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Abstract. Freeze-drying is a deceptively complex operation requiring sophisticated design
of a robust and efficient process that includes understanding and planning for heterogeneity
across the batch and shifts in parameters due to vial or lyophilizer changes. A software tool
has been designed to assist in process development and scale-up based on a model that
includes consideration of the process heterogeneity. Two drug formulations were used to test
the ability of the new tool to develop a freeze-drying cycle and correctly predict product
temperatures and drying times. Model inputs were determined experimentally, and the
primary drying heterogeneous freeze-drying model was used to design drying cycles that
provided data to verify the accuracy of model-predicted product temperature and primary
drying time. When model inputs were accurate, model-predicted primary drying times were
within 0.1 to 15.9% of experimentally measured values, and product temperature accuracy
was between 0.2 and 1.2°C for three vial locations, center, inner edge, and outer edge.
However, for some drying cycles, differences in vial heat transfer coefficients due to changes
in shelf and product temperature as well as altered product resistance due to product
temperature-dependent microcollapse increased inaccuracy (up to 28.6% difference in
primary drying time and 5.1°C difference in product temperature). This highlights the need
for careful determination of experimental conditions used to calculate model inputs. In future
efforts, full characterization of location- and shelf temperature-dependentKv as well as
location- and product temperature-dependentRp will enhance the accuracy of the predictions
by the model within the user-friendly software.
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INTRODUCTION

Many pharmaceuticals (approximately 30–50%), partic-
ularly “biotechnology products,” do not have sufficient
chemical and physical stability to withstand the rigors of

distribution and storage in aqueous solution, so conversion to
a stable solid is essential (1). Lyophilization, also known as
freeze-drying, is a process by which a dry solid is produced
from a solution, normally aqueous, by first converting most of
the solvent to solid (ice), removal of the ice by sublimation,
and finally, removal of any unfrozen water by desorption (2,
3). Freeze-drying is an expensive process because process
times are long and commercial freeze-drying plants are very
expensive to purchase and maintain, motivating the develop-
ment of efficient cycles that produce high-quality drug
product for all vials dried within the lyophilizer.

During lyophilization, a careful balance of heat into the
product and sublimation heat flux out of the product is
required to maintain the product below its critical tempera-
ture. During primary drying, the shelf temperature and drying
chamber pressure are controlled, but the product tempera-
ture is not directly controlled and is lower than the shelf
temperature. Due to the low pressure required to remove
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water (typ. 30–200 mTorr, 4–25 Pa), there is a high resistance
to heat transfer from the shelf to the product.

Many small innovative companies are pursuing the
development of biopharmaceuticals and vaccines, which are
often labile in solution, requiring stabilization by lyophiliza-
tion for storage and distribution before administration to the
patient. However, there is a worldwide shortage of scientists
and engineers that have the required understanding of freeze-
drying to develop robust, optimized process cycles that assure
product quality while achieving process efficiency. Cycle
development by inexperienced engineers often results in
inefficient (costly) cycles, failures in scale-up or technology
transfer, and poor (heterogeneous) product quality, which can
confound clinical trials and product performance. A lack of
freeze-drying experience also hinders interactions with and
oversight of contract manufacturers. Development of easy to
use or automated process development tools can help fill the
gap between need and expertise.

Freeze-drying is a deceptively complex operation (4–7)
requiring sophisticated design of a robust and efficient
process (Fig. 1). Largely because of the complexity and the
lack of adequate process analytical technology, most com-
mercial freeze-drying processes are sub-optimal, thereby
wasting time and/or placing product quality at risk. Both
measurement and control of product temperature and timing
of the change in shelf temperature from primary to secondary
drying conditions are critical (8–10). In many cases, processes
optimized to maintain the product below a critical tempera-
ture at lab-scale cannot be simply transferred to sterile
manufacturing because of changes in vial heat transfer rates,
ice nucleation temperatures and ice crystal growth rates that
affect ice microscopic structure, and lyophilizer mass and or
heat transfer overload limits (11). The product temperature
during freeze-drying is directly related to water sublimation
and desorption rates.

The driving force for sublimation is the difference
between the chamber pressure and the vapor pressure of ice
at the temperature of the product sublimation interface (Tp).
Thus, the duration of primary drying (i.e., the ice sublimation
stage) is very sensitive to the product temperature. Knowl-
edge of the temperature at which the product undergoes
collapse or eutectic melt of the porous structure created
during sublimation, denoted the “collapse temperature” (Tc)
for amorphous formulations, is an important process design
parameter. Tc is the maximum allowable temperature during
primary drying (11–14), although recently more companies
are beginning to develop and operate cycles with the product
temperature exceeding Tc (14–16). In this publication, exper-
imental results focus on amorphous products, so the focus will
be on the collapse temperature. Above the glass transition
temperature of the maximally freeze-concentrated solution,
Tg’, during primary drying, the amorphous (typical for
biotechnology drugs) freeze-dried cake begins to experience
viscous flow, initially resulting in product microcollapse, a
consolidation of smaller pores into larger pores. As the
product temperature continues to rise, microcollapse may
lead to additional loss of the porous structure as it “collapses”
into a smaller denser mass that may be unacceptable in a
pharmaceutical product from the viewpoints of the customer,
the FDA, and the manufacturer. Among other consequences
of macrocollapse into a dense mass, perhaps the most serious

is the potential for high residual moisture in the final product,
which can increase degradation by-products. Prolonged
reconstitution time, caused by collapse, can be serious when
the product is self-administered or in an emergency situation
(16). Freeze-drying below Tc is typically necessary to manu-
facture high quality products with reproducible product
performance, although some level of microcollapse is now
becoming acceptable if product quality is not adversely
affected. Since a 1°C increase in product temperature during
primary drying can result in 13% reduction in primary drying
time (17), it is of interest to maximize the product tempera-
ture during primary drying such that all vials in the batch are
close to (but not exceeding) Tc, thereby motivating accurate
Tc measurements and accurate process control.

Numerous heat and mass transfer models, and freeze-
drying process development algorithms (18–21) have been
developed to assist scientists and engineers in cycle develop-
ment. Knowledge and design spaces defined using the steady-
stateheat and mass transfer equations as described by Patel
and Pikal (7) were first reported by Chang and Fisher (5), and
its application demonstrated by additional groups (6). A well-
accepted approach for generating a process design space
based on batch average parameters has been thoroughly
discussed in the literature (22, 23). Figure 1 shows a graph of
the average sublimation rate as a function of chamber
pressure (Pc) used to construct the batch-average knowledge
and design spaces for the primary drying stage of freeze-
drying. Typically five steps are carried out to create the
knowledge and design space:

I. Measure the product formulation collapse or eutectic
melt temperature below which the product must be
maintained during primary drying.

II. Establish the relationship between process variables
the user can control, freeze-dryer shelf temperature
and drying chamber pressure (Ts and Pc) and the key
product quality parameter not controlled, product
temperature at the sublimation interface, Tp.

III. Calculate the sublimation rate vs chamber pressure
for shelf temperature isotherms and product tem-
perature isotherms using steady-state heat and mass
transfer theory.

IV. Experimentally determine the lyophilizer equipment
capability limit (24).

V. Graph the process knowledge space and define the
process design space (Fig. 1).

The design space is bound by the lyophilizer equipment
capability limit and the target product temperature (< critical
temperature or any other temperature associated with poor
product quality).

