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Hello, my name is TN Thompson, Millrock
Technology. I'm going to be talking about an MILLROCK :::::
intro to freeze-drying today, and this is just a TECHNOLOGY 33333
general guide on how to approach freeze-
drying, give you an idea of what some of the
considerations are to help you develop your
protocol and process in a more efficient

Intro to Freeze-Drying
General Overview

manner. RO
Freeze-drying and lyophilization are the same

thing. When we talk about that in the millrocktech.com
industry, you could do search terms on

lyophilization or on freeze-drying. Essentially, Preface

you're going to get the same type of result.
The terms freeze-drying cycle, protocol,
program, and steps are used interchangea bly * The terms Freeze-drying Cycle, Protocol, Program, Steps may be
throughout this conversation. This is going to used interchangeably.

* Freeze-Drying and Lyophilization are the same thing

refer to that reCipe that's actually bEing used * Process control requires that all transitions in shelf temperature
e are at a controlled rate

to process your prOdUCt. It's |mp0rtant to — I 1 C/min

Understa nd that prOCESS ContrOI, WhICh iS — Important: Setting a temperature without a ramp rate is an uncontrolled

process and can lead to variation in the characteristics of the product

what is required for a freeze-drying process,
needs control in all transitions and shelf ;
temperature, and they have to be done at a
controlled rate. | say this upfront because a What you need to know about your product
lot of times people say, "Well, I'm going to
be going to -40 on my shelf."

* Freezing point

— The temperature at which the product has no ﬁ:::: -:::c

You can do that, but if you don't have a molecular mobility P e
controlled ramp to do that, sometimes it Em—r
icht take half h ti it might + Critical temperature B ER
mig ake hall an hour, Sometimes It mig — The temperature above which the product will r::: ac

take an hour, and that difference can have a either collapse or melt during the primary
. drying cycle
large impact on your process.

Toste i process voureed 0 iror I T

something about your product, and it's

critical that you know this information. The first thing is the freezing point, and that's going to be the
temperature at which the product has no molecular mobility. Typically, things with solvents or salts are
going to have a much lower freezing point than those that don't. There's also another parameter that's
called the critical temperature, and this is the temperature above which the product will either collapse
or melt during the primary drying cycle, so that's during the sublimation event. This is very important,
because the process has to maintain the product temperature below the critical temperature in order
for you to have a very robust cycle and to have the efficacy that you're looking for in the finished
product.




On the very basic side of things, there are
three steps in a freeze-drying cycle. There's
freezing, primary drying, and secondary
drying.

Freezing, which is actually the most critical
step in the entire freeze-drying process, is
the foundation for freeze-drying. If it's not
done properly, then you can't have a robust
cycle. Primary drying, which is what people
refer to as freeze-drying, is sublimation, and
this is going to allow us to remove moisture

* Primary Drying — Sublimation — Dries to 3-5% moisture

* Secondary Drying — Desorption — Dries to <1% moisture

3 Steps in a Freeze-drying cycle

Freezing — Critical to the freeze-drying process

content

content

down to the three to 5% moisture content range. This may or may not be sufficient dryness for your
product. In some cases, you need a secondary drying cycle, it's called desorption. And the temperature
of the shelf has increased. And this can be used to dry the product to less than 1% moisture. Be aware
that there are some products that can be too dry, and it affects their efficacy once the freeze-drying

process is done.

Freezing is the foundation for a robust
freeze-drying cycle. It must be performed
consistently to get consistent results in the
freeze-drying process.

The product must be frozen below its
freezing point prior to primary drying. If it's
not, it's going to cause problems with the
process. So, you have to fully understand not

Freezing

Freezing is the foundation for a robust freeze-drying
cycle

Must be consistently executed for consistent results

The product must be frozen below its freezing point
prior to primary drying

only the freezing point, but how long it takes

your product to freeze. The thicker the _I
product, for example, the longer it's going to
take. Potential problems during freezing

What are the potential problems during
freezing? The first is incomplete freezing.
Since the product needs to be fully frozen
prior to pulling a vacuum on it, it's very
important that you understand that your
product, number one, is frozen, and it's been s
frozen long enough that all of the product is

frozen. For example, if you have a thick _
material, that can take a very long time to

freeze, and it's important to understand that all of your product is frozen. Inconsistent freezing is
another problem. Inconsistent freezing can create variations in ice crystal structure in the product and
across the batch, which results in variation to the process.

