
pressure set points [48] is needed to ensure that product tem-
perature at commercial scale is similar to that in laboratory
and remains below the collapse temperature. It is important
to note that pressure sensors (capacitance manometers), used
in commercial manufacturing, are regularly exposed to steam.
Therefore, the baseline reading could shift by a few millitorr
after each treatment. This potential impact should be accounted
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for during a robustness study, preferably performed at the wide
pressure design space. Since accuracy of capacitance manom-
eters is linked to the full-scale pressure range (between 0.12
and 0.25% of full scale, MKS selection guide), 1 Torr head
(0-1 Torr pressure range) is recommended for accurate pressure
control, especially for low pressure (30-50 mT) cycles.

Pressure conversion during technical transfer is a common
error (based on the primary S.I. units for the lyophilizer). It is
important to review and check the pressure units while setting
up the cycle and transferring it to the commercial-scale units.
Basic pressure units are as follows: 1 atm=760 Torr=14.7
psia; 1 mTorr=1.33 pbar=0.001 mbar.

Another factor is a proper proportional-integral-derivative
(PID) control of shelf temperature, pressure, and condenser
temperature. In laboratory dryers, pressure fluctuation is
typically within+5 mTorr pressure range with the shelf tem-
perature fluctuations within 2°C. The condenser tempera-
ture is typically very low (below —70°C) and has little effect
on the process. In commercial dryers, pressure fluctuations
could reach 30 mTorr which could force the evaluation of an
extremely large pressure range design space during the robust-
ness study. While shelf temperature fluctuations in commer-
cial dryers do not typically exceed 5°C, condenser temperature
(especially if condenser is cooled by direct expansion) could
significantly vary causing fluctuations of condenser pressure
and, in turn, chamber pressure. Proper PID control, adjusted
for a load, could reduce impact of parameter variability on the
product (refer to the section below). The PID controller param-
eters are typically set by the manufacturer prior to the factory
acceptance test (FAT) for a clean, empty, and dry chamber. It
is recommended that the user requirement specification (URS)
should always include a sublimation test during the FAT so
that PID refinement under a full load of water is executed by
the equipment manufacturer. However, it is important to note
that the PID settings tuned under a full-water load may need
further refinement when formulations with markedly different
sublimation rates are lyophilized in the same lyophilizer. In
commercial operations, there is a significant difference in the
gas composition due to which the constant values of PID may
not be suitable for all stages of the drying process resulting in
pressure and temperature fluctuations. One should note that
pressure and shelf temperature fluctuations may change dur-
ing the cycle (higher during the initial sublimation stage and
lower toward the end of primary drying or vice versa). The
authors suggest thorough testing should be performed during
the site acceptance test (SAT) to ensure the dryer can handle
a load without any fluctuations of temperature and pressure
at the range and load (min and max sublimation rate) and the
dryer is expected to operate. As a good practice, lyophiliz-
ers that routinely lyophilize formulations at extreme ends of
the operational pressure range of a N,-flow valve (e.g., MKS
Type-248) will experience better pressure control during sub-
limation after the installation of separate N,-flow valves in
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Fig. 13 The impact of short shelf temperature and pressure fluctuations
on product temperature (note that values of shelf temperature and pressure
were reported every 10 min, and actual fluctuation rates could be higher)

divergent loops, with each having its dedicated PID tuning.
This recommendation also eliminates the need to frequently
change the PID settings in such lyophilizers that are commonly
employed by external contract manufacturing organizations
(CMO). Ideally, one should have the ability to automatically
adjust PID control inputs to maintain parameter fluctuations,
such as pressure and shelf temperature, within a narrow range
(5 mTorr and +3°C) during the entire lyophilization process.
With advances in computational modeling and PAT technol-
ogy, these designs are technically possible.

One of the big differences in process control between
laboratory and commercial drying conditions is the abil-
ity to measure representative product temperature which is
directly linked to the product quality. Due to introduction of
automated loading systems, use of thermocouples or resist-
ance temperature devices (RTD) is limited at commercial
scale. Introduction of wireless sensors [48] combined with
robotic sensor placement systems can allow product tem-
perature measurements at defined locations.

Effect of Natural Process Parameter Fluctuations
on Product Temperature

Fluctuations in pressure are expected during a freeze
drying cycle. The challenge is determining the effect
of the degree and duration of the fluctuation on product

temperature. In one example in a clinical size freeze dryer,
fast fluctuations of pressure and shelf temperature did not
significantly impact product temperature due to likely
shelf-vial-product thermal inertia (Fig. 13).

The effect on the product temperature can be different for
different products depending on their sensitivity to temperature
changes and depending on the total solid content. Increasing the
solid content increases the resistance to the mass flow of water
vapor through the drying solid. Some companies may examine
the effect of the degree and duration of a pressure fluctuation on
product temperature using laboratory-scale studies. The stud-
ies may be useful if the design of the laboratory-scale freeze
dryer is similar to the design of the full-scale freeze dryers.
Laboratory-scale studies may also include examining the effect
of the degree and duration of excursions in shelf temperature
on the temperature of the product. An example of data col-
lected from laboratory-scale studies is presented in Table III.
The data in the table can be used to designate when conditions
are outside of acceptable limits during full-scale manufacturing
and determine when an investigation is needed. The time period
for establishing when the process is outside of acceptable limits
is determined based on the degree of the increase of product
temperature when the excursion occurred for longer than 2 min.