Unfortunately, most of the models do not account for the
inherent heterogeneity in product temperature and drying time
that results from freeze-drying process heterogeneity and simply
use batch average inputs. Product in center vials generally dries
at lower temperatures and slower rates than inner-edge and
outer-edge vials. In addition, product in vials located in the
corners of the freeze-dryer shelves tend to be the warmest,
drying much faster than center, inner-edge and other outer-edge
vials. Vial-based pharmaceutical freeze-drying heterogeneity is
due to a number of factors including variation in:
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1. Ice nucleation temperature and ice crystal growth rate
resulting in variation in ice structure and resistance to
drying, Rp

2. Shelf surface temperature, Ts

3. Heat flux to vials due to location-dependent radiation and
gas conduction contributions toKv, caused by differences
in view factors from vials to the warm lyophilizer chamber
walls and door, impacting mostly edge vials

4. The contour of the vial bottom, even in a set of
nominally equivalent vials, which influences the gas
conduction contribution to Kv

5. Fill volume, Vf

Processes that are developed based on batch-average
measurements of Rp, Ts, Kv, and Vf can suffer from collapse of
product in the center vials if they fail to complete sublimation
before the calculated primary drying time (and a rise in the
shelf temperature to the secondary drying setpoint) and/or
collapse of product in edge vials if it exceeds the collapse
temperature during primary drying. Furthermore, a seem-
ingly successful process may produce collapsed product if
there are slight changes in vial manufacturing or during
transfer to another lyophilizer. Understanding and planning
for heterogeneity across the batch and shifts in parameters
due to vial or lyophilizer changes allows the development of a

robust, yet efficient freeze-drying process. The software tool
described in this publication is intended to assist in process
development and scale-up with consideration of the hetero-
geneity across the batch.

MATERIALS AND METHODS

Model Description

This publication focusses on the development of user-
friendly software for lyophilization primary drying process
development and experimental testing of the model predic-
tive capability. The software is based on previous work
describing the impact of natural variations in freeze-drying
parameters on product temperature and drying time and a
model for scaling vial heat transfer coefficients from
laboratory- to production-scale lyophilizers (25, 26). The
previous work described lyophilization process development
models based upon the use of Excel spreadsheets. The
present effort combined the models into a single algorithm
written in C-code to create a user-friendly lyophilization
process development and scale-up tool. Following develop-
ment of the software, data from lab-scale sublimation and
freeze-drying runs were used to evaluate the performance of

Fig. 1. Example lyophilization primary drying process knowledge and design space calculated using the model of
heterogeneous freeze-drying. The black lines are shelf temperature isotherms. The red line is the average edge vial
temperature for the user-defined number of vials allowed to exceed the critical temperature. The pink line is the equipment
capability limit, all plotted as a function of the lyophilizer product chamber operating pressure. The blue dot represents a
recommended operating point to maintain outer edge vials below Tc
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the model in predicting primary drying time and product
temperature according to vial location (center, inner-edge
and outer-edge).

The software Design Space Inputs and the Calculation
and Results graphical user interface (GUI) screens are shown
in Figs. 2 and 3. The Design Space Inputs GUI requires a
number of inputs from the end user, including information
about the product formulation, container system and fill
volume. In addition, the user provides input for the determi-
nation of product resistance to drying, Rp, the vial heat
transfer coefficients, Kv, as a function of chamber operating
pressure and vial location, and the lyophilizer equipment
capability limits (maximum vapor mass flow versus chamber
pressure). The authors developed standard operating proce-
dures (SOPs) based on the use of tunable diode laser
absorption spectroscopy (TDLAS) (27–31) and gravimetric
measurements (32) to guide the user in creating these data
sets. In this publication, the authors describe application and
testing of the model to address drying heterogeneity. A future
publication will describe the process scale-up capability of the
software model and the testing of that functionality.

Briefly, the steady-stateheat and mass transfer model (18)
often used to develop a primary drying process based on batch-
average data was extended to describe the heterogeneity in
product temperature and drying time across a batch. Three
categories of vial locations were identified—center vials (those
vials surrounded by 6 vials in a hexagonal closest packing array),
inner-edge vials (those vials near the edge that are surrounded
by 5 vials), and outer-edge vials (which are at the edge of the
array and are surrounded by 3 or 4 vials). The location-
dependentKv (mean and variance) are model inputs, along with
mean and variance for Ts, Vf, and the batch averageRp. (Future
versions of the software will incorporate location dependent
values for Rp and its variance.)

At a constant operating chamber pressure, the first
partial derivatives of the maximum product temperature at
the bottom center of the vial during primary drying, Tb,max,
and primary drying time, tdry, with respect to each of the
parameters, Kv, Ts, Vf, and Rp, are calculated from the ranges
in Tb,max and tdry at +10% of the means of Kv, Ts, Vf, and Rp.
The partial derivatives along with the corresponding variance
of each parameter, i, (σ2

i ) are used to calculate the variance of

Tb,max σ2
Tb;max

� �
and of tdry σ2

tdry

� �
for each location class of

vials (center, inner-edge, outer-edge) (Eqs. 1 and 2). Distri-
butions of product temperature and drying time are constructed
from the mean and variance. The cumulative distributions of
product temperature for all vial locations is used to plot the
fraction of vials above the maximum product temperature (x-
axis temperature shown in the upper left of Fig. 3) and that of
drying time is used to plot fraction of vials containing ice as a
function of drying time (upper right plot of Fig. 3).
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� σTs
2 þ ∂tdry

∂ V f
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2 ð2Þ

Each term in Eqs. 1 and 2 is shown in the table, %
contributions to total variance (lower right table in Fig. 3).

Assumptions and approximations:

& The product resistance is treated in this version of the
software as location-independent, as are Vf and Ts.

& The first partial derivative of Tb,max and tdry
evaluated at + 10% of the mean of each parameter is
assumed to be a good approximation out to 6
standard deviations from the mean.

Figure 3 includes a design space plot of mass flux as a
function of the freeze dryer operating pressure. As noted
above, the design space is bound by the lyophilizer equipment
capability limit and the maximum product temperature,
represented by the average edge vial temperature at the
number of vials allowed to exceed the collapse temperature.
A recommended operating point is defined by the blue dot in
Fig. 3, which was calculated using the average outer edge vial
product temperature. That temperature defines Pice, which is
used in combination with the chamber pressure and product
resistance at the last time point in the model, to calculate the
mass flux. The model also predicts the percentage of vials that
will undergo collapse and the percentage of vials that have
not completed primary drying given a primary drying cycle
time. A prior publication used a 5% NaCl/0.2% sucrose
formulation to visually assess product collapse and/or
meltback (33). Preliminary attempts during this reported
work observed variability in the success of using the NaCl/
sucroseformulation and were not further pursued.

The software developed based on the model briefly
described above and in more detail previously (25, 26) was
used to design primary drying cycles for two protein-based
drug formulations and test the agreement of location-
dependent primary drying times and product temperatures
with the model predictions. Due to the small number of
thermocouples available to monitor the product in any given
lyophilization cycle, it was not yet possible to test agreement
of variances.