¢ Incomplete freezing
— The product needs to be fully frozen prior to vacuum
— Products with salts or solvents require lower freezing temperatures
* May require -50C or lower to be completely frozen

* Inconsistent freezing
— Creates variation in ice crystal structure in the product and across the

So, when | say inconsistent freezing, what does that mean? That means that sometimes it's frozen at
one degree C per minute, sometimes it's frozen at five degrees C per minute, sometimes it's frozen to -
15 instead of -30. That's going to lead to process variation, so it's highly recommended that you freeze in
the freeze dryer when you can, and it is done at a controlled rate, so you get consistent ice crystal
structures across your batch.



Symptoms of poor freezing. Poor freezing

can lead to longer primary drying cycles and Symptoms of Poor Freezing

incompIEte drying' Canresultin higher * Need for longer primary drying cycles and incomplete drying
residual moisture content at the end of the
freeze-drying run, and if you have a batch « High residual moisture in portions of the product

product or a bulk product, that can result in

jUS'lE portion,s Of your prOdUCt haVing hlgh ' B—LJth;IL:?egdz;ivlcsor:ln’;T:t(: ;:L::;:):‘;L:ii reducing the chamber pressure,
residual moisture. Can also lead to bubbling causing localized boiling of the unfrozen material

or disrupted cell structures, which is caused
by the incomplete freezing process, and once _
you start to reduce the chamber pressure,

you can get localized boiling of the unfroze
material causing problems. So, how does the Rate of Freezing

rate of freezing affect the process? It actually
has a very big impact on it.

* Fast Freezing - > 2C/min
— Results in small ice crystal structures

— During primary drying the smaller interstitial space results in poor
vapor flow through the ice structure

First, we'll discuss fast freezing. Now, fast : ;?Tfsub';ma?ton ratest

. N . . . . * Higher product temperatures
freezing for this discussion is going to be
anything greater than two degrees C per + Slow freezing

— produces larger ice crystal structures that are better for sublimation

minute. Typically, a ballistic freeze would be
something like if you put your product into a ;
freezer and just let it get cold as fast as

possible. Number one, that's uncontrolled, and number two, is probably a rate faster than two degrees
C per minute. Fast freezing results in small ice crystal structures. What does that mean? Well, it means
that during the primary drying cycle when sublimation is going to occur, there's a smaller interstitial
space between the molecules between the ice crystals, and that results in poor vapor flow through the
ice structure. So, it actually inhibits or hampers the sublimation process. So, it's going to lead to lower
sublimation rates, and ultimately higher product temperatures because the vapor can't escape as you're
adding heat, then the sublimation rates lower and it leads to an increased product temperature. Slow
freezing, on the other hand, we'll consider that anything two degrees C per minute or less, produces
larger ice crystal structures that are better for sublimation. So, it's important to understand and control
that freezing process.

S . Annealin
There's an ability in your freezing process to &

actuaIIy overcome any process variation and * An annealing step can be added to improve the ice crystal structure when
k i . 4 fast freezing is required or when the consistency needs to be improved
that's called annealing. Annealing is the
H * Once the product is frozen, it's temperature is raised to enable formation
process where we increase the prOdUCt of larger ice crystals which aids in the primary drying cycle
temperature after it's been frozen to a higher ~ Sublimation will be improved
. — The product temperature will be reduced for a more robust cycle
temperature, let's say, -20 or -15 degrees,
hOId |t there for a period Of tlme depending * Annealing will make the ice crystal structure across the product container
. ’ and across the batch more uniform to minimize process variation
on your product, might be one to three
crystals to grow in size and to make it actually
more consistent across the batch. So, if you've got variation inside your product, annealing will actually
make it more consistent. And then if you have multiple trays or multiple vials, it'll actually make it more
consistent across the batch. So once the product's frozen, the temperature's raised, larger ice crystals
are created, and then it's going to enable an improved sublimation rate.




And it's also going to protect the product better, because the product temperature's going to be
reduced during the primary drying cycle. So, the annealing will make the ice crystal structure across the
product container more consistent, and across the batch more consistent.

