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CONTINUOUS ROLL-TO-ROLL FREEZE-DRYING SYSTEM AND PROCESS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No.
62/406,298, filed October 10, 2016, the contents of which are incorporated herein by

reference.

BACKGROUND OF THE INVENTION

[0002] The present invention generally relates to freeze-drying processes. The invention
particularly relates to processes and systems capable of freeze-drying items that are perishable
or otherwise degrade over time, including but not limited to pharmaceuticals and food

products.

[0003] Lyophilization (cryodesiccation), more commonly known as freeze-drying, is a
well-known technique for stabilizing or preserving items that are perishable or otherwise
degrade over time, notable examples of which include pharmaceuticals and foodstuffs.

Freeze-drying processes generally involve dehydrating an item by freezing the item, and then
reducing the surrounding pressure so that frozen water in the item is removed by sublimation,

i.e., from the solid phase to the gas phase.

[0004] Freeze-drying of pharmaceuticals and foodstuffs are typically carried out by batch
processing routes. There is an increasing interest by industry, particularly pharmaceutical
companies, to switch from batch to continuous processes. In addition there is also a desire
to obtain pristine physical and chemical (physicochemical) data during freeze-drying
processes, including the sublimation rate (weight change), thicknesses, surface topology of

ice, and the chemical composition of sublimated gas.
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BRIEF DESCRIPTION OF THE INVENTION

[0005] The present invention provides aroll-to-roll freeze-drying (lyophilization) system
capable of facilitating and further automating freeze-drying processes, while also enabling the

collection of data by which a freeze-drying process can be monitored and evaluated.

[0006] According to one aspect of the invention, a continuous roll-to-roll freeze-drying
system includes a roll-to-roll freeze-drying apparatus adapted to continuously freeze and dry
aliquid to form a freeze-dried sheet and encapsulate freeze-dried sheet portions of the freeze-
dried sheet to create premeasured pouches containing the freeze-dried sheet portions. The
system further includes a metrology section that monitors the freeze-dried sheet and the
freeze-dried sheet portions during the freezing and drying of the liquid to generate data for
controlling the freezing and drying of the liquid.

[0007] Other aspects of the invention include a continuous roll-to-roll freeze-drying
process that includes continuously freezing and drying a liquid to form a freeze-dried sheet
and encapsulate freeze-dried sheet portions of the freeze-dried sheet to create premeasured
pouches containing the freeze-dried sheet portions. The process has the further capability of
monitoring any of the freeze-dried sheets and the freeze-dried sheet portions during the
freezing and drying of the liquid to generate data for controlling the freezing and drying of
the liquid.

[0008] Technical aspects of the methods and equipment described above preferably
include the ability to provide rapid freeze-drying of pharmaceuticals and food stuffs by casting
and freezing a thin sheet of liquid, followed by sublimation at programmable temperature and
vacuum levels, to yield freeze-dried portions in premeasured amounts that are suitable for

distribution in the marketplace.
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[0009] Other aspects and advantages of this invention will be further appreciated from

the following detailed description.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1A schematically represents a side view of aroll-to-roll freeze-drying system
that includes a freeze-drying apparatus connected to a vacuum pump in accordance with a
nonlimiting embodiment of the invention, and represents, and FIG. 1B is a front view of the

freeze-drying apparatus of FIG. 1A.

[0011] FIG. 2 schematically represents a detailed side view of the roll-to-roll freeze-

drying system of FIG. 1A.

[0012] FIG. 3 schematically represents a detailed front view of the freeze-drying
apparatus of FIG. 1B.

[0013] FIGS. 4 and 5 schematically represent detailed front views of a casting and

freezing section of the freeze-drying apparatus of FIG. 3.

[0014] FIG. 6 schematically represents a detailed front view of a metrology section of the

freeze-drying apparatus of FIG. 3.

[0015] FIG. 7 schematically represents a detailed front view of a take-up system of the

freeze-drying apparatus of FIG. 3.

DETAILED DESCRIPTION OF THE INVENTION
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[0016] For the purposes of promoting an understanding of the principles of the disclosure,
reference will now be made to the embodiments illustrated in the drawings and specific
language will be used to describe the same. It will nevertheless be understood that no
limitation of the scope of the disclosure is thereby intended, such alterations and further
modifications in the illustrated device, and such further applications of the principles of the
disclosure as illustrated therein being contemplated as would normally occur to one skilled

in the art to which the disclosure relates.