The authors envisioned that end-users of the model
would initially perform a series of experiments to determine
the vial location-dependent values of the vial heat transfer
coefficient, Kv, as a function of pressure, the product
resistance, Rp, under conservative drying conditions (to avoid
product collapse) and the lyophilizer maximum mass flow rate
equipment capability limit. Determination of these parame-
ters in combination with vial container size, formulation
solute concentration, formulation fill volume and the collapse
temperature would enable use of the software model to
develop primary drying cycles and the process knowledge and
design spaces over a wide range of conditions. As discussed
below, there were limitations to this planned approach
requiring a future modification to the suggested process
development procedure.
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Materials

Drug formulations were provided by Genentech and
Merck. Both formulations contained a protein active

pharmaceutical ingredient and additional cryoprotectants,
surfactants, bulking, and buffering agents. The blinded
formulations, denoted as formulation A and formulation B,
possessed a total solid content of 3.9% w/v and 4.9% w/v,

Fig. 2. Screen image of the lyophilization primary drying software model user input interface. Inputs include product, container, and lyophilizer
equipment capability related parameters. Location- and pressure-dependent vial heat transfer coefficients as well as relative standard
deviations for all parameters are required to describe contributors to drying heterogeneity and variation that will affect vial location dependent
product temperatures and drying times

Fig. 3. Screen image of the lyophilization primary drying software model output calculations. The outputs include the fraction of vials that dry
above the user-defined critical temperature, product location-dependent temperatures, product drying time, percent of vials that collapse,
percent of vials that do not complete primary drying, as well as a plot of the process knowledge and design spaces
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respectively. Both formulations were amorphous. All solu-
tions were filtered using a 0.22 μm polyethersulfone filter
(Thermo Fisher Scientific, Waltham, MA) immediately prior
to vial filling. Vials used for Kv experiments (Table I) were
20R (DWK Life Sciences, formerly Wheaton, Rockwood,
TN) and 10R (Gerresheimer, Düsseldorf, Germany) tubing
vials. Only 10R vials were used for drug product experiments.
Rubber stoppers were 20 mm igloo lyophilization stoppers
(Aptar Pharma, Crystal Lake, IL). Data from 20R vials were
used to explore the shelf temperature dependence of Kv.
Freeze-drying experiments were conducted using one shelf of
filled vials in a LyoStar 3 freeze-dryer (SP Scientific,
Gardiner, NY) containing three shelves.

Freeze Drying

A single, full “bottomless” tray of filled vials was
placed on the middle shelf of the lyophilizer. The freeze-
dryer was outfitted with a LyoFlux® (Physical Sciences
Inc., Andover, MA) tunable diode laser absorption
spectroscopy (TDLAS) sensor to measure batch average
water vapor mass flow rates during freeze drying. This

data was primarily used to determine batch average Rp

and for developing the equipment capability curve used in
the model to develop the knowledge and design spaces.
Process settings for determination of the vial heat transfer
coefficients (Kv) and product resistance (Rp) are described
in the following two sections.

The primary drying heterogeneous freeze-drying
model was used to design experiments that provided data
to verify the accuracy of model predictions of product
temperature and primary drying time. Freeze-drying for
both formulations, A and B, was performed using
Gerresheimer 10R vials. The fill volume and depth were
3.0 mL/0.85 cm and 5.2 mL/1.47 cm, respectively, for
formulations A and B. The freeze-drying cycle parameters
are shown in Table II. Freezing conditions were based on
the freezing recipe outlined in Tang et al. (34) for
amorphous formulations. The freezing protocol used for
both formulations included first lowering the solution
temperature to 5°C and holding for 30 min, then lowering
the lyophilizer shelf temperature to − 5°C, at a rate of
1°C/min, and holding for 30 min to stabilize the product
temperature. The shelf temperature was further lowered at
1°C/min to − 45°C for formulation A and to − 40°C for

Table I. Measured Kv values for 10R and 20R vials

Vial Tshelf (°C) Pc (mTorr) Kv × 104 (cal/cm2/s/K)

Center Inner edge Outer edge %ΔKv,edge

10R Gerresheimer − 20 60 2.26 2.82 3.4 50
100 2.71 3.26 3.85 42
150 3.21 3.92 4.61 44

20R Wheaton − 20 60 2.77 3.33 4.02 45
100 3.41 3.94 4.88 43
150 4.01 4.71 5.54 38

0 60 2.82 3.18 3.53 25
100 3.56 4.08 4.37 23
150 4.57 4.99 5.44 19

20 60 2.94 3.27 3.65 24
100 3.72 4.11 4.62 24
150 4.46 4.93 5.46 22

Table II. Primary drying conditions for formulations A and B

Formulation Experiment Ramp rate from
freezing (°C/min)

Shelf temperature (°C) Chamber pressure (mTorr) Duration of cycle* (h)

A #0 0.5 − 30.0 50 66.0
A #1 0.5 − 30.0 50 74.0
A #2 0.5 − 25.0 50 57.4
A #3 0.5 − 20.0 50 57.3
B #0 1.4 − 35.0 50 155.3†

B #1 2.3 + 0.0 150 39.9
B #2 0.5 − 13.0 65 73.0
B #3 0.5 − 12.0 65 100.0
B #4 0.5 − 21.0 65 120.0

*Duration of cycle is the time at which the shelf temperature and chamber pressure were maintained, not the time required to complete
primary drying
†Did not complete primary during, no secondary drying
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formulation B and held for 90 min to fully freeze the
product. The ultimate freezing temperature was chosen to
be sufficiently below thermal events for each formulation.
Thermal data for Formulation A indicated a collapse
temperature of − 39°C determined by freeze-drying mi-
croscopy (Lyostat, Linkam Scientific, Tadworth, UK).
Formulation B exhibited a collapse temperature of −
23°C determined by freeze-drying microscopy and a Tg’
of − 26°C determined by differential scanning calorimetry.
Secondary drying conditions for both formulations A and
B were chosen based on guidance from industry partners.
Secondary drying for formulations A and B was conducted
at 25°C, with a ramp rate of 0.1°C/min for formulation A
and 0.25°C/min for formulation B.

Determination of Vial Heat Transfer Coefficients from
Sublimation Runs

Vial heat transfer coefficients for both 20R and 10R vials
were determined by gravimetric based experiments. A full
tray of vials (160 for 20R and 264 for 10R) was filled with
deionized water (10 mL for 20R and 3 mL for 10R), and vials
were semi-stoppered. Vials were loaded onto the middle shelf
of a LyoStar 3 freeze-dryer using a “bottomless” tray. After
cooling the shelf to − 40°C to freeze the water, the chamber
pressure was set to 60, 100, or 150 mTorr and the shelf was set
to − 20, 0, or 20°C. Ice underwent sublimation at a fixed shelf
temperature and pressure. The vacuum was released abruptly
to end sublimation when ~ 1/3 of the ice was removed as
reported by the batch average TDLAS sensor, and the vials
were brought to room temperature prior to weighing. Select
vials were outfitted with 36-gauge thermocouple probes
(Omega, Norwalk, CT) inserted through the rubber stopper
and placed at the bottom center of the vial. Vials were
selected to sample three vial location classes - center, inner-
edge and outer-edge. The Kv values determined using this
gravimetric method for each location class of vials was

calculated from the average sublimation rate, ṁ tÞð Þ
D E

,

(weight of water removed/process time), times the heat of
ice sublimation (670 cal/g), ΔHsub, the horizontal cross-
sectional area of the vial Av, (6.93 cm2 for 20R and 4.52 cm2

for 10R), the shelf temperature, Ts, and the average product
temperature, 〈Tb(t)〉, shown in Eq. 3.

Kv ¼
ṁ tð Þ

D E
�ΔHsub

Av � Ts− Tb tð Þh ið Þ ð3Þ

This method for gravimetric determination of Kv is a
simplified version of the method described by Pikal et al. (35).