. . Freezing Routines
So, let's take a look at freezing routines. The &

first is just what we'll call freezing. If it's .
ballistic, which means it’s at a fast freezing
rate, you're going to create small ice crystals.
If it's controlled and ramped, then we're .
going to get larger ice crystals. So, we've got
a time down to temperature, and then we
get down to temperature and we hold. If our ice erystals
freezing process is inconsistent or needs ;
improvement, we can always add the

annealing step where we have a ramp rate down to a temperature hold for a period of time, raise the
temperature of the product to let's say -20, -15, hold it for a period of time, and then freeze it again
before we go into primary drying. This is going to grow larger ice crystals, and it's going to make them

Freeze .
— Ballistic — is fast freezing Temp \‘\
+ Small ice crystals AN
— Controlled ramp — is slow freezing
« larger ice crystals

Annealing
— If the product is not consistently
frozen, an annealing step can be Temp
added to create larger ice crystals
and to make the batch more
consistent,

— Grow larger and more consistent

more consistent.

Primary drying. The concept of primary
drying is to reduce the vacuum in the system
to a point where the water can no longer
exist as a liquid. It can only exist as a solid or
a gas. Typically for freeze-drying, we reduce
the pressure to 50 to 400 millitorr
approximately for the freeze-drying cycle or
the primary drying cycle. At that point, the
shelf temperature is increased, and that's
going to create the driving force for
sublimation. So, the shelf temperature is

is in the three to 5% range.

So, what is the primary drying shelf
temperature? How do we set that? You take
your target product temperature during the
primary drying cycle, and you're going to try
to keep that three degrees below the critical
product temperature. For example, if our
critical temperature's -15, then the product
temperature is going to be about -18
degrees.

The shelf temperature, since it's going to be
above the product temperature because

Primary Drying Concept
* Once the product is fully frozen, a vacuum is introduced

— To produce the conditions where water only exists as a solid or gas
— Typically: 50mT to 400 mT

* The shelf temperature is increased
— Creates the driving force for sublimation

+ Continues until the moisture content is 3 to 5%

going to be always above the product temperature. This is going to continue until the moisture content

Primary Drying Shelf Temperature

+ Target Product Temperature during primary drying is 3 degrees below the
critical product temperature
— Example: Crit temp =-15C, then Target Product temp = -18C during primary drying

+ The shelf temperature will be well above the product temperature
— Sublimation is an endothermic process and therefore the product is self-cooling
— Example: Product temp = -30C, Shelf temp = -10C

+ End of Primary Drying
— Use vacuum sensor differential (CM vs Pirani) to determine End of Primary Drying

we're driving energy into the process... Sublimation is an endothermic reaction, so the product is
actually going to be cooler than the shelf during sublimation.




An example of product temperature. If we're shooting for, let's say, -30 degrees, we could actually have
a temperature somewhere around -10 degrees. So, it is significantly higher than the product
temperature, and that's going to be the driving force, as I've mentioned. We can use the end of primary
drying determination using a vacuum sensor, a Capacitance Manometer versus the Pirani, to determine
when we've actually reached the end of the cycle. We'll get into that in more detail as we move forward.

So, let's talk about vacuum during the
primary drying process. The vacuum level is
typically set to 25% of the vapor pressure of
ice at the predetermined product
temperature. And that's typically done when
using a Capacitance Manometer for control.
So, we choose a Capacitance Manometer
pressure 10 degrees below the ice vapor
pressure. Typically, that pressure is going to
be between 100 and 250 millitorr for almost
every application.

Primary Drying Vacuum Level

* Vacuum level
— 25% of the vapor pressure of ice at the predetermined product temperature

— Or Choose a Capacitance Manometer Pressure 10 C below the Ice Vapor
Pressure

— Typically, between 100 mT and 250 mT
+ Lower pressures may be required for low critical temperature products

* The lower the vacuum level the lower the sublimation rate

— Lower pressures result in lower vapor pressure which is a lower driving force
for sublimation

And it's important to understand that the lower the pressure in the chamber, that means that the
product's going to be running at a lower temperature and that your sublimation rate's also going to be
reduced. The lower the vacuum level, the lower the sublimation rate.

This is a vapor pressure chart; it gives us an
idea of the type of vapor pressure at
different ice temperatures in the process. So,
if we're trying to run somewhere around -18
degrees on our product, we said that we're
going to set the chamber pressure to about
25% of that. So here, let's just say it's a
thousand. We try to be running at about 250
millitorr, and that's going to be about -32 ice
vapor pressure in the product itself. That's
going to keep our product actually closer to -
18 because of the driving force of the
sublimation event.