Addressing the Impact of Container Closure
Treatment

Commerecially available containers for lyophilized products
can vary in glass properties based on how they are manu-
factured as discussed above. Tubing glass is generally pre-
ferred for smaller volumes and invariably larger vials (50
or 100 mL) are made of molded glass. Compared to tubing
glass, molded glass is more durable and heavier and, there-
fore, less susceptible to vials tipping over or breaking dur-
ing manufacturing. But they also exhibit uneven thickness
along the length of the vial and lower heat transfer capabil-
ity. Tubing vials have greater heat transfer by contact con-
ductivity through the areas that are in contact with the shelf,
and greater gas conduction through the space between the
shelf and the bottom of the vial than molded vials [49, 50].
The stippled bottom of the molded vials (Fig. 14) [51] in
combination with the curvature at the bottom limits direct
contact between the shelf surface area and vial bottom for
heat transfer.

Table lll Example of Data Process parameter

Limit (+/—from set point)

Time period designating outside of limits

Collected at Laboratory Scale
to Designate Acceptable
Excursions in Shelf
Temperature and Chamber
Pressure During Full-Scale
Freeze Drying

Shelf temperature
Condenser temperature

Chamber pressure

Ramp: 4°C
Dwell: 2°C

> 10°C for set point of —70°C
> 5°C for set point of — 60°C

Ramp: NMT 25 mT

Duration longer than 2 min

Dwell: NMT 25 mT
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Studies were conducted to compare heat transfer coef-
ficients (K,) of 50-mL tubing and molded vials (Table IV).
The results indicated a significant difference in K, when
cycles were conducted at 100 mTorr and — 10°C (Table I'V).
This discrepancy in K, needs to be considered during cycle
development if a vial change is necessitated.

Other than the vial types, the treatment of the vial also
can have an impact on the process or the lyophilization cycle.
The authors [33] demonstrated for borosilicate vials that vial
washing and depyrogenation generate pits in the glass that
impacts the glass surface properties. That could possibly
contribute to vial fogging, a phenomenon which is not very
well understood at commercial manufacturing based on the
interaction of the formulation composition and the glass sur-
face. Another treatment of the vial is related to the coating
or composition of the vial itself. Exterior vial coating with
polymers can help protect vials from damage due to shipping,
surface pitting, and delamination caused by washing and dep-
yrogenation and commercial-scale filling operations without
significantly impacting heat transfer coefficients (unpublished
data). The interior coating of the vial or the siliconization
treatment can drastically reduce vial fogging. However, it is
not preferred to proceed with siliconization due to potential
challenges it can impose impacting the clarity of the solution
for which siliconization assessment should be performed.

It is recommended to.

e Use tubing vials for uniform shelf contact and less vari-
ability in heat transfer.

e To measure the heat transfer coefficient when scaling up
or using an alternate vial as there might be adjustments
needed to the lyophilization cycle.

Example: A difference in K|, for the vial has the poten-
tial to impact the appearance of the dried product.

e Use processed glass to perform lab-scale experiments
to match commercial treatment of the vials as closely as

Fig. 14 Smooth bottom of tubing vial (left) vs. stippled bottom of
molded vial (right)
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Table IV Comparison of K|, for

. . Glass Batch
Tubing and Molded Vials average K,
(I/h-cm?-°C)
Molded 420
Tubing 5.99

possible. Glass can weaken after rinsing with water for
injection and depyrogenation. This can lead to breakage
of glass during the process.

e Treat stoppers in laboratory development process simi-
larly to that in commercial manufacturing (targeting the
same residual moisture).

Regulatory Aspects of Lyophilization Process
Scale-up and Transfer

Knowledge and understanding of the regulatory expectations
during the development, scale-up/validation, and manufactur-
ing are critical to successful approval of NDA/BLA or MAA
without receiving plethora of Information Requested (IR) and
questions on deficiencies. An attempt is made here to bring
to the attention and inform the process engineers involved
in the design and development of the lyophilization process,
the regulatory expectations, and the most common deficien-
cies observed in the regulatory submissions for lyophilized
injectable products. The following information is extracted
from publications and presentations made by the FDA staff.

It is expected that the applicant should clearly provide
details on how the product has been developed and how
development data and risk assessment were utilized to miti-
gate any risk associated with the scale-up and commercial
manufacturing process. It is highly expected that a statis-
tically sound sampling plan be designed and used during
process validation to demonstrate drying uniformity across
the self and between the shelves. The sampling plan should
include both edge and center vials and testing should include
physical quality (appearance, moisture content, and reconsti-
tution time) and chemical quality attributes (stability indicat-
ing). If no scale-up is planned for commercial manufactur-
ing, results of batch uniformity studies should be provided
from the primary stability batches.

When determining the batch size of a drug product for
primary stability batches (registration batches), the stability
batch should be sufficient to allow for process capability to
be established.

The minimum stability batch size required is discussed
in the question and answer document pertaining to the 2014
FDA guidance for industry [52]. The inability to meet mini-
mum batch size expectations during execution of the stabil-
ity batches is one of the common deficiencies observed in
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regulatory submissions. The 2014 FDA guidance for indus-
try also provides specific batch size recommendations that
are linked to target vial fill volumes, and any deviations from
this guidance will call for adequate justification.

Since several PAT and process monitoring instrumenta-
tion are available now to monitor and control critical pro-
cess parameters during the lyophilization [48, 53], the health
authorities strongly expect development and implementation
of process control strategy.

Some examples of common deficiencies related to lyophi-
lization observed in the regulatory submissions listed below
are extracted from reference [54].