[0017] In this disclosure, a continuous roll-to-roll freeze-drying (lyophilization) system
10 is provided that provides a continuous freeze-drying process, and also is capable of
collecting physical and chemical (physicochemical) data relating to a freeze-drying process,
and in particular physicochemical changes that take place during lyophilization, nonlimiting
examples of which include sublimation rates (weight change), thicknesses, surface topologies,
and chemical compositions of sublimated gas. As such, the system 10 is capable of monitoring
a freeze-drying process to provide a fuller understanding of the process and its parameters,
and to enhance throughput and quality control. Though the system 10 will be described as
particularly well suited for freeze-drying perishable items or items that otherwise degrade over
time, for example, pharmaceuticals and foodstuffs, it will be understood that the system 10

can be employed to freeze-dry a variety of different materials.

[0018] FIG. 1A schematically represents an overview of the system 10, including a freeze-
drying apparatus 12 and a vacuum pump 14 connected to the apparatus 12, and FIG. 1B
schematically represents an isolated front view of the apparatus 12. FI1G. 2 provides a more
detailed view of the system 10 as shown in FIG. 1A. The apparatus 12 provides the primary
means by which the continuous freeze-drying process is performed, which generally involves
dehydrating items by freezing them, and drawing a vacuum to reduce the pressure
surrounding the items so that ice (and/or solids of other liquids frozen by the freezing step)

is removed from the items by sublimation. These steps are performed in a main vacuum
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chamber 30 of the apparatus 12, where items are transformed into cast freeze-dried sheets
following the removal of vapors released by sublimation. In the embodiment represented in
the drawings, such an item may initially be in a liquid form that is dispensed on a substrate 40
fed from a feed roller 42 and while the substrate 40 is supported on a cooling plate 44, as
depicted in FIG. 4. As will be discussed in reference to FIGS. 4 and 6, the apparatus 12 is
also equipped to perform the collection of physical and chemical data relating to the freeze-
drying process, which is primarily performed by a metrology section 32 and a mass

spectroscopy system 34 of the apparatus 12.

[0019] The vacuum pump 14 is connected to the apparatus 12 to draw the necessary
vacuum from the vacuum chamber 30 to maintain the chamber 30 and its contents in a
vacuum, which as used herein means a sub-atmospheric pressure appropriate for the liquid
to be freeze-dried. The pump 14 is connected through a condenser 16 that removes entrained
vapors from air and gases drawn by the pump 14. The system 10 is further equipped with a
cold stop 26 between the condenser 16 and an inlet 28 to the vacuum system. The inlet 28
is shown as located in close proximity to the metrology section 32, so that vapors can be
rapidly extracted from the vacuum chamber 30 and condensed. The mass spectroscopy
system 34 1s also connected to the vacuum chamber 30 close to the metrology section 32 to
analyze the vapors released by sublimation of the items being freeze-dried. The vacuum pump
14 can be of any suitable type, for example, an oil-less rotary vane vacuum pump. A flex
vacuum line 18 provides the conduit for the air, gases, and vapors drawn by the pump 14, and
is preferably of a type that inhibits the transmission of vibrations from the pump 14 to the
apparatus 12. The pump 14 is represented as mounted on a damping baseplate 20 to further
reduce the transmission of vibrations to the apparatus 12. The apparatus 12 is represented
as similarly mounted on cushions to damp vibrations transmitted to the apparatus 12. Control
of the system 10 is represented in FIG. 1A as being performed with an operator panel 24,
which can be located remote from the system 10. In particular, the panel 24 can be used to

control the freezing and sublimation processes carried out in the vacuum chamber 30,
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including programmable temperature and vacuum levels, as well as other operations described

below.

