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Figure 8. Product temperature profile during freezing in large bottles.

radiation may induce a temperature gradient from chamber
center to its periphery, which may ultimately cause water and
organic solvent content heterogeneity within the lyophilized
cake. In order to test for homogeneity, samples from a single
batch were removed from membrane trays placed on the lowest
and middle shelves of the lyophilization chamber (i.e., closest
to the condenser at the coolest part and at the warmest part
of the chamber, respectively - Figure 7.

Freezing Conditions

The effects of rapid and slow freezing were compared on the
same bulk by loading parts of the lot on freeze-dryer shelves at
two different temperatures (0°C and -45°C). The end products
were analyzed with respect to organic solvent content, using
a moisture testing device, and product particle size.

Results

Non-Optimized Process Evaluation
Freezing Time
The freezing process in large bottles on pre-cooled shelves
was long; taking two and six hours to reach -40°C and -45°C,
respectively - Figure 8.

This extended freezing time was predominantly due to
bottle geometry, which results in a poor capacity for the first
ice layer to dissipate the water crystallization exotherm.

Primary Drying Cycle Length

The freeze-drying cycle time using glass bottles was 160
hours - Figure 9. The product temperature from the vial bot-
tom reached positive temperature after 140 hours indicating
the end of the sublimation endoderm.

Glass Integrity — Lensing

When a product is freeze-dried in large bottles, there is a
tendency for the bottle bottom to weaken as a result of freez-
ing and subsequent ice expansion, resulting in a lens shaped
fracture. During stoppering, the fragile glass released tension
by cracking or fully breaking in a lens shape.

New Process Evaluation

Membrane Trays

An analysis of the leachable and extractables studies done
following the USP and EP guidelines showed that the trays
were suitable for this application. This portion of the new
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Figure 9. Freeze-drying process recording during a week cycle
with large bottles, the shelf temperature is in pink, the condenser
in brown, and the pressure in blue.

container validation was a time consuming process, taking
over 200 working hours.

Lyophilization Cycles

Cycle A

As seen from the temperature recordings, at the end of the
primary drying phase (after 42 hours), the cake temperature
did not reach a plateau approximating to shelf temperature
- Figure 10.

Figure 10. Lyophilization cycles (a). In pink, shelf temperature; in
yellow and blue, the measured sample temperature (at the middle
and at the top of the cake); in dark blue, the measured pressure, in
brown, the measured condenser temperature. During lyophilization
cycles illustrated in A, sample temperature hardly reached a
plateau value after 42 hours, indicating that lyophilization was not
completely finished (primary drying: OK, secondary drying: absent).
During the lyophilization cycle illustrated in 14b, real pressure value
was higher than the set value. This indicates an excessive vapor
flux, at least during the first 10 hours of the primary drying.

In addition, there was a discrepancy between the target cham-
ber pressure and the effective pressure,indicative of excessive
vapor flux at the beginning of the sublimation process.

Cycle B

As seen in Figure 11, the sample temperature reached a
plateau before the end of the primary drying sequence, indi-
cating that the ice had been completely sublimated out of the
sample before the secondary drying sequence commenced. In
addition, there was no discrepancy between the set-up and
real chamber pressure measurements. No membrane tray
inflation was observed using this cycle.
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Figure 11. Lyophilization cycles (b). In pink, shelf temperature; in
yellow and blue, the measured sample temperature (at the middle
and at the top of the cake); in dark blue, the measured pressure,

in brown, the measured condenser temperature.

Validation
The residual water content for the three reproducibility lots
was identical (5.3%) - Table A. The values were slightly higher
after slower and faster drying, respectively (5.7% and 5.2%).
The organic solvent contents were within specification
after all processes, illustrating process robustness. Both the
improved and standard drying cycles provided the same re-
sults for organic solvent content, indicating that the drying
process is complete (i.e., no more free organic solvent in the
bulk) after the standard cycle. Any remaining organic solvent
in the product is present in product salt.