In one case, the applicant intended to use the lyophi-
lization cycle recipe used to manufacture of the exhibit
batches for commercial manufacturing regardless of batch
size. Therefore, the regulators asked the applicant to
address the following points pertaining to scale-up plan for
lyophilization.

e The critical process parameters of lyophilization (e.g., shelf
temperature, ramp rate, and chamber pressure) should be
adjusted to ensure the product has the same thermal history
and quality attributes as the batch size increases for com-
mercial production. If changes are not proposed, provide
a scientific rationale for the adequacy of the established
lyophilization cycle suitable for commercial production.

e For the proposed lyophilizers, provide the detailed informa-
tion regarding the number of vials per tray, the number of
trays per shelf, and total shelves per chamber to be utilized
during scale-up for both exhibit and commercial batches.

e Demonstrate whether adequate control is put in place to
determine the endpoint of primary drying during scale-up.

e Given that the dryer load condition is an important pro-
cess variable during lyophilization process development
and scale-up, explain how the risk associated with poten-
tial dryer overload (i.e., choked flow, condenser overload)
is mitigated in commercial production based on proposed
dryer load conditions.

e Provide a detailed sampling plan for the intended com-
mercial batches to adequately capture the variation or
uniformity of vials in different locations on each shelf
with respect to the drug product critical quality attributes.
In addition, revise the master batch record by including
the proposed sampling plan accordingly.

In another case, the regulators asked the applicant to
provide additional information on the lyophilization pro-
cess development designed for the proposed drug product.
It is desirable to understand how critical process parame-
ters, such as shelf temperature and chamber pressure, were
established. The regulators specifically asked the applicant
to address the following points related to the characterization
of the proposed lyophilization process:

e Explain how the shelf temperature used during primary
drying was determined with respect to the glass transi-
tion temperature (Tg") and the collapse temperature (Tc).
Include any thermal analysis data to support the rationale.

e Provide the drying charts exhibiting shelf temperature
and chamber pressure continually recorded during the
proposed lyophilization process for each manufactured
exhibit batch. In addition, provide pressure rise data to
justify the rationale for determining the end point of both
primary and secondary drying. If primary drying end-
point is based on time, justify the duration.

e Provide detailed information regarding the number of
vials per tray, the number of trays per shelf, and total
shelves per chamber utilized during development studies
of the exhibit batches. Provide the same information for
the proposed commercial batches.

e Provide a detailed sampling plan for the commercial
batches to adequately capture the variation or uniformity
of vials in different locations on each shelf with respect
to the drug product critical quality attributes.

e [tis noted that annealing step is not included in the pro-
posed lyophilization cycle although crystallization of
mannitol during freezing is critical to minimizing the
risk of vial breakage. Comment on what controls, if any,
have been put into place to mitigate the risk associated
with vial breakage during lyophilization and storage.

Demonstration of Functional Equivalencies Between
Two Lyophilizers Made by Two Different Vendors

If you intend to leverage information and data generated to
support the currently approved lyophilization cycle for the
control of the new lyophilizers, provide information and data
to demonstrate that these lyophilizers are “functionally equiv-
alent”. This should include a comparison of the equipment
and operational performance (e.g., from equipment qualifi-
cation) of the currently approved and the new lyophilizers.

Equipment details provided should include, but not be
limited to, the chamber dimensions and configurations as
well as the condenser configuration and capacity. Opera-
tional performance comparisons provided should include,
but not be limited to, the shelf area, shelf usage, maximum
condenser load, empty shelf temperature uniformity, vacuum
control, heating/cooling ramp rates, lowest condenser tem-
perature, and minimum shelf temperature.

Demonstration of Performance Equivalence
Between Two Same Type Lyophilizers Made by Same
Vendor

Include information and data to support an evaluation of

lyophilization process consistency for each new freeze dryer.
Details should include, but not be limited to, the evaluation
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of results from the lyophilization cycle operational param-
eters for each process validation lot as well as the evaluation
of all relevant product quality attributes taken from select
sample vials distributed across each shelf (i.e., center and
edge positions) and throughout the freeze dryer (i.e., top,
middle, and bottom shelves).

Recent Regulatory Guidance on Comparability
of Freeze Dryers

The new version of the EU GMP Annex 1 from 2022
(Eudralex Volume 4) provides some more requirements on
comparability of freeze dryers, including requesting to spec-
ify and document the loading pattern within the lyophilizer.
In addition, samples for sterility testing are to be taken from
different lyophilization loads. In case the manufacturing pro-
cess results in sub-batches (e.g., when using not fully func-
tionally equivalent freeze dryers), a sterility test needs to be
performed separately for each sub-batch, and this approach
may also be required for other finished product tests.

Other Considerations

Effect of Product Load on Pressure Control
and Problem Mitigation

Full-scale production was planned for transfer to a third-
party manufacturer with lyophilizers of similar design to
the laboratory-scale lyophilizers at one large pharmaceutical
company. A conservative approach was chosen for transfer
of the lyophilization cycle with primary drying conditions
conducted using a shelf temperature of + 10°C with chamber
pressure of 100 mTorr.

The in-process data for the initial cycles appeared with high
variable pressure data for a 9-L batch and for a 35-L placebo
batch (Fig. 15, top left and right panels, respectively).

The appearance of the pressure data from the capacitance
manometer, Pirani gauge, and condenser pressure initially
raised concerns of choked flow that dissipated later during
primary drying. A 30-L batch was later prepared after exam-
ination and tuning of controls, valves, and sensors (Fig. 15,
bottom left panel). A sawtooth pattern was still observed in
the capacitance manometer and Pirani gauge pressure data.