How do we measure vacuum in a freeze-
dryer? There are two types of sensors that
are typically used. The first is a Pirani. The
Pirani is a less expensive offering for vacuum
measurement. However, the nice part about
a Pirani is we read from atmosphere all the
way down to zero millitorr. The problem is
that the Pirani reading is affected by water
vapor, and the primary drying cycle creates

Vapor Pressure

The temperature of the product
interface is directly related to the
chamber vapor pressure.

Vapor Pressure of Ice VS Ice Temperature

| The chamber pressure is typically
’| setto 25% of the target product
vapor pressure of ice

The driving force for primary drying
is the vapor pressure of ice in the
product compared to the vapor
pressure at the condenser

Vacuum/Pressure Measurement and Control

* Pirani
— The reading is affected by water vapor and therefore measures a ‘relative
pressure’ which is higher than the actual vacuum level
* During primary drying water vapor is created during sublimation
— If a Pirani is used for control - as the water vapor level reduces, the absolute or
‘true’ pressure in the chamber will rise during the primary drying process.

+ Capacitance Manometer — Recommend using a capacitance manometer
for process control.
= When using a CM for control the Pirani can be used to indicate when the product
is ‘dry’, or more specifically when sublimation has ended. This is a great way to
determine the minimum drying time and to reduce your cycle times,

water vapor. So, if you're using these for control, the true vacuum in the system is going to change
throughout the process as the water vapor content changes, and water vapor content reduces during



the cycle. So, we're going to talk a little bit more about what that looks like. The other type of vacuum
sensor is a Capacitance Manometer, and we recommend using this for process control because it's the
most consistent. And as you move into production, almost every production system uses a Capacitance
Manometer. It's important to know that the Capacitance Manometer is not affected by water vapor, so
you're going to get the true vacuum reading at all times.

Well, that's kind of confusing, isn't it? We have two vacuum sensors, but one is affected by water vapor,
the other one isn't. And often we have both of these in a system.

So, let's take a look at the differences Vacuum Sensors R w
between the two, when they operate. Again, T nEcasayt the type ol vacuum sensar used afects the -
the Pirani's an inexpensive, less accurate L toony —HEEEEL—
measurement system, and it does what | call e =
the relative vacuum measurement where it's | gl —

affected by moisture. Older freeze dryers, Lpt;hmm] T —

I'm going to say older, 30 years old plus, will T Bwendve 100 — L e
control with the Pirani, but if you put a et e afeced by ot

Capacitance Manometer inside the system, _I
as that water vapor goes away, the true

vacuum would actually be coming up,

although you're not going to see it when you're looking at Pirani control because it's not changing. The
true vacuum in the system actually increases through the process. This could be a problem, because if
you're going to transfer this cycle from your older freeze dryer to either a new freeze dryer or a
production freeze dryer, it will not transfer properly because the new system's going to be using a
Capacitance Manometer.

Let's take a look and see what that looks like. If you're using a Capacitance Manometer, the Capacitance
Manometer will control the process at the true pressure, and that's going to be consistent across the
process. And what had happened is your Pirani will actually run at a higher vacuum level, because the
vapor is making it read higher, and as the vapor content in the system drops, or the water vapor
presence drops, then this is going to come down until it almost matches the Capacitance Manometer. In
the dry state, they're going to be pretty much the same. So, if we're controlling from the Capacitance
Manometer, you're always going to get a true cycle.

Again, just a little more detail on if you were Transferring Cycles from Pirani to CM

going 'FO transfer a CyCIe from 'a Plra'm to * There are times that a protocol is created using an older
Capacitance Manometer, you're going to system that had a Pirani for vacuum Control. To transfer a
need to understand where to set the freeze-drying protocol from Pirani control to Capacitance

. Manometer control the vacuum setting needs to be set lower!
Capacitance Manometer.

Let me give you a couple instances. If we + Examples to change from Pirani to CM control...

were controlling our process in an Old system — Pirani control = 150 mT => CM control might be set to 90 mT
- . . . . — Pirani control = 100 mT => CM control might be set to 60 mT

at 150 millitorr using a Pirani, we might set

e e o e T

same process results, okay? This is critical.