Sample Res. Sol.| Water
wt% wt%
Pool 9/41/R0 B3 3.7
repro Pool 9/41/R0 run2 5.3 4.45
Pool 9/41/R0O run3 B3 4.62
worst case (dry) Pool 9/41/R0-run 4 5.2 4.22
worst case (wet)  Pool 9/41/R0-run 5 5.7 417

Table A. Results of validation in terms of water content and
residual solvent.

Product Homogeneity

Organic solvent and water content were consistent in both
membrane trays,irrespective of their position in the lyophiliza-
tion chamber (Table B), indicating that the lyophilization
process is homogeneous, and allowing for random quality
control sampling from any of the membrane trays.

Freezing Conditions

Irrespective of the shelf temperature, both samples displayed
organic solvent content of 5.6% and KF values ranged from 0.8 to
0.9 %. The product particles size distribution showed that there
wasnosignificant difference between the two samples.The particle
size distribution is described for both samples in Table C by the
d(0.1),d(0.5), and d(0.9) which are respectively the maximum size
of the first 10%, 50%, and 90% of the distribution. These results
indicate that when undertaken within acceptable limits, freezing
conditions do not significantly impact on product quality.

Sample Res. Sol.| Water

2
=
2
=

Pool 17/41/R0-1
Pool 17/41/R0-2
a Pool 17/41/R0-3
Pool 17/41/R0-4
Pool 17/41/R0-5

Pool 17/41/R0-6
Pool 17/41/R0-7
b Pool 17/41/R0-8
Pool 17/41/R0-9
Pool 17/41/R0-10
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Table B. Result obtained from the sampling described in Figure 7.

Discussion

There are numerous published articles discussing heat and
mass transfer. 679101112 Here we will use the basic concept of
heat and mass transfer to explain our observations regarding
aprocess modification from freeze-dryingin a glass bottle with
a high fill depth, to a plastic tray with a low fill depth.

Mass transfer reflects the quantity of water vapor subli-
mated in unit time by a specified surface. Different flow regi-
mens (viscous, transition, and molecular) are defined, which
are governed by different equations representing different
physical situations. The selection of the correct flow regimen is
linked to two parameters: the mean free path [average distance
of a specific molecule (water or nitrogen) between collisions]
and the dimension characteristics of the system. The lower
the pressure, the higher the mean free path (A) and within the
lyophilization pressure range, A ranges between centimeters
tometers. Collisions can occur between two molecules (if there
are many molecules or a high chamber pressure) or between
amolecule and the chamber wall (if the distance between two
walls is small or if there are only few molecules).

d (0.1) (um) d (0.5) (um) d (0.9) (um)
slow freezing 32.125 102.207 206.507
rapid freezing 28.548 95.527 195.108

Table C. Measurement by SLS of particle size distribution in bulk
powders obtained after lyophilization with fast freezing (a) and
slow freezing (b).

Mass transfer can be rate limiting in certain situations,®
and in our new process, a semi-permeable membrane with
a small pore size was added between the interface and the
condenser. In addition, filling depth was reduced by a factor
7 in the two different types of container. Filling depth has a
major impact on sublimation time (Ts; Figure 12), as seen in
the following equation, where the filling depth (d) is taken
into account three times:!

Ts=(p-wl-AH,w’;-d) / [(1/K,) + (x-d/2) + (AH, ®-d/2)]
Where: d = fill depth [m]

p = density of the frozen solution [kg/m3]

w1l = total water content [kg/kg]

AH, = is the latent heat of sublimation [J/kg]
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Figure 12. Impact of filling height on
sublimation time. Upper part (dashed) is
the freeze-dried material and bottom part
(black) is the frozen part.

w’l = mass fraction of ice, often taken to 0.9

k = thermal conductivity of the frozen solution
[kJ/°C.m.h]

Kv = heat transfer coefficient from the shelf fluid to
the sublimation interface

o = water mass transfer [kg/h.m.Pa]