Discussions were conducted with the manufacturer of the
lyophilizer and an additional investigation was conducted to
examine the control systems. The investigation found that
the nitrogen control valve required tuning to balance the flow
of nitrogen into the chamber as water vapor was removed
and transferred to the condenser. The control of pressure
within the lyophilizer was improved after tuning the flow of
nitrogen (Fig. 8, bottom right panel).
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In another example, it was determined that the default tuning
parameters of this nitrogen bleed in valve were appropriate for
a crystalline drug product cycle run. However, upon loading
a different amorphous formulation with a different excipient
percentage, the sublimation load was insufficient and caused
larger pressure fluctuations. After eliminating the possibility
of physical damage of the N2 flow valve through visual inspec-
tion, the valve PID tuning parameters were fine tuned during
an engineering run resulting in an acceptable pressure profile.

Choice of Vial Internal Pressure After
Lyophilization

The choice of head space pressure after lyophilization is
complete has not been widely discussed in the literature.
In our internal review, authors reported ranges between 0.3
and 0.83 Bar, 100 puBar and 0.8 Bar, or 0.8 and 0.95 Bar
or full vacuum. Most often, 0.8 Bar pressure is used dur-
ing stoppering. Note that all these residual pressure values
were based on validated processes accompanied with suc-
cessful CCIT performed. In some cases, high vacuum in a
vial after the lyophilization process is needed to assist with
faster reconstitution. In some cases, stoppers stick to the
surface of the shelf during stoppering resulting in poten-
tial separation of stopper from the vial under gravity (only
weight of vial and product are accounted). Attempts were
made to determine the vacuum needed to seal vials without
stoppers sticking to the shelf above. Figure 16 shows the
minimal pressure gradient needed to maintain integrity of
container closure after stoppering was complete and the
shelves were raised to initiate unloading. The pressure gra-
dient between atmospheric pressure and the pressure inside
vial was calculated using Eq. 1 for 2R, 6R, 10R, 20R, 50R,
and 100R vials (made by Schott).

(mvial + mdry_product)
A== _p) ¢ @)
4 in

out

Nominal fill volume values (2 mL for 2R vials, etc.) were
used for calculations. Data show that even for 100R vials,
in the worst-case scenario (30% solids), commonly used
pressure value of 0.8 Bar during stoppering should be suf-
ficient to maintain integrity of container closure. However,
these calculations were made based on the assumption that
the vial and stopper are compatible and there is no pop-up
force contributing toward separation of vial and stopper. The
recommendation is to use values in Fig. 16 as a guidance and
use CCIT to ensure the integrity of container closure during
validation process. The barometric pressure during stopper-
ing should also be taken in account.

Besides partial vacuum inside vial after stoppering, stick-
ing of stoppers can be managed by stoppering pressure and
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Fig. 15 Top left panel: in-process data for a 9-L engineering batch
showing high variability in pressure during primary drying. Top
right panel: in-process data for a 35-L placebo batch showing high
variability in pressure during primary drying. Bottom left panel: in-

duration of stoppering (specific to stopper material, compat-
ibility between vial and stopper, etc.).

Future Direction

Application of CFD modeling to lyophilizer characteriza-
tion will help to identify the limitations of freeze dryers
and will allow generation of input parameters into the
primary drying model. Real-time CFD modeling should,
in principle, enable closed loop control based on criti-
cal process parameters (by controlling product tempera-
ture) for real-time optimization as well as assist in design
of dryers which can withstand very high (about 1.5 kg/
sq.m/hr) sublimation rates. Additional efforts need to be
made to update the primary/secondary drying and freez-
ing models to include syringes and cartridges and to also
include elements of non-steady-state behavior. Obtaining
alignment between the industry, academia, and regulatory

process lyophilization cycle data for a 30-L batch showing atypical
pattern for capacitance manometer and Pirani gauge data. Bottom
right panel: in-process lyophilization cycle data for a 30-L registra-
tion batch after tuning of the nitrogen control valve

Minimum pressure gradient needed during

stoppering
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Fig. 16 A minimal pressure gradient across stopper needed to main-
tain integrity of container closure after stoppering
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bodies should ensure approach to scale up and tech trans-
fer of lyophilization process.

Recommended Best Practices for Scale-up
and Technology Transfer in Freeze Drying

Follow the principle of rational process scale-up:
Keep product below critical temperature while main-
taining essentially the same product temperature his-
tory between lab-scale and commercial-scale dryers
(within + 1°C) which, in principle, should ensure iden-
tical product thermal history and product attributes,
including stability.

Characterize the formulation and lyophilized products,
and then demonstrate comparability of product quality
attributes at both laboratory and production scale.

a. Successful scale-up requires a formulation that is
characterized by thermal analysis and one that con-
tains components amenable to freeze drying. A par-
ticular concern is formulations that have a very low
maximum allowable product temperature during pri-
mary drying. Formulations with critical product tem-
peratures of approximately —35°C or colder will be
less successful during scale-up. It may be challenging
to maintain low product temperatures for vials located
on the edges of a shelf and avoid partial collapse.

b. Dried product from laboratory and commercial scale
should be characterized by thermal analysis and
compared. Amorphous solids should be examined
using high temperature DSC to determine the Tg.
It is generally useful to measure Tg as a function of
residual moisture content in the region of the antici-
pated residual moisture specification during initial
stage of development and storage. X-ray powder dif-
fraction should be used to characterize the physical
state of dried crystalline and semi-crystalline mate-
rials and to monitor them for changes over time.