I've seen people who have actually transferred from a Pirani system to a steam sterilizable freeze dryer,

and the process would not work because the new pressure was higher than it should have been because

it was using a Capacitance Manometer. I'm going to show you that in a second as well. Another one, if

we were controlling at 100 millitorr with the Pirani, we might set the Capacitance Manometer to 60




millitorr. Very critical that that's understood Switching to a Capacitance Manometer for

for transfer. So, when you're switching Vacuum Control

between vacuum measurement systems, * The vacuum setpoint will be lower to produce

again if we were up at 180 with the Pirani the same results oy P
system, you're going to have to set your ~ BX: Pirani setpaint =180 mT, CM =100mT acn
Capadtance Manometer at 100, or * Determine the setpoint by monitoring the CM T
somewhere in that. So, you're going to have when controlling via Pirani. This information

to determine the setpoint by monitoring the will be available in the batch report

Capacitance Manometer while you're
conrolling with the Prani, and this s 5002 - |
to give you that offset so you can actually do

the transfer.

The beauty of having the two in a system is End of Primary Drying — Pressure Differential
that VOU can dEtermlne the end Of p”mary *  This \'sha to?tl for protocol development that is built
. . . . into the software. irani
drying. So, during the primary drying 180 mT —
process, as that Pirani comes down in " Comparing e paciancs manomeeresdnito i S
. & Pirani reading. Wihat the product sees
pressu re' we can aCtua”y dete rmine What . LNhen the dif;erenti:l\ reaches the sanl'le level asa
1 1 1 ry system, then sublimation is complete.
the end of primary drymg Is, because when o z')eterminelhedrvslated\ffelentia\ssarefelenca
1
there sno Water va por present' then We Can *  When the pressure differential offset is meti_t is
actually know that we're at the end of e cycle o ensure s concitent process Y

primary drying. Now, you determine that
differential for a dry system by measuring _
the difference between the Pirani and the

Capacitance Manometer in a dry state, and once that reaches the differential, let's say it's five millitorr
just as an example, then what we suggest is that's the end of primary drying. You just add a few more
hours of hold at the existing pressure and temperature to verify that everything in the system has
reached its dry state, and then you can move on to secondary drying.

Here's a real life example of a Pirani. We End of Primary Drying — Actual data
have set the Capacitance Manometer at 60
millitorr in this case. The Pirani's reading is
up around 100 millitorr. At the end of the )
cycle, the water vapor starts to decrease until Copeciiance Manometer (conto) [ )
it reaches the end of primary drying. >t

Pirani

Product Temperature

Now, also look at the product temperature.
What happens is the product temperature S
here is maintained at about -35, and we're _l
running... Unfortunately, we don't have the

shelf temperature on this chart. | think we're running the shelf temperature at about -20 degrees or
something like that. So, it does run much cooler than the shelf temperature. And then you can see the
product temperature coming up, which means that there's no water present or no ice present, and
that's the end of primary drying.




What part of the product dries first? Well, it
depends on your container. If it's in a vial, it
dries from the top of the product downward,
and the last place to dry is the bottom center
of the vial. In bulk materials, when they're in
trays, it dries from the corners and edges
toward the middle of the shelf, and from the
top and the bottom of the cake toward the
middle of the cake, like a sandwich. So, the
last place to dry in a bulk system is just
behind the rear center of the tray.

Let's see what that looks like. Here's a vial,
and the dryer layer builds up from the top.
And this is ice down here. This has been
dried here, and the water vapor leaves the
system.

In a bulk system, looking at the top of the
tray looking from the top, the edges dry first
because there's more heat conduction
coming on from here, and ends up that it
dries last in the middle of the shelf. This is
kind of important, because that's where you
want to put your thermocouple if you're
trying to measure the product temperature.

One more comment on the last slide was we
also were building up resistance, and that
resistance is critical to how you design your
cycle. So, we'll talk about that in a second.

So, the dynamics of primary drying. We've
discussed some of this stuff. Larger crystals
enable more robust sublimation that will
result in lower product temperatures, a more
consistent cycle, and a faster drying cycle. So,
it's not only going to be faster, but it's going
to be more robust at the same time. That's
why it's so important to take the time to
freeze properly. As the product dries, the dry
layer reduces the sublimation rate. The

What part of the product dries first?

* Vials dry from the top of the product downward
— The bottom center of the vial dries last

* Bulk materials dry from the corners and edges toward the
middle of the shelf and from the top and bottom of the cake
— The last place to dry is the just rear of the center of the tray

Product Temperature - Vial

Temp Sensor

Sublimation Interface

Interface
temperature is
equivalent to the
vapor pressure

Dry Material

Product
Temperature
Measurement

Via Thermocouple

The outside of the
shelves dry first, the
inside dries last,

Product

/ Temperature
Measurement
Via Thermocouple

Also, the front of the For End of Drying

shelf near the door
dries first.