Slight variations in number and placement of thermo-
couple probes, number of vials weighed, and methods to
determine Kv for each vial location class were based on
differences in protocols used by the two research groups
performing the determinations. For both methods, thermo-
couples were placed in 4–5outer-edge vials, 3 inner-edge vials,
and 3–6 center vials and positioned at the bottom center of
each vial. The water removed from each vial class divided by
the sublimation time was taken as the average sublimation

rate, ṁ tð Þ
D E

. The thermocouple temperatures, sampled each

minute during sublimation, were averaged over the sublima-
tion time, 〈Tb(t)〉, for each weighed vial. Individual vial heat
transfer coefficients were determined at three chamber
pressures and vials for each location class were averaged to
determine Kv for center, inner-edge and outer-edge vials.
Differences in the methods are as follows. Method 1 was used
for 10R vials, whereas method 2 was used for 20R vials. In
method 1, the vials outfitted with thermocouples were
weighed before and after sublimation to determine the mass
of water removed, whereas in method 2, all vials were
individually weighed. In method 1, the beginning of sublima-
tion was defined as when the isolation valve was opened
following the extra freeze and pressure stabilization steps
included in the freeze-dryer process recipe; the lyophilizer
shelf temperature was raised from the − 40°C freezing
temperature to the drying shelf setpoint temperature as fast
as the lyophilizer could achieve (input ramp time was 0 min,
actual ramp time was 12–13 min). In contrast, in method 2,
the start of sublimation was defined as when the shelf
temperature reached its set point; at this point, no more than
2% of the water had been removed from the vials. In method
1, the average Ts was calculated from the shelf heat transfer
fluid inlet temperature measured by a resistance temperature
detector (Omega, Norwalk, CT), whereas in method 2, the
shelf temperature set point was used. The minor differences
did not affect the values of Kv significantly but were described
here to point out the level of detail that must be included in
measurement protocols to obtain repeatability between
research groups.

Determination of Batch-Average Product Resistance
Parameters

Product resistance as a function of dry layer thickness
was determined for each formulation. A full tray of 10R vials
was filled with a volume of 3 mL and 5.2 mL for formulations
A and B, respectively. The formulations were dried under
conservative shelf temperature / pressure conditions to avoid
product collapse. Select vials were outfitted with 36-gauge
thermocouple probes (Omega (Norwalk, CT)) inserted
through the rubber stopper and placed at the bottom center
of the vial. Thermocouples were placed in five outer-edge
vials, three inner-edge vials and six center vials in the same
configuration used during the Kv experiments for these vials.
Product temperature at the sublimation interface was deter-
mined using Eq. 4:

Tp tð Þ ¼ Tb tð Þ−ΔHs � ṁ tð Þ � Lice tð Þ
Ap �Kice

ð4Þ

where Lice(t) is the thickness of ice in the vial, Ap is the
area of the product, and Kice is the thermal conductivity of ice
(20.52 cal/h/cm/K) (36). Tb was measured using thermocouple
probes, and ṁ tð Þ was continuously measured throughout the
experiments using the batch average TDLAS sensor. All data
were measured at 1-min intervals. Lice was determined using
Eq. 5:

Lice tð Þ ¼ mo−m tð Þ
ρice �Ap � vice ð5Þ
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where mo is the initial mass of water, m(t) is the mass of water
removed at time t determined by integrating the TDLAS
water vapor mass flow rate divided by the number of vials in
the batch, ρice is the density of ice (0.918 g/cm3), and νice is the
volume fraction of ice (estimated at 0.97 for both
formulations). Product and stopper resistance (Rps) was
determined throughout the freeze-drying cycle using Eq. 6:

Rps tð Þ ¼ Ap � Pice tð Þ−Pcð Þ
ṁ tð Þ ð6Þ

where Pice(t) is the vapor pressure of ice (37) determined
from the product temperature at the sublimation interface
(Eq. 7), Tp(t) (from Eq. 4) is the product temperature, and Pc

is the chamber pressure measured using a capacitance
manometer (MKS Instruments, Andover, MA).

Pice tð Þ ¼ 2:968� 1010 � e−6144:96=Tp tð Þ ð7Þ

The maximum dry layer thickness, Lmax, of each
formulation was calculated using Eq. 8, and the dry layer
thickness as a function of time, Ldry(t), was calculated using
Eq. 9.

Lmax ¼
mo=ρice

vice �Ap
ð8Þ

Ldry tð Þ ¼ Lmax−Lice tð Þ ð9Þ

Equation 10 was fit to Rps(t) versus Ldry(t) to determine
the product resistance parameters R0, A1, and A2 using least
squares regression.

Rps tð Þ ¼ R0 þ A1 � Ldry tð Þ
A2 þ Ldry tð Þ ð10Þ

Determination of Equipment Capability Limits

Equipment capability limits were determined for the
LyoStar 3 by performing ice slab sublimation tests under
choked flow conditions. Ice slabs were formed on each shelf
by lining a bottomless tray with a plastic sheet and filling with
deionized water to a fill depth of approximately 2 cm. After
cooling the shelf to − 40°C to freeze the water, the chamber
pressure was set to 10 mTorr and the shelf was set to − 40°C.
A chamber pressure set point of 10 mTorr was used to
prevent the freeze dryer from bleeding nitrogen into the
chamber, assuring only water vapor mass flow. Based on prior
experience, it was known that the freeze-dryer could not
achieve the low-pressure setpoint even at a shelf temperature
of − 40°C, thus assuring an overload condition from the start
of the experiment. The shelf temperature was raised in 10–
20°C intervals up to 60°C, and sublimation was carried out at
each shelf temperature for 45 to 60 min to allow for the
establishment of steady-state operation. At each shelf tem-
perature, the chamber pressure stabilized at the minimum
controllable pressure. The pressure at the end of the steady
state, defined as the average during the last 10 min at each

shelf temperature, was correlated with the water vapor mass
flow determined by TDLAS at the same time interval to
determine the equipment capability curve, shown as the pink
line in the Primary Drying Process Design Space plot within
Fig. 3.

Location-Dependent Kv and Rp During Product Drying from
Thermocouple-Reported Product Temperatures (Tp)

Location-dependent Kv and Rp values were determined
for a subset of the model predictive verification drug
substance lyophilization experiments. Thermocouple place-
ments were identical to those used to determine Kv for 10R
vials. For each vial outfitted with a thermocouple, Kv was

calculated from the average sublimation rate, ṁ tð Þ
D E

, using

method 2 and average product temperature, 〈Tp(t)〉, using
Eq. 3. The sublimation time was defined by subtracting the
time at which sublimation started (marked by when the target
shelf temperature for primary drying was reached) from the
end of sublimation (marked by the rapid rise in the
thermocouple temperature that indicates loss of contact with

ice). The average sublimation rate, ṁ tð Þ
D E

, was calculated

using the initial mass of water in the vial, mo, (not accounting
for the negligible quantity of water associated with the
amorphous phase) divided by the sublimation time.

The value of Kv for each vial was used along with the
product temperature at each time point, Tp(ti), to calculate
the product resistance Rp(ti) for that vial at that time point
using the following procedure. The sublimation rate at each
time point was determined from Eq. 11.