[0020] FIGS. 4 and 5 show details of a casting and freezing section 36 of the freeze-
drying apparatus 12, in which the aforementioned substrate 40, feed roller 42, and cooling
plate 44 are located. The feed roller 42 is part of a delivery system that dispenses the
substrate 40 and continuously conveys the substrate 40 from the casting and freezing section
36 (FIGS. 4 and 5), through the metrology section 32 (FIGS. 4 and 6), and finally to a take-
up section 38 (FIG. 7) of the apparatus 12. The substrate 40 may be any of various materials,
anonlimiting example of which is a moisture barrier film such as an aluminum-coated Mylar®
( PET). The liquid to be freeze-dried is shown as delivered to the vacuum chamber 30 and
dispensed on the substrate 40 through a slot die 46. The liquid, which may be a mixture,
solution, emulsion, suspension, colloid, etc., is preferably deposited to form a film having a
precise thickness, as nonlimiting examples, a thickness of about 0.1 mm or about 0.5 mm,
though thinner and thick liquid films are also within the scope of the invention. Application
of the liquid film may be performed with a patch coating apparatus, for example, coating
equipment commercially available under the name WEBFLIGHT™ from Frontier Industrial
Technology, Inc., of Towanda, Pennsylvania USA. In addition to providing precise control
of'the liquid film thickness, such patch coating apparatuses can be used to precisely dispense
on the substrate 40 discreet patches or islands of the liquid of a predetermined size and
spacing therebetween, instead of a single continuous film. Prior to its application to the
substrate 40, the liquid is preferably preconditioned in a preconditioning chamber 48 where
gassing, degassing, and/or temperature control may be performed, depending on the liquid
to be freeze-dried. Operators of the apparatus 12 may choose to control the amount of
dissolved gasses in the incoming liquid, for example, by reducing or increasing the amount
of dissolved gasses to reduce or promote bubble formation in the liquid as it enters the
vacuum chamber 30. The liquid film is then carried by the substrate 40 away from the slot die

46 as the substrate 40 continues to be dispensed from the feed roller 42.
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[0021] Due to rapid cooling of the substrate 40 by the cooling plate 44, the thin liquid
film is immediately frozen and then subjected to sublimation at programmed temperature and
vacuum conditions within the vacuum chamber 30. Freezing of the liquid occurs due to direct
thermal contact of the substrate 40 with the cooling plate 44, which may be, for example,
cooled with liquid nitrogen. FIGS. 4 and 5 further depict an observation window 50 located
downstream of the slot die 46 and immediately upstream of a laser thickness gauge 52. The
window 50 may be equipped with a long-range microscopy system (not shown) to monitor
the surface topology of the frozen sheet as it undergoes sublimation. Laser thickness gauges
52 are shown in the casting and freezing section 36 (FIGS. 4 and 5) and the metrology section
32 (FIGS. 4 and 6). In combination, the gauges 52 are employed as sensors to control the
thickness of the freeze-dried sheet and monitor its change over time during sublimation to
yield the freeze-dried sheet. Electrical connections to the gauges 52 are represented in FIGS.

4 and 5 through the wall of the chamber 30 by way of hermetic electrical feed-throughs 54.

[0022] FIG. 7 schematically represents the take-up section 38 of the apparatus 12, where
the substrate 40 and the freeze-dried sheet borne thereon are drawn through the apparatus 12
by a driven rewinder roller 66. A rolled film payoff 70 delivers a film 68 to sandwich the
freeze-dried sheet between the substrate 40 and film 68. Thereafter, sealing of the edges or
dicing with patterned welding can be performed to create pouches, each encapsulating a
premeasured amount of a freeze-dried portion of the freeze-dried sheet, that are suitable for
distribution in the marketplace. Sealing can be performed by welding with a laser or by any
other suitable means. These steps of the process can be facilitated with the use of the
aforementioned patch coating apparatus, which forms discreet freeze-dried portions, spaced
apart as individual islands on the substrate 40, that can be more readily individually
encapsulated. The film 68 is preferably formed of a weldable material, for example, a

moisture barrier film such as an aluminum-coated Mylar® ( PET).

[0023] The processing steps described above are aspects of a first mode of operation for
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the system 10. This first mode can be employed as a continuous roll-to-roll production mode
during which the liquid is dispensed and continuously frozen and dried to form the freeze-
dried sheet, after which portions of the freeze-dried sheet are encapsulated in the take-up
section 38 of the apparatus 12. The metrology section 32 allows the system 10 to operate
in a second (“metrology”’) mode in which at least one freeze-dried sheet portion is cut from
the freeze-dried sheet and conveyed into the metrology section 32 to undergo evaluation that
generates physicochemical data that can be subsequently used to control the freezing and
drying operations performed by the apparatus 12. As such, the metrology mode interrupts
the conveyance of the substrate 40 through the apparatus 12.