Product
Temperature
Measurement

f}?rev&nt Melt-back
Top View

Dynamics of Primary Drying

+ Larger ice crystals enable more robust sublimation
— Lower product temperatures
— More consistent
— Faster

* As the product dries, the dry layer reduces the sublimation
rate

— The sublimation rate decreases

— The temperature of the product increases

sublimation rate decreases over time because of the dry layer, and that means that the temperature of

the product's going to increase.



This is what you will see in a lot of papers
that were written 30 or 40 years ago as a
classic freeze-drying cycle. Here we freeze
the product, we pull a vacuum on it, and we
start to add shelf temperature, and that shelf
temperature is increased during the cycle.

Unfortunately, we just learned that a dry
layer builds up during the cycle, and if that
dry layer is building up and you're adding
heat, there's a good possibility that you're

much, much longer cycle than you actually
need.

This is a conservative cycle. You freeze the
product, bring the shelf temperature up to a
level that it can maintain during the entire
process until secondary drying is required.
This is going to be very consistent every time
you run it, and it's going to give you a
process that's repeatable and robust and
very friendly to the product.

As we discussed, we were talking about the
dry layer building up.

Well, when you don't have a dry layer,
literally you can take the shelf temperature
and drive it up pretty aggressively at the
beginning of the cycle, because there's no
resistance to sublimation. And as that dry
layer starts to build, we can then bring down
the shelf temperature and control it at some
predetermined point for the entire cycle. This
is what | call an optimized or aggressive cycle.

A lot of people don't use this, but it's
basically demonstrating the point that
there's more sublimation at the beginning in
the run than there is at the end of the run,
and this is almost inverse of what that first
slide was of what | call the classic or wrong
cycle.

Once primary drying is done, we can go into
secondary drying. And secondary drying, you
simply adjust the shelf temperature to below
the maximum storage temperature for the

‘Classic’ Freeze-Drying Cycle

Wrong! ‘
| y
A /
A | e — e s
The product dries ', i - /
from the outside P . /

7 , i
inward, . i \r\ r

Shelf Terp
As the dry layer
builds up, there is
more resistance to
sublimation.

Vacuum

Therefore, heat
should not be added
later in the cycle.

Freezing Primary Drying Secondary Drying

going to melt back or collapse your product and you're going to get a bad process. This type of cycle is a
bad cycle. If you have something like this, chances are that you're having a higher failure rate, or a

Conservative Freeze-Drying Cycle

Shelf Temp

T Vacuum

Keep the shelf ', |
temperature EDHSM /

Freezing Primary Drying Secondary Drying

Optimized/Aggressive Freeze-Drying Cycle

Temperature can be higher
at the beginning of the cycle
where sublimation is
unrestricted {no dry layer].

/

Fan) Vesum

Shelf Temp

Annealing /

/

Freezing Primary Drying Secondary Drying

Secondary Drying

* Adjust shelf to temperature below the maximum storage
temperature for the product

* Start with a hold for 30% of the time of primary drying

— The only way to test is to remove product during the secondary cycle

and test the residual moisture




product. So, if your product denatures at 30 degrees, you do not want your shelf above 30 degrees.

In a lot of collagen or tissue applications, you might be able to go to 40 or plus even more degrees
higher in temperature.

Typically, the first question people ask is how long is secondary drying? A rough rule of thumb is 30% of
the time for primary drying. So, if you have an eight hour primary drying cycle, it's two hours or so. If
you've got a 15 hour cycle, it's five hours. That's going to give you a pretty robust and conservative cycle.
The only way to test that is by actually removing the product at the end of that cycle and measuring the
moisture content. Now, be careful, because a lot of people remove their product after secondary drying
and they don't put it into a sealed system. And unfortunately, what happens is any moisture in the air
will start to be reabsorbed into the product, and it can make it look like the product wasn't dried
properly. So, it's very critical at the end of your cycle, if you're in a tray or something like that, you seal
that in an inert atmosphere and keep it from reabsorbing moisture. In a vial, obviously we're sealing the
vial with a stopper under a slight vacuum. By the way, it's under slight vacuum, not heavy vacuum
because if there's too much vacuum in there, it will also tend to draw any moisture in from the residual
air around it.

So how do we optimize our process times?