ṁ tið Þ ¼ Kv �Av � Ts−Tp tið Þ� �
ΔHsub

ð11Þ

Taking the start of sublimation as t = 0, for all time
points where t > 0, the average sublimation rate over each

time interval, Δti = ti − ti − 1 equaled ṁ tið Þþṁ ti−1ð Þ
2 . The

cumulative mass of ice removed, m(ti) at the end of each time

interval, ti, equaled
∑i

1 Δti�ṁ tið Þþṁ ti−1ð Þ
2 . The dry layer thickness at

the end of each interval, Ldry(ti), equaled the maximum dry
layer thickness (Lmax) multiplied by the fraction of water

removed up to the end of that interval, m tið Þ
mo

. The initial mass
of water, mo, was estimated to be 2.88 g in Formulation A and
4.75 g in Formulation B. The temperature of the sublimation
interface, Tp,i was defined by Eq. 12, which is the single-vial
version of Eq. 4

Tp;i ¼ Tb tið Þ− ṁ tið Þ þ ṁ ti−1ð Þ
2

�ΔHsub � Lice tið Þ
Av �Kice

ð12Þ

The vapor pressure of water at the sublimation interface,
Pice(ti), was calculated from the temperature at the sublima-
tion interface, Tp, i(Eq. 7). The total resistance to water vapor
leaving the vial, Rps, i (including both product and stopper

resistance) for each interval, Δti, equaled
Ap� Pice tið Þ−Pcð Þ

ṁ tið Þ ; which
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is the single vial version of Eq. 6. Thus, at each time point
during primary drying, we calculated Ldry(ti) and Rps, i for
each vial containing a thermocouple. Measuring Rp in each
vial provides the data to determine Rp heterogeneity across
the batch. However, Rp calculations using this method rely on
accurate determination of primary drying times from thermo-
couple “breaks.” This is susceptible to errors due to the
incorrect selection (should be thin gauge) and placement
(should be at the bottom center of the vial) of thermocouple
probes. To reduce errors, 36-gauge bare lead thermocouples
were used, and probe placement was checked after the
freeze-drying cycle. Although not used during the current
model predictions, future versions of the software model will
include the use of this Rp heterogeneity data. In addition to
the current method of calculating vial specific values of Rp, a
single vial tunable diode laser absorption spectroscopy-based
mass flow measurement system is under development that
should enable the determination of location dependent Rp

values.

RESULTS AND DISCUSSION

Model Inputs: Vial Heat Transfer Coefficient

Vial heat transfer coefficients for three vial location
classes—center, inner-edge, and outer-edge—were deter-
mined experimentally. The vial heat transfer coefficients, Kv,
for all vials over all shelf temperatures showed the expected
increase in Kv with chamber pressure (Table I). Of particular
interest to modeling batch heterogeneity is the %ΔKv, edge,
which is the difference in the value of the vial heat transfer
coefficient for edge vials, Kv, outer edge, over that for the center
vials, Kv, center, expressed as a % of Kv, center. The smaller 10R
vials had a marginally larger %ΔKv, edge compared to the 20R
vials at the same shelf temperature (− 20°C).

At higher shelf temperatures, the %ΔKv, edge was lower
(~ 23% at a shelf temperature of 0°C and + 20°C) and was
less dependent on chamber pressure in the same range. This
is consistent with previous theoretical finding that %ΔKv, edge

increases as Ts-Tb decreases (26). At a shelf temperature of −
20°C, the values of Ts-Tb during gravimetric sublimation
experiments to determine Kv were 20, 17, and 14°C at

chamber pressures of 60, 100, and 150 mTorr, respectively.
At higher shelf temperatures, Ts-Tb values were much higher,
~ 35°C and 50°C at 0°C and + 20°C, respectively, consistent
with the lower values of %ΔKv, edge.

Perhaps more notable is the increase in center-vialKv

with shelf temperature. The value of Kv has been generally
considered to be relatively independent of shelf temperature.
While this is true in the usual low range of shelf temperatures
(− 25 to − 15°C), Kv is higher at the elevated shelf
temperatures often used for protein formulations. Thus,
additional information on heat transfer at elevated shelf
temperatures will be useful. In this version of the software,
the pressure-dependent but shelf temperature-independentKv

values for the 10R vials were input into the software (lower
left table in Fig. 2). At intermediate pressures, the Kv is
interpolated from given data. At higher (> 150 mTorr) and
lower (< 60 mTorr) pressures, the Kv is extrapolated from the
curve fit, but this approach carries a risk of inaccurate values
of Kv due to extrapolation beyond the knowledge space.

Kv values determined from thermocouple data collected
during lyophilization of product in 10R vials (experimental
data in Table III) were compared with Kv values at the
experimental chamber pressure (model data in Table III)
determined from interpolating/extrapolating data from water
sublimation runs (Table I). Experimental Kv values were on
average within 3% of interpolated/extrapolatedKv values
used in the model for formulation A, experiment #1 and
formulation B, experiment #3 (Table III), which both used
low shelf temperatures (− 30°C < Ts < − 21°C) during
primary drying. The highest difference was ~ 12–19% during
the most aggressive drying cycle (Tshelf = 0°C) of formulation
B, where higher Kv values are expected due to the higher
shelf temperature as shown in Table I. In addition, for this
case the %ΔKv, edge determined from thermocouples during
lyophilization of product (Table III, Exp) was only 3%
compared to 44% as determined from the ice sublimation
(Table III, Model). Future refinement of the model to better
account for Kv heterogeneity as a function of shelf temper-
ature will improve the agreement.

Model Inputs: Product Resistance

For each formulation, batch-average product resistance
was determined using TDLAS water vapor mass flow rate
measurements as a function of dry layer thickness during a
conservative experiment designed to avoid any frozen drug
formulation structural changes (viscous flow) that would
affect the resistance of the product. Primary drying condi-
tions (for experiment #0 in Table II) maintained the frozen
drug product below estimated Tc (formulation A) and Tg’
(formulation B) values for each formulation. In the case of
formulation A, the product resistance determined a priori
from the conservative cycle, experiment #0, represented the
product behavior well even during the slightly more aggres-
sive cycles, experiments #1–3, (Fig. 4A), with Rp increasing
linearly with Ldry. In addition, the resistance was relatively
low, ~ 3.0 cm2.Torr.h/g at 2/3Lmax. Formulation B, on the
other hand, had a higher resistance (~ 13.0 cm2.Torr.h/g at 2/
3Lmax) and exhibited a cycle-dependentRp(Fig. 4B). Addi-
tionally, the product resistance measured using a conserva-
tive cycle, experiment #0, a priori for model input was much

Table III. Accuracy of vial heat transfer coefficient model inputs
compared to experimentally measured values × 104 cal/cm2/s/K

Experiment Vial class Model Exp. %Difference

Formulation A
Experiment #1
Ts=30.0 °C

Center 2.14 2.15 − 0.5%
Inner edge 2.72 2.68 1.5%
Outer edge 3.30 3.48 − 5.2%

Formulation B
Experiment #1
Ts=0.0 °C

Center 3.21 3.96 − 18.9%
Inner edge 3.92 4.46 − 12.1%
Outer edge 4.61 4.07 13.3%

Formulation B
Experiment #2
Ts =−13.0 °C

Center 2.32 2.49 − 6.8%
Inner edge 2.87 3.05 − 5.9%
Outer edge 3.45 3.26 5.8%

Formulation B
Experiment #3
Ts=− 21°C

Center 2.32 2.22 4.5%
Inner edge 2.87 2.89 − 0.7%
Outer edge 3.45 3.21 7.5%
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higher than the product resistance measured during freeze-
drying of the product using more aggressive cycles, experi-
ments #1–4. Equation 10 was fit to the product resistance to
determine the Rp parameters R0, A1, and A2 within the
modeling software using least squares regression, except for
formulation B #1, which was not adequately fit by Eq.
10(Supplemental Fig. 1). The mean squared errors of the fit
to the Rp data (calculated using the batch average TDLAS
mass flow rate measurements) for formulations A and B were
0.0026 and 0.0907, respectively, for the experiment #0 cycles.