Understand your equipment and process by key equip-
ment parameter measurement and process analytical
techniques (PAT) tools.

a. Any freeze dryer has a maximum sublimation rate
that it will support. Minimum controllable pressure
measurement is a relatively easy way to do this at
any scale. Other aspects of equipment performance
might be the lowest attainable shelf temperature and
maximum shelf temperature ramp rate under load.

b. Use PAT tools (commonly accepted tools include
comparative pressure measurement, tunable diode
laser absorption spectroscopy (TDLAS), heat flux
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sensor, mass spec, nitrogen flow rate). Use appropri-
ate process analytical techniques at both laboratory
and production scale. Comparative pressure meas-
urement is sensitive, robust, relatively inexpensive,
and not dependent on monitoring of individual vials.

Match equipment between lab and production scale
whenever possible. If possible, ensure that laboratory
equipment is similar in design and construction to manu-
facturing scale equipment. For example, plexiglass doors
are common on laboratory equipment, but manufactur-
ing scale freeze dryers usually have stainless steel doors.
Keep in mind that the higher thermal emissivity of plexi-
glass relative to stainless steel will accentuate the front
edge effect in the laboratory-scale equipment.

Design and execute meaningful development and engi-
neering runs.

a. Limited availability of API is a common problem in
process development, and a development scientist
may be tempted to use only a small number of vials.
The problem is that the entire array of vials may be
subject to the “edge effect,” resulting in misleading
data on cycle time. Therefore, it is always a good
practice to use a suitable (ideally matching thermal
properties and similar cake resistance) placebo for-
mulation with representative load making sure that
the vials containing the API are well away (at least
three vials) from the edge of the array.

b. Perform one or more engineering runs, perform mois-
ture mapping study, and use NIR for 100% inspection.
Conduct residual moisture mapping studies to estab-
lish acceptable secondary drying conditions.

6. Additional recommendations

a. Pay attention to details of stopper processing at both
laboratory and production scale. The main concern is
the potential for moisture migration from stopper to
product during storage. Note that potential for mois-
ture migration from stopper would be more critical for
products with low solid content (typically for less than
30 mg cakes). Therefore, for product stability studies at
the laboratory scale, it is a good practice to use stoppers
that were processed targeting stopper residual moisture
content similar to that in commercial samples. Also try
to treat vials used in development studies similar to
commercial vials (same depyrogenation cycle, etc.).

b. Utilize a backfill pressure which ensures a negative
pressure in the vial head space.

c. Use of modeling is recommended accounting for
differences in the lab and commercial-scale dryers
(accounting for differences in ice nucleation tem-
perature, cake resistance, and specific surface area).



AAPS PharmSciTech (2023) 24:96

Page 210f23 96

Acknowledgements We would like to express our gratitude to David Ham-
ilton from Merck; James Searles, Anthony Gudinas, Frank Kanka, and Jen-
nifer Juneau from Pfizer; and Michael Pikal for their valuable contributions
to this paper. Their expertise, insights, and comments were instrumental,
and their inputs have greatly enhanced the quality and value of this paper.

Author Contribution Serguei Tchessalov: paper leadership and substantial
contributions to the conception or design of the work; or the acquisition,
analysis, or interpretation of data for the work; and drafting the work or
revising it critically for important intellectual content; and final approval of
the version to be published; and agreement to be accountable for all aspects
of the work in ensuring that questions related to the accuracy or integrity of
any part of the work are appropriately investigated and resolved.

Evgenyi Shalaev: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of
data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Bakul Bhatnagar: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of
data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Steven Nail: substantial contributions to the conception or design
of the work; or the acquisition, analysis, or interpretation of data for
the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Alina Alexeenko: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of
data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Feroz Jameel: substantial contributions to the conception or design
of the work; or the acquisition, analysis, or interpretation of data for
the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Jayasree Srinivasan: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of data
for the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Michael Dekner: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of
data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Ekneet Sahni: substantial contributions to the conception or design
of the work; or the acquisition, analysis, or interpretation of data for
the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;

and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Stefan Schneid: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of
data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Petr Kazarin: responsible for consolidating the information contrib-
uted by all the authors and compiling it into a cohesive single docu-
ment. He contributed to the “Introduction” section, and was responsible
for editing the contents of the contributions and discussing with authors
regarding the information they provided for its clarity.

Orla McGarvey: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of
data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Bert Van Meervenne: substantial contributions to the conception
or design of the work; or the acquisition, analysis, or interpretation
of data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Vaibhav Kshirsagar: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of data
for the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Paritosh Pande: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of
data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Jens Philipp: substantial contributions to the conception or design
of the work; or the acquisition, analysis, or interpretation of data for
the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Greg Sacha: substantial contributions to the conception or design
of the work; or the acquisition, analysis, or interpretation of data for
the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Ke Wu: substantial contributions to the conception or design of
the work; or the acquisition, analysis, or interpretation of data for the
work; and drafting the work or revising it critically for important intel-
lectual content; and final approval of the version to be published; and
agreement to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work
are appropriately investigated and resolved.

Joseph Azzarella: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of

@ Springer



96 Page22o0f23

AAPS PharmSciTech (2023) 24:96

data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to be
published; and agreement to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of any
part of the work are appropriately investigated and resolved.

Gayathri Shivkumar: substantial contributions to the conception
or design of the work; or the acquisition, analysis, or interpretation
of data for the work; and drafting the work or revising it critically for
important intellectual content; and final approval of the version to
be published; and agreement to be accountable for all aspects of the
work in ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and resolved.