Many different resistances to mass transfer may be encoun-
tered during a freeze-drying cycle, including the sublimation
interface, dried layer, and headspace both in the container
and toward the condenser. At the sublimation interface, water
molecules with sufficient energy are projected upward to com-
pensate for the lower quantity of vapor molecules in the gas
phase. The total pressure (water and gas) defines the likely
quantity of water molecules that will escape. The sublimation
interface starts at the top of the vial, and moves downward as
the process progresses. The dried layer, in correlation,increases
above the interface as drying progresses and after a few hours
a network of channels (the size of which is pre-determined
by freezing conditions, the product, and other factors) will lie
above the interface. It will be more or less difficult for water
molecules to flow out of this layer depending upon the open-
ness of the network of channels. Once water molecules have
escaped the dried layer, their progress will be restricted by
the stopper or semi-permeable membrane, which creates a
restricted pore size, and resultant ‘traffic jam’ of molecules
before the opening. This accumulation of molecules can result
in a local increase in partial pressure.

Freeze-dryer geometry affects water flow to the condenser,
where a two-chamber system creates an additional restriction
to passage - Figure 13.

Indeed, the surface area of the condenser and its tempera-
ture influence the condensation capacity of the freeze-dryer.
Molecule transition to the condenser is achieved through a
pressure gradient produced by the difference in water-vapor
partial pressure of the water vapor molecules and low-
temperature ice on the condenser surface. This gradient is
maintained by the heat removal capacity of the ice condenser.
Therefrigeration system determines the maximum allowable
condensation rate for the water molecules.
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Figure 13. Water vapor mass transfer
within a freeze-dryer showing a restriction
between chamber (product) and condenser.

Although mass transfer limitations may occur when the
freeze-drying cycle is too short for the mass capacity of the
product, container, or freeze-dryer nominal condensing capac-
ity, most of freeze-drying processes are more limited by heat
transfer than mass transfer.

Three types of heat transfer operate during freeze-drying:
conduction, convection, and radiation. Conduction occurs when
two molecules have direct contact. Although at a microscopic
level, there are only a few contact points between the bottom of
a container and the shelves, during freeze-drying, conduction
predominantly occurs inside the glass or plastic surface and
the frozen layer. Convection is the transfer of energy between
two surfaces through an intermediary fluid (for example air
conditioning). Although at the pressures used during freeze-
drying, the numbers of molecules present is reduced by a fac-
tor of at least 10,000, and the term ‘convection’ may become
inappropriate, the transfer of heat is largely achieved by the
remaining water or nitrogen molecules between the shelf and
the product. Radiation is the transfer of energy by atoms or
molecules, following thermal excitation. The radiant energy
can be calculated using the Stefan-Boltzmann law. During
freeze-drying, the main sources of radiation are shelves, walls,
and the freeze-dryer door. Heat transfer through conductivity
only occurs at the bottom of the vial or tray, but convection and
radiation occur throughout the container with an intensity
related to the composition and geometry of the container.

Heat and mass transfer link at the interface, where energy
is transferred to surface molecules. Those molecules with suf-
ficient kinetic energy escape from the interface, resultingin the
reduction of the average temperature of the remaining solution
(the endothermic effect resulting from sublimation).

By taking the different types of heat and mass transfer
into account and assigning specific values in mathematical
models, the behavior of a freeze-dried product in terms of heat
and mass transfer can be predicted.®* Therefore, we have used
these models to review the main differences between our two
processes (bottle and ePTFE tray).

In order to achieve the defined product characteristics,
quick freezing is better than slow freezing. Inside a 1 liter glass
bottle, sub-cooling may occur at first, but after crystallization,
the exotherm is hardly evacuated because of the poor thermal
conductivity ofice. As a result, there is not enough stored energy
to obtain a quick cooling effect. In addition, the cooling energy
from the shelves has a long distance to reach the surface of the
liquid in the bottle, which results in a system with a mixture of
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Cost per Liter per Used Shelf Content per Maximum per | Liter per Load | Cycle Time Capacity per
Content [%] Content [L] [n] Shelf [n] Load [n] [L] [hours] Week [L/week]
Bottle 40 0.4 2 12 24 9.6 160 9.6
Lyoguard 100 1.7 5 4 20 34 72 68