Determining Model-Derived Primary Drying Process
Conditions

Primary drying process conditions for each product were
determinedbyfirst entering vial, product and lyophilizer parameters
into the Design Space Inputs screen (Fig. 2) of the software tool.
Model parameters including product resistance (R0, A1, and A2

from experiment #0 for each formulation, in this case), Vial Heat
Transfer Coefficients versus Pressure (for 10R vials from Table I in
this case) and Equipment Capability Limits(shown in Fig. 2) were
also entered. Additional inputs included the Solute Concentration,
Fill Volume, Vial Type, and Number of Vials filled with product
formulation. When known, experimentally derived %RSD values
can be input for each parameter, including the Rp parameters R0

and A1(Eq. 10). However, for the present study, default values
available in the software were selected from a drop-down menu
(25). An initial estimate of process conditions, including Shelf
Setpoint Temperature,Chamber Pressure and Primary Drying Cycle
Time were input. If the shelf temperature standard deviation is
unknown, the software can calculate a value based on Shelf
Temperature Measurements experimental data input into the lower
righthand table (Fig. 2). An initial Shelf Setpoint Temperature and
Chamber Pressure can also be calculated by the software using a
previously published algorithm (9). Finally, the Vials Allowed to

Collapsewas specified to enable the calculation of theAverage Edge
Vial Temperature at the # of VialsAllowed toCollapse in thePrimary
DryingProcessDesignSpaceplot in theCalculation andResultsuser
interface. A typical input is one (1) vial allowed to collapse.

After inputting the required parameters, the model
performed calculations to predict the product temperature
(by location), drying time, percentage of collapsed vials,
percentage of vials that did not complete drying and the
primary drying process design space in the Calculations and
Results user interface. Following review of the results based
on the initial set of process conditions, an iterative process
was used to improve the process efficiency with the goal of
shorter drying times while maintaining product quality:
product temperature in all vial locations below the collapse
temperature, low percentage of collapsed vials and vials not
dry. The iterative process included review of:

I. Picevs Drying Time: All calculated pressures above the
chamber pressure to ensure a driving force for
sublimation

II. Average Safety Margin: Typically maintained between
2 and 4°C

III. Tpvs Drying Time: Edge vials that typically possess
the highest Kv value are maintained below the
collapse temperature especially near the end of
primary drying

IV. % Vials Collapsed: Typically maintained between 0.5
and 0.0003% (6-sigma)

V. % Vials Not Dry: Typically maintained between 0.5
and 0.0003% (6-sigma)

VI. Primary Drying Process Design Space: Target oper-
ating conditions located below the apex crossing of
the equipment capability curve and the average edge
vial product temperature isotherm at the user-
defined number of vials allowed to collapse

Fig. 4. Product resistance as a function of dry layer thickness for the first 2/3 of primary drying for A formulation A and B formulation B for all
experiments. Drying conditions for each experiment are listed in Table II
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Changes were made to the Shelf Setpoint Temperature to
maintain vials below the Collapse Temperature, adjust the
Average Safety Margin and to adjust the % of Vials Collapsed.
Adjustments were made to the Primary Drying Cycle Time to
affect the % Vials Not Dry. The Chamber Pressure was
adjusted to position the target operating conditions under the
apex of the Primary Drying Process Design Space.

The process described above was performed for each
experiment performed for formulations A and B. The Shelf
Setpoint Temperature and Chamber Pressure input parameters
were adjusted to challenge the predictive capability of the
software model and to explore how changes to product
resistance due to changing operating conditions (and product

temperature) affect the predictive capability of the primary
drying model. These results are discussed below.

Model Accuracy: Product Temperature and Primary Drying
Time

The primary drying conditions for formulation A,
experiment #1 matched the conditions of the cycle to
determine product resistance experiment #0, with subsequent
experiments increasing the shelf temperature in 5°C incre-
ments with the chamber pressure held constant. The model
predicted an increasing percentage of collapse with increasing

Fig. 5. Formulation A, experiment #1, comparison of model results of product temperature at the bottom center of the vial to product
temperatures measured by thermocouple probes (TC) for A center (n = 6), B inner edge (n = 3), and C outer edge (n = 5) vials. The data
shows good agreement between model predictions and observed product temperatures as well as primary drying times

Table IV. Model accuracy in predicting primary drying time and product temperature prediction

Experiment Vial
class

Primary drying time Product temperature

Model
mean (h)

Experimental
mean ± std dev
(h)

%
Difference

Model mean
(°C)

Experimental
mean ± std dev
(°C)

° C
Difference

Formulation A #1 Center 50.5 53.6±3.3 (n=6) 6.1 − 41 − 40.4±0.2 (n=6) − 0.6
Inner edge 42.4 47.3±3.8 (n=3) 11.6 − 40.4 − 39.4±0.6 (n=3) − 0.1
Outer edge 37.1 43.0±13.8 (n=5) 15.9 − 39.8 − 39.2±0.4 (n=5) − 0.6

Formulation B #1 Center 29.7 21.1±1.6 (n=6) 28.6 − 21.6 − 24.4±0.9 (n=6) 2.8
Inner edge 25.8 19.0±1.1 (n=3) 26.4 − 20.4 − 23.6±0.6 (n=3) 3.2
Outer edge 23.2 20.3±2.2 (n=5) 12.5 − 19.4 − 24.5±0.8 (n=5) 5.1

Formulation B #2 Center 55.9 45.7±3.2 (n=6) 18.2 − 28.8 − 30.6±0.8 (n=6) 1.8
Inner edge 48.8 40.3±9.5 (n=3) 17.4 − 27.6 − 30.1±0.8 (n=3) 2.5
Outer edge 43.6 37.8±3.4 (n=5) 13.3 − 26.7 − 29.6±2.0 (n=5) 2.9

Formulation B #2 (in-process
Rp)

Center 5.4 − 45.7±3.2 (n=6) 9.3 − 30.4 − 30.6±0.8 (n=6) 0.2
Inner edge 43.7 − 40.3±9.5 (n=3) 7.8 − 29.3 − 30.1±0.8 (n=3) 0.8
Outer edge 38.8 − 37.8±3.4 (n=5) 2.6 − 28.4 − 29.6±2.0 (n=5) 1.2

Formulation B #3 Center 82.7 72.0±7.3 (n=6)- 12.9 − 31.7 − 33.7±0.4 (n=6) 2.0
Inner edge 73.1 − 59.8±2.8 (n=3) 18.2 − 30.8 − 32.6±0.4 (n=3) 1.8
Outer edge 66.2 − 56.7±5.7 (n=5) 14.4 − 30.1 − 32.1±0.5 (n=5) 2.0

Formulation B #3 (in-process
Rp)