Shreyas Bhatt: substantial contributions to the conception or design
of the work; or the acquisition, analysis, or interpretation of data for
the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Shyam B. Mehta: substantial contributions to the conception or
design of the work; or the acquisition, analysis, or interpretation of data
for the work; and drafting the work or revising it critically for important
intellectual content; and final approval of the version to be published;
and agreement to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Funding Serguei Tchessalov: N/A.

Evgenyi Shalaev: N/A.

Bakul Bhatnagar: N/A.

Steven Nail: N/A.

Alina Alexeenko: paid employee of LyoHUB, Purdue University,
at the time of the project/paper drafting process.

Feroz Jameel: N/A.

Jayasree Srinivasan: N/A.

Michael Dekner: N/A.

Ekneet Sahni: N/A.

Stefan Schneid: N/A.

Petr Kazarin: paid employee of LyoHUB, Purdue University, at the
time of the project/paper drafting process.

Orla McGarvey: N/A.

Bert Van Meervenne: N/A.

Vaibhav Kshirsagar: N/A.

Paritosh Pande: N/A.

Jens Philipp: N/A.

Greg Sacha: N/A.

Ke Wu: N/A.

Joseph Azzarella: N/A.

Gayathri Shivkumar: N/A.

Shreyas Bhatt: N/A.

Shyam B. Mehta: N/A.

Declarations
Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not

@ Springer

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bhatnagar BS, Tchessalov S, Lewis LM, Johnson R. Freeze drying of
biologics. In: Encyclopedia of Pharmaceutical Science and Technol-
ogy, Six Volume Set (Print). CRC Press; 2013. p. 1673-1722.

2. Tchessalov S, Shalaev E, Bhatnagar B, Nail S, Alexeenko A,
Jameel F, Srinivasan J, Dekner M, Sahni E, Schneid S, Kaza-
rin P, McGarvey O, Meervenne BV, Kshirsagar V, Pande P,
Philipp J, Sacha G, Wu K, Azzarella J, Shivkumar G, Bhatt S.
Best Practices and Guidelines for Scale-Up and Tech Transfer in
Freeze-Drying Based on Case Studies. Part 1: Challenges during
Scale Up and Transfer. AAPS Pharm Sci Tech. 2022;24(1):11.

3. Tang XC, Nail SL, Pikal MJ. Freeze-drying process design by
manometric temperature measurement: design of a smart freeze-
dryer. Pharm Res. 2005;22(4):685-700.

4. Tchessalov S, Latshaw D, Nulu S, Sharp T, Ewan S, Chen X.
Application of first principles primary drying model to lyo-
philization process design and transfer: case studies from the
industry. J Pharm Sci. 2021;110:968-81.

5. Kramer T, Kremer DM, Pikal MJ, Petre WJ, Shalaev EY, Gat-
lin LA. A procedure to optimize scale-up for the primary drying
phase of lyophilization. J Pharm Sci. 2009;98:307-18.

6. Mascarenhas WJ, Akay HU, Pikal MJ. A computational model
for finite element analysis of the freeze drying process. Comput
Methods Appl MechEng. 1997;148:105-24.

7. Koganti VR, Shalaev EY, Berry MR, Osterberg T, Youssef M,
Hiebert DN, Kanka FA, Nolan M, Barrett R, Scalzo G, Fitzpatrick
G. Investigation of design space for freeze-drying: use of mod-
eling for primary drying segment of a freeze-drying cycle. AAPS
Pharm Sci Tech. 2011;12:854-61.

8. Ganguly A, Hardwick L, Tchessalov S, Nail SL, Dixon D, Kanka
F, Guidinas A, Thompson TN, Reiter C, Yusoft Z, Tharp T, Azza-
rella J, Sharma P, Kazarin P, Alexeenko A, Pikal MJ. Recom-
mended best practices in freeze dryer equipment performance
qualification: 2022. AAPS Pharm Sci Tech. 2023;24(1):45.

9. Kshirsagar V, Tchessalov S, Kanka F, Hiebert., Alexeenko, A.
Determining maximum sublimation rate for a production lyophi-
lizer: computational modeling and comparison with ice slab tests.
J Pharm Sci. 2019;108(1):382-90.

10.  Zhu T, Moussa EM, Witting M, Zhou D, Sinha K, Zhou D, Sinha K,
Hirth M, Gastens M, Shang S, Nere N, Somashekar SC, Alexeeenko
A, Jameel F. Predictive models of lyophilization process for develop-
ment, scale-up/tech transfer and manufacturing. Eur J Pharm Biop-
harm. 2018;128:363—78. https://doi.org/10.1016/j.ejpb.2018.05.005.

11. Rasmussen DH, MacKenzie AP. Effect of solute on ice-solution
interfacial free energy: calculation from measured homogeneous
nucleation temperatures. In: Jellinek HHH, editor. Water Structure at
the Water-Polymer Interface. New York: Plenum; 1971. p. 126-45.

12.  Michelmore RW, Franks F. Nucleation rates of ice in undercooled
water and aqueous solutions of polyethylene glycol. Cryobiology.
1982;19:163-71.

13. Kanno H, Soga M, Kajiwara K. Linear relation between TH
(homogeneous ice nucleation temperature) and Tm (melting tem-
perature) for aqueous solutions of sucrose, trehalose, and maltose.
Chem Phys Lett. 2007;443:280-3.

14. Miyata K, Kann H. Supercooling behavior of aqueous solutions
of alcohols and saccharides. ] Mol Liquids. 2005;119:189-93.