Well, it's fairly straightforward. First, you Optimizing Process Times
want to measure the product temperature « Freezing
and Verify the times that are required to — Measure the product temperature and verify the times required to freeze

the product to -40C or to a point below its critical temperature

freeze the product to -40, or to the point

. e + End of Pri Drying Det inati
below its critical temperature. For example, ne ot Frimary brying Betermination

— Manually determine the EOPD using the batch reports, or,

anything Wlth SOdium Ch|0ride in it or Sa|t in — Use this feature to automatically wait for the EOPD to proceed to the next

) step

it should probably be done to -50 rather than — Always add extra time to ensure all of the product is dry.

_40 _40 is a pretty ClaSSiC temperature Where — Use the worst-case batch mix of product to determine the proper length of
. time

most things are frozen by then. But again, if _
you have any organic solvents in there,

they're not going to be frozen there. You want to go down as far as possible.

By the way, anything that has an organic solvent in it, that organic solvent's going to come out first when
you pull the vacuum on the system during primary drying. So, you've got to be aware that that's going to
happen immediately. And for the first two to three hours, that's what you're going to be getting out is
the actual solvent. To further optimize your primary drying cycle, we recommend using End of Primary
Drying Determination, which is the Capacitance Manometer versus the Pirani, and that will give you a
really good idea of how long your drying cycle is. And then just add some period of time just to make
sure that you dry longer than is required for your product. So those two things will really help you out.

7 H 2
Not everybody freeze-dries in vials. Now, What's Different about Bulk products?

almOSt everything you r‘ead about in + Almost everything written about freeze drying is based on product in vials
. . . . . . . . where the process is controlled by the vial contacting the shelf.

publications is vials, vials, vials. Believe it or — Tissues don't typically contact the shelf

nOt; probably the bUIk Of freeze'dfying iS +  Bulk products present unique challenges

— Variation in form and content of the material
— Varying containers
* Bags, trays, petri dishes, tubes, etc

done in bulk. No pun intended.

Freeze-drying is actually more familiar or

. . . . + The thicker the product, the longer the freezing and primary drying cycles
more frequent n non'VIaI appllcatlons- — Itis recommended to keep the thickness to less than 1” for best process cantrol

. . . and performance
People put their product in trays. They might

rave their product nbags. They misht hove

their medical devices or some other types of




containers. So, what I'm trying to talk about here is how do you freeze dry if you're not freeze-drying in
vials, because these bulk materials present unique challenges.

There's variation in form. There's variation in content and material. There are varying containers: bags,
trays, Petri dishes, tubes. And if you're freeze-drying in a tray, it's important to understand that the
thicker the product, the longer the freezing and primary drying cycles. We really don't recommend
anything greater than one inch. Optimal is about a half inch thick, because the thicker you go, the harder
it is to freeze the product all the way through. And when you're in the primary drying cycle, there's more
resistance to the sublimation process as the product dries. So, try to minimize the thickness of the
material to maximize the robustness of your process.

. . . When Product is Mixed or Varies in a Batch
Some people put mixed batches in their

freeze dryer_ Be aware that YOU can onIy dry * You can only dry as fast as the slowest product
as fast as the slowest prOdUCt. So, whatever + Develop a cycle that ensures the worst-case product (thickest or slowest

. . . . drying) is completely frozen during freezing and completely dried in
the thickest IS, whatever the blggest IS, primary drying.
Whatever the Iongest drymg process s, * Use the lowest product critical temperature for protocol design — shelf
everything needs to dry at that rate. So, you temperature and chamber pressure

— IE: Bone vs tissue vs slurry

have to always develop your cycles for the

i + Cana product be too dry?
worst case Cond|t|0ns, not the beSt case — If so, do not mix fast processable product with slow processing product

conditions, and use the lowest product _
critical temperatures if you're doing this. A

lot of times there'll be bone or tissue or slurry in a system, or collagen or some other materials. |
mentioned it before, but I'll mention again, can a product be too dry? There is the possibility of product
being too dry. Some proteins have that problem. It's important to understand what the proper residual
moisture content should be.