[0024] FIG. 6 schematically represents the metrology section 32 as located within the
chamber 30 immediately downstream of the casting and freezing section 36 depicted in FIGS.
4 and 5. The metrology section 32 is employed to obtain pristine physical and chemical data
relating to the drying process occurring in the chamber 30. For this purpose, travel of the
substrate 40 and the freeze-dried sheet borne thereon is paused for a period of time sufficient
to bring the sheet to steady state, at which time two guillotines 56 are activated to cut a
predetermined length of the substrate 40 and a portion of the freeze-dried sheet supported on
the cut length of substrate 40. The substrate 40 and freeze-dried sheet portion then drop onto
a platform 58 that sits on a heating/cooling plate 60, which in turn is supported by an
electronic balance 62. The heating /cooling plate 60 may be a Peltier plate so as to be capable
of being heated and cooled electronically, by which the temperature of the freeze-dried sheet
portion can be controlled. A second observation window 64 is located immediately above the
heating/cooling plate 60, and may be equipped with a long-range microscopy system (not
shown) to monitor the surface topology of the freeze-dried sheet portion within the metrology
section 32. The mass spectroscopy system 34 (FIG. 2) located below the metrology section
32 may utilize Raman spectroscopy in reflection mode, optical microscopy, etc., while the
weight loss of the freeze-dried sheet portion due to sublimation is assessed by an electronic

balance 62. In combination with the mass spectroscopy system 34, the metrology section 32
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monitors various aspects of the freezing and sublimation processes, including the chemical
composition of vapors released during the freezing and drying of the liquid, the weight and
other physical characteristics of freeze-dried sheet portions at the conclusion of the
sublimation process, etc., to generate physicochemical data that in turn can be utilized by the
system 10 to control the freezing and drying of the liquid, for example, through control of the
vacuum within the chamber 30 and the temperature of the plate 44 employed during the first

mode of operation of the system 10.

[0025] Based on the above description, it is to be noted that using the methods and
system 10 of this disclosure, a continuous freeze-drying process can be provided that
facilitates more rapid freeze-drying of pharmaceuticals and food stuffs by casting and freezing

a thin film of liquid, followed by sublimation at programmable temperature and vacuum levels.

[0026] While the present disclosure has been described with reference to a specific or
particular embodiment, it should be apparent that alternatives could be adopted by one skilled
in the art. For example, items other than those noted could be processed with the system 10,
the system 10 and its components could differ in appearance and construction from the
embodiment described herein and shown in the drawings, functions of certain components of
the system 10 could be performed by components of different construction but capable of a
similar (though not necessarily equivalent) function, process parameters could be modified,
and various materials could be used in the fabrication of the system 10 and/or its components.

In addition, the invention encompasses additional or alternative embodiments in which one
or more features or aspects of a particular embodiment could be eliminated. Accordingly, it
should be understood that the invention is not necessarily limited to any embodiment
described herein or illustrated in the drawings. It should also be understood that the
phraseology and terminology employed above are for the purpose of describing the illustrated
embodiment, and do not necessarily serve as limitations to the scope of the invention.

Therefore, the scope of the invention is to be limited only by the following claims.

-9.
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CLAIMS:

1. A continuous roll-to-roll freeze-drying system comprising:

aroll-to-roll freeze-drying apparatus adapted to dispense and continuously freeze
and dry a liquid to form a freeze-dried sheet, and encapsulate freeze-dried sheet portions of
the freeze-dried sheet to create premeasured pouches containing the freeze-dried sheet
portions;

wherein the roll-to-roll freeze-drying apparatus comprises a metrology section that
monitors any of the freeze-dried sheet and the freeze-dried sheet portions during the freezing

and drying of the liquid to generate data for controlling the freezing and drying of the liquid.

2. The continuous roll-to-roll freeze-drying system of claim 1, wherein the roll-to-
roll freeze-drying apparatus comprises:

a substrate that is continuously conveyed through the roll-to-roll freeze-drying
apparatus;

means for continuously depositing the liquid as a liquid film on the substrate; and

means downstream of the depositing means for immediately and continuously

freezing the liquid film downstream of the depositing means to form a frozen film.

3. The continuous roll-to-roll freeze-drying system of claim 2, wherein the roll-to-
roll freeze-drying apparatus comprises means for drying the frozen film downstream of the

freezing means to form the freeze-dried sheet.