15. Charoenrein S, Reid DS. The use of DSC to study the kinetics
of heterogeneous and homogeneous nucleation of ice in aqueous
systems. Thermochim Acta. 1989;156:373-81.



AAPS PharmSciTech (2023) 24:96

Page 230f23 96

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ozilgen S, Reid DS. The use of DSC to study the effects of solutes
on heterogeneous ice nucleation kinetics in model food emulsions.
Lebensm-Wiss-u-Technol. 1993;26:116-20.

Koop T, Zobrist B. Parameterizations for ice nucleation in
biological and atmospheric systems. Phys Chem Chem Phys.
2009;11:10839-50.

Franks F. The nucleation of ice in undercooled aqueous solutions.
Cryo-Lett. 1981;2:27-31.

Izmailov AF, Myerson AS, Arnold S. A statistical understanding
of nucleation. J Cryst Growth. 1999;196:234-42.

Jiang S, Nail SL. Effect of process conditions on recovery of pro-
tein activity after freezing and freeze-drying. Eur J Pharm Biop-
harm. 1998;45:249-57.

MacFarlane DR, Kadlyala RK, Angell CA. Cooling rate depend-
ence of the ice I nucleation temperature in aqueous LiCl solutions.
J Phys Chem. 1983;87:235-8.

Aguerd M, Broto F, Babin L, Clausse D. On the use of emulsions
for studying salt nucleation and ice heterogeneous nucleation by
Agl particles. Colloids Surf. 1984;12:333-40.

Chen S, Lee T-S. A study of supercooling phenomenon and freez-
ing probability of water inside horizontal cylinders. Inf J Heat
Mass Transfer. 1998;41:169-83.

Nakamura M, Takanashi K, Makino T, Okuda S. Phase transitions
of water in brick during cooling: II. Effects of cooling rate, pres-
ence of ice nucleation substances, and duration of time on phase
transition behaviors. Am Ceram Soc Bull. 1987;66(7):1116-9.
Searles JA, Carpenter JF, Randolph TW. The ice nucleation temperature
determines the primary drying rate of lyophilization for samples frozen
on a temperature-controlled shelf. J Pharm Sci. 2001;90(7):860-71.
Murray BJ, Broadley SL, Wilson TW, Atkinson JD, Wills RH.
Heterogeneous freezing of water droplets containing kaolinite
particles. Atmos Chem Phys. 2011;11:4191-207.

Searles J, Carpenter J, Randolph T. Annealing to optimize the
primary drying rate, reduce freezing-induced drying rate hetero-
geneity, and determine Tg’ in pharmaceutical lyophilization. J
Pharm Sci. 2001;90(7):872-87.

Konstantinidis AK, Kuu W, Otten L, Nail SL, Sever RR. Controlled
nucleation in freeze-drying: effects on pore size in the dried product
layer, mass transfer resistance, and primary drying rate. J Pharm Sci.
2011;100(8):3453-70. https://doi.org/10.1002/jps.22561.

Oddone I, Pisano R, Bullich R, Stewart P. Vacuum-induced nucle-
ation as a method for freeze-drying cycle optimization. Ind Eng
Chem Res. 2014;53(47):18236-44.

Vollrath I, Friess W, Freitag A, Hawe A, Winter G. Comparison of
ice fog methods and monitoring of controlled nucleation success
after freeze-drying. Int J Pharm. 2019;10(558):18-28. https://doi.
org/10.1016/j.ijpharm.2018.12.056.

Lehman et al. The differing influences of 33 and 51 expansion
glass on the failure of glass vials during lyophilization processing.
Alcan Packaging Technical Report, 856-825-2222.

Machak DR, et al. Failure of glass vials during lyophilization.
PDA J Pharm Sci Technol. 2019;73(1):30-8.

Ditter D, Mahler H, Gohlke L, Nieto A, Roehl H, Huwyler J, Wahl M,
Allmendinger A. Impact of vial washing and depyrogenation on surface
properties and delamination risk of glass vials. Pharm Res. 2018;35:146.
Sahni EK, Searles JA, Nachtigall M, Owen E, Lyne D. Vial break-
age in lyophilization— Case studies from commercial manufac-
turing and laboratory studies. J Pharm Sci. 2023;112(4):1151-9.
https://doi.org/10.1016/j.xphs.2022.11.007.

Shalaev E, Franks F. Solid-liquid state diagrams in pharmaceuti-
cal lyophilisation: crystallisation of solutes. Amorph Food Pharm
Syst. 2002;281:200-15.

Verma NS, Rowe TWG. The breakage of glass ampoules during
freeze-drying. Vacuum. 1959;9(1):21-7.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.
52.

53.

54.

Williams NA, Lee Y, Polli GP, Jennings TA. The effects of cooling
rate on solid phase transitions and associated vial breakage occurring
in frozen mannitol solutions. J Parenter Sci Technol. 1986;40:135-41.
Jiang G, Akers M, Jain M, Guo J, Distler A, Swift R, Wadhwa MS,
Jameel F, Patro S, Freund E. PDA J Pharm Sci Technol. 2007;61:441-51.
Milton N, Gopalrathnam G, Craig GD, Mishra DS, Roy ML, Yu
L. Vial breakage during freeze-drying: crystallization of sodium
chloride in sodium chloride-sucrose frozen aqueous solutions. J
Pharm Sci. 2007;96:1848-53.