. Process Problems
Common process problems. Pre-freezing

H H *  Pre-Freezing Products in a freezer and moving to the freeze dryer
products in a freezer and moving to a freeze e e
dryer. If you throw your product in a freezer, 7 My expenence meting i aneos v he rsre sy
Ina bag' Ina tray’ n Whatever’ and + Loading product into a cold freeze dryer
Sometlmes the tray touches the bottom Of - ;Lo"setdhsrl‘\g—g\f;;;;zi:Rs\:sgge:ss:rlts in flash sublimation when the initial vacuum is
the freezer, sometimes it touches the shelf of
*  Product does not touch the shelf
the freezer sometimes it's stacked on — Without contact to the shelf the freezing and primary drying steps will take much longer.
4 — ltis recommended_t_hat all of the product is arranged in the same manner to get the same
Somethlng elsel you're gOIng to get dlffe rent he'at ;'rrzzfl’(etrt;i:lﬁ::tl;:.she\fwill see better heat transfer than product not touching the shelf

reeing rates or the product, and s |

going to lead to an inconsistently frozen

product, and therefore the ice crystal structures is not consistent. We've already discussed that's a
problem. Another problem might be that the freezer might not be cold enough. You might be putting it
into a -15 degree C freezer instead of a -80 degree freezer. That may not be freezing the product,
especially if you have a solvent in there or sodium chloride in there, or a lot of other sugars by the way.
It just doesn't have to be those materials. So, if you're doing that, this can lead to melting in the freeze-
drying process, or inconsistencies in your freeze-drying process. You could also experience melting when
you're transferring it to the freeze dryer.

If you're freezing outside of the freeze dryer, we recommend annealing in the freezing step. Now, it's
also a problem if you're trying to load that product into a cold freeze dryer. If you have a cold shelf in the
freeze dryer and you open up the door to put your product onto a cold shelf, let's say a -40 degrees
shelf, you are going to get moisture on the shelf. That's going to be frost. When you first start the



system up and you pull a vacuum, that frost is going to flash sublimate. Instead of having what the
system's designed for, maybe one liter per hour of condensate, you might be pushing off five liters per
hour, and it could overload the condenser. It's critical to understand that could be a problem, so we've
tried to stay away from loading on a very cold shelf. Maximum low temperature might be zero degrees
on a shelf, just to minimize the amount of frost that is created.

There's also the case where a product does not touch the shelf. If you're freeze-drying in bags or you're
freeze-drying in medical devices, you might have some product touching the shelf, some product not
touching the shelf, or none of the product touches the shelf. What we recommend in those cases is if
some of the product never touches the shelf, then none of the product should touch the shelf so you
have consistent heat transfer across your batch. It's very important to understand that everything
should freeze at the same rate, and everything should dry at the same rate.

Also, if you're using bags, it's important to
understand that the vapor pressure inside Bags
the bag during sublimation is going to be
higher than the chamber pressure. So, you than the chamber pressure.

have a barrier to sublimation going on there' — The higher the vapor pressure the higher the product
and if you have a very aggressive sublimation temperature.

rate, the pressure could be high enough — The more aggressive the sublimation the higher the
inside the bag to actually cause a coIIapse pressure in the bag, if the membrane is restrictive.
condition or a melt back condition of the
product that's in the bag. So, you need to do

your tests to show that you're not melting _

that bag.

* The vapor pressure inside the bag will be higher

Here's an example of what's recommended if Processing Bags

you are processing in bags. A simple rack like * Primary drying

thlS WOUId dO. It baSica”y WOUId pUt a” Of the — Develop a racking system where all of the bags are exposed to the
same heat transfer conditions

bags in the same condition so they're getting » Do ot stack bags on top of each other

the same heat transfer.

— Arack where all of the bags are held in the same orientation with the

Some final thoughts. Freeze-drying is a shelf
robust process, and when the steps are
performed properly, meaning they're

consistent and repeatable. That’s critical. If

' . — . .
you're having varlatclon in the quality of the Final Thoughts
product that's coming out of the freeze

. . . * Freeze-drying is a robust process, when the steps are performed
dryel", somethlng in the process is not properly (controlled) the results are consistent and repeatable
consistent. Make sure that each step has
process control to eliminate variation. If * Make sure that each step has process control to eliminate variation
you,re doing tissues or coIIagens yOU can be — In transition steps you must used controlled ramp rates

’

a I|tt|e more aggreSSive, beca use you aCtua“y + Tissues have a structure/matrix which enables ‘aggressive’ freeze-
have a structure or what's called a matrix drying protocols, such has high shelf temperatures and vacuum levels

that supports the material. So, collapse isn't
really the problem. It's the melt back portion ;
of things that's the problem. All right. That's

all I have to talk about today. I'm hoping that this was useful for you. And certainly, if you have any
guestions, please give us a call.



It's easy to switch to Millrock.

Why are Millrock freeze dryers better than the competition?

(845)-339-5700 / sales@millrocktech.com

Copyright © 2023 Millrock Technology, Inc. All rights reserved.