4. The continuous roll-to-roll freeze-drying system of claim 1, further comprising
amass spectroscopy system that monitors chemical compositions of vapors sublimated during
the drying of the liquid to generate further data for controlling the freezing and drying of the
liquid.

-10 -
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5. The continuous roll-to-roll freeze-drying system of claim 4, wherein the roll-to-
roll freeze-drying apparatus comprises a vacuum chamber in which the metrology section, the
substrate, the depositing means, the freezing means, the drying means, and the mass

spectroscopy system are contained in a sub-atmospheric pressure.

6. The continuous roll-to-roll freeze-drying system of claim 5, wherein the drying

means comprises a vacuum pump connected to the vacuum chamber at an inlet.

7. The continuous roll-to-roll freeze-drying system of claim 6, wherein the mass
spectroscopy system is located within the vacuum chamber between the metrology section

and the inlet.

8. The continuous roll-to-roll freeze-drying system of claim 1, wherein the roll-to-
roll freeze-drying apparatus comprises means for monitoring a film thickness of the liquid and

the thickness of the freeze-dried sheet.

9. The continuous roll-to-roll freeze-drying system of claim 1, wherein the
metrology section monitors at least one of sublimation rate and weight changes of a frozen

film of the liquid and the freeze-dried sheet.

10. The continuous roll-to-roll freeze-drying system of claim 1, wherein the roll-
to-roll freeze-drying apparatus comprises means for monitoring surface topologies of a frozen

film of the liquid and the freeze-dried sheet.
11. The continuous roll-to-roll freeze-drying system of claim 1, wherein the roll-

to-roll freeze-drying apparatus comprises means for controlling gas content and temperature

of the liquid prior to the liquid being dispensed, frozen, and dried.

-11 -
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12. A continuous roll-to-roll freeze-drying process comprising:

dispensing and continuously freezing and drying a liquid to form a freeze-dried
sheet;

encapsulating freeze-dried sheet portions of the freeze-dried sheet to create
premeasured pouches containing the freeze-dried sheet portions; and

monitoring any of the freeze-dried sheets and the freeze-dried sheet portions
during the freezing and drying of the liquid to generate data for controlling the freezing and
drying of the liquid.

13. The continuous roll-to-roll freeze-drying process of claim 12, further
comprising:

continuously conveying a substrate through a roll-to-roll freeze-drying apparatus;

continuously depositing the liquid as a liquid film on the substrate; and

immediately and continuously freezing the liquid film to form a frozen film.

14. The continuous roll-to-roll freeze-drying process of claim 13, further
comprising monitoring chemical compositions of vapors sublimated during the drying of the

liquid to generate further data for controlling the freezing and drying of the liquid.

15. The continuous roll-to-roll freeze-drying process of claim 14, wherein the
roll-to-roll freeze-drying apparatus comprises a vacuum chamber in which the dispensing and
continuous freezing and drying, the monitoring of the freeze-dried sheet and the freeze-dried
sheet portions, the encapsulating, the conveying, and the monitoring of the chemical

compositions are all performed in a sub-atmospheric pressure.

16. The continuous roll-to-roll freeze-drying process of claim 12, further
comprising monitoring a film thickness of the liquid and the thickness of the freeze-dried

sheet.
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17. The continuous roll-to-roll freeze-drying process of claim 12, wherein the
monitoring of the freeze-dried sheet and the freeze-dried sheet portions comprises at least one
of monitoring a sublimation rate and weight changes of a frozen film of the liquid and the

freeze-dried sheet.

18. The continuous roll-to-roll freeze-drying process of claim 12, further
comprising monitoring surface topologies of a frozen film of the liquid and the freeze-dried

sheet.

19. The continuous roll-to-roll freeze-drying process of claim 12, further
comprising controlling gas content and temperature of the liquid prior to the liquid being

dispensed, frozen, and dried.

20. The continuous roll-to-roll freeze-drying process of claim 12, wherein the
process comprises first and second modes of operation, the first mode being a roll-to-roll
production mode that comprises the dispensing and continuously freezing and drying of the
liquid to form the freeze-dried sheet and the encapsulating of the freeze-dried sheet portions,
and the second mode is a metrology mode in which at least one of the freeze-dried sheet
portions is cut from the freeze-dried sheet, conveyed into a metrology section, and undergoes
the monitoring to generate physicochemical data that is subsequently used to control the

freezing and drying of the liquid during the first mode.
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