Rambhatla S, Tchessalov S, Pikal MJ. Heat and mass transfer
scale-up issues during freeze-drying, III: control and characteriza-
tion of dryer differences via operational qualification tests. AAPS
PharmSciTech. 2006;7(2):E61-70.

Scutella B, Plana-Fattori A, Passot S, Bourles E, Fonseca F, Flick
D, Trelea IC. 3D mathematical modelling to understand atypical
heat transfer observed in vial freeze-drying. Appl Therm Eng.
2017;126(226):236.

Juckers A, Knerr P, Harms F, Strube J. Model-based product tem-
perature and endpoint determination in primary Drying of Lyo-
philization Processes. Pharmaceutics. 2022;14:809.

Goldman JM, Chen X, Register JT, Nesarikar V, Iyer L, Wu Y, ...
Rowe J. Representative scale-down lyophilization cycle develop-
ment using a seven-vial freeze-dryer (MicroFD®). J Pharm Sci.
2019;108(4):1486-1495.

Bockstal PJV, De Meyer L, Corver J, Vervaet C, De Beer T. Non-
contact infrared-mediated heat transfer during continuous freeze-
drying of unit doses. J Pharm Sci. 2017;106(1):71-82.

Capozzi L, Trout B, Pisano R. From batch to continuous: freeze-
drying of suspended vials for pharmaceuticals in unit-doses. Ind
Eng Chem Res. 2019;58(4):1635-49.

Pikal MJ, Pande P, Bogner R, Sane P, Mudhivarthi V, Sharma
P. Impact of natural variations in freeze-drying parameters on
product temperature history: application of quasi steady-state
heat and mass transfer and simple statistics. AAPS Pharmscitech.
2018;19(7):2828-42. https://doi.org/10.1208/S12249-018-1155-4.
Kobayashi M. Development of new refrigeration system and
optimum geometry of the vapor condenser for pharmaceutical
freeze dryers. In Drying’85. Berlin, Heidelberg: Springer; 1985.
p. 281-8.

Nail Steven, Tchessalov Serguei, Shalaev Evgenyi, Ganguly
Arnab, Renzi Ernesto, Dimarco Frank, Wegiel Lindsay, et al.
Recommended best practices for process monitoring instrumenta-
tion in pharmaceutical freeze drying—2017. Aaps Pharmscitech.
2017;18(7):2379-93.

Tang and Pikal. Pharm Res. 2004;21(2):191-200.

Pikal MJ, Roy ML, Shah S. Mass and heat transfer in vial
freeze-drying of pharmaceuticals: role of the vial. J] Pharm Sci.
1984;73(9):1224-37.

Wenzel and Gieseler. AAPS Pharm Sci Tech. 2021;22:57.

U.S. Food and Drug Administration. Guidance for industry:
ANDAS: stability testing of drug substances and products. Ques-
tions and answers. U.S. Department of Health and Human Ser-
vices. 2014. https://www.fda.gov/regulatory-information/search-
fda-guidance-documents/andas-stability-testing-drug-subst
ances-and-products-questions-and-answers.

Patel SM, Doen T, Pikal MJ. Determination of end point of pri-
mary drying in freeze-drying process control. AAPS PharmSc-
iTech. 2010;11(1):73-84.

Rhieu SY, Anderson DD, Janoria K. A Regulatory perspective
on manufacturing processes pertaining to lyophilized inject-
able products. AAPS J 2020;22:100. https://doi.org/10.1208/
$12248-020-00477-6.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Best Practices and Guidelines (2022) for Scale-up and Technology Transfer in Freeze Drying Based on Case Studies. Part 2: Past Practices, Current Best Practices, and Recommendations
	Abstract
	Introduction
	Past Practices
	UnsuccessfulNon-rationalTrial-and-Error-Based Approaches (Cycle “Transfer As Is”)
	Change of Container Closure Without Adjusting Cycle Parameters (“As Is”)
	Successful Practices

	Current Approaches
	Leveraging Historical Experience (Empirical and Risk-Based)
	Implementation of PAT Tools at Full Scale: Improving Product Appearance Through the Use of a Pirani Gauge as Best Practice for Determination of the End of Primary Drying
	Utilization of Modeling for the Primary Drying Step

	Addressing Challenges During Scale-up and Transfer
	Stochastic Nature of the Nucleation Process
	Cake Resistance Differences Between Products Made in Laboratory Versus Products Made in Clean Class A Commercial Manufacturing Conditions
	Vial Breakage
	Addressing Differences in Dryer Design Between Laboratory and Commercial Dryers Regarding Mass Flow Resistance
	Accounting for Edge Effects in Commercial Dryers
	Estimation of Edge Effect in Commercial Dryers
	Responding to Non-uniformity of Shelf Temperature
	Accounting for Differences in Refrigeration Capacity and Dryer’s Performance
	Accounting for Differences in Process Control
	Effect of Natural Process Parameter Fluctuations on Product Temperature
	Addressing the Impact of Container Closure Treatment

	Regulatory Aspects of Lyophilization Process Scale-up and Transfer
	Demonstration of Functional Equivalencies Between Two Lyophilizers Made by Two Different Vendors
	Demonstration of Performance Equivalence Between Two Same Type Lyophilizers Made by Same Vendor
	Recent Regulatory Guidance on Comparability of Freeze Dryers

	Other Considerations
	Effect of Product Load on Pressure Control and Problem Mitigation

	Choice of Vial Internal Pressure After Lyophilization
	Future Direction
	Recommended Best Practices for Scale-up and Technology Transfer in Freeze Drying
	Acknowledgements 
	References