Table D. Business case comparing freeze-drying capacity between current bottle production and lyo trays process. Cost is a percentage,

Membrane tray taken as 100%.

small and large ice crystals, which is more difficult to freeze-dry.
In the membrane tray, a large surface is in contact with the
cooled shelves, and energy continues to be applied at a good rate
even after system crystallization. The heat transfer rate (Q,)
from shelf through the bottom wall of the tray during freezing
conduction can be calculated using Fourier’s law:

Qs = A'A(Tp-Ts)/ 8
Where: A = surface of the tray [m?]
A = thermal conductivity of the tray [W/m.K]
0§ = thickness of the bottom of the tray [m]
Ts = the temperature of the shelf surface[°C]
Tp = the temperature of the internal bottom surface
of the tray [°C]

The heat transfer rate isincreased when the surface and ther-
mal conductivity are maximized and thickness is minimized.
Although one study demonstrated thatin a 1liter glass bottle,
a high fill depth was not associated with a decrease in mass
transfer throughout the dried layer during primary drying,’
these results were specific to one product under particular
freezing conditions. Usually, the slow heat transfer through the
glass and the frozen layer results in a seven day cycle, despite
raising the temperature of shelves aggressively, because the
contact surface between the flat bottom of the glass bottle
and the shelf is minimal. Heat transfer efficacy (radiation
and convection by gas through lateral walls) is also decreased
by the large distance to the middle of the bottle [5 cm for a
cylinder of 400 ml in a 1 liter bottle]. During secondary dry-
ing, more energy is required by the product in order to desorb
the bound water and a similar heat transfer limitation will
result in a longer time for this phase. Therefore, in order to
obtain the same residual moisture as with tray containers,
the bottle process requires more energy.

Another issue was lack of homogeneity associated with large
bottle freeze-drying. It was observed that using the 1 liter glass
bottle with 400ml fill volume for a placebo trial, the final moisture
content was not homogeneous within the cake, but the PVP pla-
cebo moisture content ranged from 1.6% (top) to 2.2% (bottom).
With the tray, the cake was homogeneous, predominantly due
to the lower filling height and subsequent lower resistance to
mass flow transfer during secondary drying.

However, for tray containers, mass transfer limitation can
result from the semi-permeable membrane, which has small
pores of hydrophobic materials, which in turn may create a
slight resistance to mass transfer. Limitations of membrane
permeability were observed using our two-day cycle when the
trays inflated. However, this was resolved when we adopted
a three-day cycle.

Heat transfer through the plastic bottom-film of the tray

also contributes to an important difference. Although plas-
tics are known to be less conductive than glass, the plastic
membrane thickness is far lower than glass. Our results
showed that heat transfer was not a limitation in this case.
Other differences included the lower distance to the center
of the tray container compared with the bottles and the large
contact area between the shelf and a low fill depth, resulting
in optimal efficiency of the shelf surface. All of these differ-
ences contributed to a cycle time reduction of more than 60%
compared with the former cycle and an increase of quantity
loaded by batch inside the freeze-dryer - Table D.

Another difference between large glass bottles and mem-
brane trays is stoppering, which creates additional stresses
within glass vials. Indeed, the tensions accumulated inside
the glass may be released when force is applied to the bottom
surface, resulting in glass breakage, which can have a huge
impact on product yields - Figure 14.

PITII. |

Figure 14. Representation of stoppering force on bottle side.

Conclusions

Freeze-drying process transfer from glass bottles to single-use
ePTFE membrane trays is feasible and profitable in terms of
freeze-drying capacity for this specific project. However, careful
process evaluation needs tobe undertaken to demonstrate con-
tainer compatibility and estimate the heat and mass transfer
properties for the two containers. Robust process validation
is a key element to success and a good understanding of the
freeze-drying process is advantageous in speeding up the
transfer process and releasing a quality product.
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