Center 72.1 − 72.0±7.3 (n=6) 0.1 − 33.2 − 33.7±0.4 (n=6) 0.5
Inner edge 63.1 − 59.8±2.8 (n=3) 5.2 − 32.3 − 32.6±0.4 (n=3) 0.3
Outer edge 56.5 − 56.7±5.7 (n=5) 0.4 − 31.6 − 32.1±0.5 (n=5) 0.5
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average product temperature due to the higher shelf temper-
atures. Using the collapse temperature estimated from freeze
drying microscopy, − 39.0°C, the model predicted 39% of
vials collapsed in experiment #1, 99.8% in experiment #2, and
100% in experiment #3. On 100% visual assessment of dried
cakes from all cycles, there was no macrocollapse, only
modest shrinkage of the cake. For formulation B, conditions
for experiment #1 were chosen to be highly aggressive with
97% collapse predicted, whereas conditions for experiments
#2 and #3 were predicted to maintain maximum outer edge
vial temperatures below the measured Tc (with a 1.5°C safety

margin) and Tg’ (2.2°C safety margin) respectively. Experi-
ment #4 was a repeat of experiment #3. Again, 100% visual
assessment of vials showed no macrocollapse, only increasing
cake shrinkage for the more aggressive cycles. The %collapse
results, while not in agreement with model predictions, are
consistent with reported reduced collapse of protein formu-
lations in vials than in the thin film format used in freeze
drying microscopy (14). These results highlight the need to
better define the collapse temperature used to design a cycle
for a protein formulation relative to the collapse temperature
determined by freeze-drying microscopy or Tg’ (38).

Fig. 6. Formulation A, experiments #0–#3, average product temperatures measured by thermocouple probes (solid lines) and model results for
product temperature at the bottom center of the vial based on Rp from experiment #0 (markers) for A center (n = 6), B inner edge (n = 3),
and C outer edge (n = 5) vials. The data shows variance in product temperature with primary drying conditions (shelf temperature and
chamber pressure)

Fig. 7. Formulation B, experiment #3, comparison of model results of product temperature at the bottom center of the vial based on Rp

calculated from experiment #0 or an in-process determined Rp and product temperatures measured by thermocouple probes for A center (n =
6), B inner edge (n = 3), and C outer edge (n = 5) vials. Model accuracy is significantly improved using in-process determined Rp parameters
due to changes in product resistance between cycles
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The model-predicted location-based average product
temperature was compared to product temperatures mea-
sured using thermocouple probes positioned touching the
bottom center of selected center, inner-edge and outer-
edge vials during freeze-drying experiments. Product
probe placement was identical to the placement used
during 10R vial sublimation runs to determine Kv and
conservative Experiments (#0) to determine Rp. The
model predictions for Formulation A (using Rp from
Experiment #0, filled circles in Fig. 5) and experimental
average product temperature profiles (dark lines in Fig. 5)
during primary drying Experiment #1, for each vial
location class, agree within ~1°C with experimentally
determined product temperatures. The experimental mea-
surements were slightly higher than predicted by the
model, most likely due to the higher experimental product
resistance (Fig. 4A). However, late in primary drying,
where the product temperature is higher and the product
more vulnerable to collapse, the agreement was improved.
The average difference between the model predicted Tb

and the experimental measured Tb was − 0.6°C for center
vials, − 1.0°C for inner edge vials, and − 0.6°C for outer
edge vials (Table IV).

The heterogeneity in experimental product temperatures
is evident from the individual thermocouple traces (Fig. 5,

lighter colored lines). Even within a vial location class, there
is some variation in Tb due to heterogeneity in Kv and Rp.
Additional heterogeneity in product temperature can be
attributed to measurement variations due to thermocouple
placement. The product temperature profiles of Formulation
A during primary drying at increasing shelf temperature
agree well with the model predictions (Fig. 6). The average
absolute difference between the model predicted Tb and the
experimentally measured Tb was less than 1°C for all vial
location classes for all experiments (data not shown), based
on product temperature data before completion of primary
drying.

While the product temperatures predicted by the model
for formulation A matched the experimental results reason-
ably well, the predictive capability of the model was
challenged by formulation B. Average product temperatures
that were predicted by the model using the Rp(Fig. 4B) from
the conservative (#0) cycle were higher by as much as 2°C
(Fig. 7) than average experimental product temperatures
(dark lines in Fig. 7) in Experiment #3, which used more
aggressive drying conditions. Vial heat transfer coefficients
calculated from thermocouple-reported product temperatures
(method 2) showed that the model inputs were within 5% for
center and inner edge vials, while outer edge vials had a 7%
difference between experimental values and model inputs

Fig. 8. Formulation B, comparison of model results of product temperature at the bottom center of the vial using in-processRp from
experiment #3 and average product temperatures measured by thermocouple probes for A center (n = 6), B inner edge (n = 3), and C outer
edge (n = 5) vials for experiments #3 and #4. The data shows good agreement between model predictions and observed product temperatures
and reproducibility between cycles with the same primary drying conditions

Table V. Product resistance at 2/3 of Lmax for each vial class

Rp at 2/3 of drying (cm2∙h∙Torr/g)

Center (n=5) Inner edge (n=3) Outer edge (n=5)

Formulation A
Experiment #1

3.95 ± 1.25 4.71 ± 0.37 3.83 ± 0.37

Formulation B
Experiment #1

6.68 ± 0.87 6.87 ± 1.33 5.84 ± 1.66

Formulation B
Experiment #2

10.22 ± 0.62 9.33 ± 3.01 7.80 ± 0.53

Formulation B
Experiment #3

10.98 ± 1.51 10.41 ± 1.20 9.90 ± 1.09
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(Table III). Modeling the cycle using in-process determined
Kv values calculated from data collected during the product
drying experiment did not fully resolve the product temper-
ature inaccuracy (data not shown).

Product resistance was considered as another possible
source of prediction inaccuracy. The Rp for cycle #0 was
dramatically higher than the Rp for cycle #3 (Fig. 4B). There
were substantial differences in Rp as a function of dry layer
thickness for formulation B at different shelf temperature/
pressure operating conditions. Product resistance was signif-
icantly lower for all four model verification product formula-
tion experiments (#1–4) compared to the initial conservative
product resistance experiment (#0). While all cakes were
acceptable in appearance, with no apparent macrocollapse,
the decrease in product resistance suggested microcollapse
(changes in the cake micro-structure that reduced resistance
to vapor flow out of the cake, without significant change in
shape of the overall cake). For a more aggressive cycle,
experiment #3 compared to experiment #0, average product
temperatures for center vials were higher (− 33.7 ± 0.4°C)
than those in cycle #0 (− 40.4 ± 0.2°C) with correspondingly
higher temperatures for inner and outer edge vials
(Table IV). While the Tb,av, center for experiment #3 was
higher than experiment #0, it was lower than predicted by the
model (− 31.7°C) when using experiment #0 Rp(Table IV). At
the higher product temperatures, particularly those near and
above Tg’, which was difficult to conclusively determine for
this formulation, viscous flow is expected to be greater.
Viscous flow collapses small pores that consolidate into larger
pores, reducing the product resistance. At sufficiently high
product temperatures, collapse of the entire structure, or
macrocollapse, can yield an unacceptable product
appearance.

When the model was used to predict the product
temperatures using a batch average Rp derived from the
same cycle (triangles in Fig. 7), agreement significantly
improved. Average product temperatures were predicted to
within 0.5°C for all vial location classes compared to 2.0°C
with the inaccurate Rp. As a further test of the model,
formulation B was dried (experiment #4) using identical cycle
conditions to the previous experiment #3. Average product
temperatures using the product resistance data from experi-
ment #3 agreed well (Fig. 8) with the experimental product
temperature for the repeat experiment (#4), except at the end
of primary drying, where the time-dependent microcollapse
became difficult to model with this version of the software.
Similar results were obtained for experiment #2 for formula-
tion B where product temperature accuracy is significantly
improved using in-processRp data for defining model inputs
(Table IV). However, there is reduced model accuracy for
inner and outer edge vials due to more appreciable product
temperature drops (similarly to Fig. 7) late in primary drying.
The equation traditionally used for Rp(Eq. 10) does not allow
for modeling of product temperature decreases during the
cycle.

The same method of using in-processRp to model the
cycle could not be applied to experiment #1 due to the
magnitude of the reduction in Rp caused by microcollapse. As
shown in Fig. 4B, Rp for experiment #1 plateaued at an Ldry >
0.4 cm. The equation used to define Rp as a function of dry
layer thickness (Eq. 10) could not be fit to this data;

therefore, the current model could not be used. An alterna-
tive data fitting method is being explored. In summary, when
the degree of microcollapse increases with the product
temperature as in formulation B (supplemental Fig. 2), the
current model cannot account for lower product temperature
during primary drying due to the reduced product resistance.
Model accuracy is limited both late in the cycle and for edge
vials where the effect of microcollapse is most evident. Future
versions of the model software will include modified fitting
solutions to “atypical” Rp curves that are not currently fit by
the standard Rp fit equation, accommodating cycles designed
to include microcollapse as a method of shortening cycle time
while not compromising defined product quality attributes.

A more subtle difference in Rp was also identified,
particularly for formulation B, in the more aggressive
experiments (#1 and #2). During these aggressive cycles, the
experimentally measured product temperatures were much
lower than model predictions in the outer edge vials than the
center vials (Table IV). The lower than model-predictedKv in
the edge vials (Table III) does not completely account for the
lower than model-predicted product temperatures in the edge
vials. Furthermore, the experimental drying times for vials
with lower Kv values should be theoretically longer, but in the
edge vials, the drying times are shorter than predicted by the
model. This suggests greater microcollapse in the outer edge
vials that reduces the Rp of the product. The Rp (at 2/3
through primary drying) of the cakes trended with decreasing
average product temperature during primary drying
(supplemental Fig. 2). For example, in center vials, the
average product temperature during the three experiments
(#1, #2, and #3) were − 24.4, − 30.6, and − 33.7°C, and the
corresponding Rp values were 6.7, 10.2, and 11.0 at 2/3
through primary drying (Table V). For the most conservative
cycle (#3), the Rp for edge vials was lower by 10%. For the
most aggressive cycle (#1), the Rp for edge vials was 13%
lower. Capturing this type of cycle-dependent, location-
dependentRp heterogeneity will allow the model to more
fully describe the heterogeneity across the batch.

The model was also evaluated for its ability to predict
primary drying times. For formulation A, during experiment
#1, the mean drying times predicted by the model agreed
fairly well (6% lower than the experimental average) for
center vials, with greater deviation for edge vials (12% and
16% lower than experimental averages for inner and outer
edge vials, respectively) (Table IV). However, these were
determined using relatively few thermocouples (3–6) at each
location. Perhaps, the better comparison is that the model
predictions of location-dependent mean drying times were
within 1.4 standard deviations from the experimentally
determined drying times (as determined by the thermocouple
“break” or sudden rise in thermocouple temperature).

Formulation B required the use of in-processRp values
for the model to predict the location-dependent drying times.
Using the Rp determined from Experiment #0, the average
drying times predicted for Formulation B were as much as
13–29% higher than the experimentally determined averages
(Table IV). However, when in-processRp values that better
characterized the internal cake structure were used in the
model, the predictions were higher by only 0–9% or within
1.5 standard deviations of the experimentally determined
mean times. Since only a few vials (14 of 264) can be outfitted
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with thermocouples, based on these experiments, drying time
can only be predicted to within 1–2 standard deviations. The
full distribution of drying times (Fig. 3, upper right-hand plot)
provides a better picture of the heterogeneity of drying across
the batch (including that due to vial location, cake resistance,
fill volume, and shelf temperature).

CONCLUSIONS

A user-friendly software package was developed from
two previously described models (25, 26) to provide a new
tool for process development and scale-up. This publication
focuses on use of the tool for process development. A future
publication will focus on the process scale-up capability of the
software. Two industry-supplied drug formulations were used
to test the ability of the new tool to develop primary drying
cycles and correctly predict product temperatures and drying
times. Using experimentally derived inputs for all parameters,
it was demonstrated that the software model was capable of
accurately predicting the product temperature by vial location
class, center, inner-edge and outer-edge, to within 1°C.
Drying times were accurately predicted to within 10% for
formulation A center vials and all formulation B vials using
in-processRp determinations.

This observation highlights a critical factor in the
predictive accuracy of the software model, the product
resistance to drying, Rp input. Experiments were performed
over a range of shelf temperature and pressure conditions,
some which included the product temperature exceeding the
collapse, Tc, and glass transition temperatures, Tg’. This
resulted in microcollapse of the product and dry layer
thickness-dependent differences between Rp determined
under conservative and more aggressive conditions. These
conditions also resulted in corresponding reductions in
product temperatures as a function of process time. When
significant microcollapse occurred, the typical Rp equation
was not always applicable to fitting Rp as a function of dry
layer thickness and the Rp determined under conservative
conditions was no longer accurate. An “in-process” Rp curve
was required to accurately predict product temperatures and
primary drying times.

New approaches for addressing this atypical Rp behavior,
often observed in protein formulations, are planned for the
next version of the model. In addition, both the Tc from
freeze-drying microscopy and Tg’ may not be appropriate
“critical temperatures” to use in process design for protein
formulations, since from an industry manufacturing perspec-
tive, microcollapse may be acceptable and in fact desirable.
Using the standard “critical temperatures”, the model pre-
dicted a higher % of product collapse than was observed
using 100% visual assessment, where only cake shrinkage was
evident. Once the required cake appearance has been defined
for the product, the product temperature limit or “critical
temperature” that produces cakes with an acceptable appear-
ance (38) is probably more appropriate to use in the model.
The challenges associated with measuring and modeling Rp

under conditions of product microcollapse highlight the need
for new technology that can quantify microcollapse and a
model that can predict microcollapse as a function of product
temperature to support process development and scale-up for
biopharmaceuticals.

In the future, an updated approach to model usage
includes the need for the end-user to perform a parametric
study of product resistance to drying as a function of product
temperature if microcollapse is allowed to occur. This study
will define the range of acceptable product temperatures that
can be accurately predicted with unchanging Rp values
determined prior to use of the model for the prediction of
accurate product temperatures and drying times.

In the current study, the heterogeneity across the
batch was captured in part by the location-dependent
average product temperature profiles measured and pre-
dicted during primary drying. Model predictions of
heterogeneity within each vial location class (center,
inner-edge, outer-edge) is still to be evaluated by collec-
tion of additional product temperature profiles currently
limited by the number of thermocouples. In addition to
the well-known location-dependent Kv heterogeneity, ini-
tial evidence for location-dependentRp heterogeneity was
also identified. At elevated shelf temperatures, where the
current model did not fully capture the location-
dependentKv heterogeneity, the lower true Rp in edge
vials partially compensated for higher heat input, resulting
in acceptable agreement of product temperatures during
primary drying. In future efforts, full characterization of
location- and shelf temperature-dependentKv as well as
location- and product temperature-dependentRp will en-
hance the accuracy of the predictions by the model within
the user-friendly software.
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