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Abstract

The product and process parameters that determine successful freeze-drying are described and their interrelationships are explored.
shown that the thermochemical and thermomechanical properties of water-soluble, amorphous materials form the basis of effect
formulation design and that coordinated approaches to formulation and process development achieve optimum results with a minim
of trial-and-error experimentatio] 1998 Elsevier Science B.V.
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1. Introduction can be freeze-dried in 24 hours'. It is the purpose of this
review to convince the reader that the various stages of
Freeze-drying as an industrial process dates from the timelyophilisation are based on very sound physical, chemical
during World War 1l when the demand for human blood and engineering principles and can be controlled to the
plasma reached critical proportions. Before that, drying by extent that the outcome of a given process performed on a
freezing and sublimation of ice had been a laboratory curi- given product can often be estimated to within fairly close
osity, although the concentration effects of freezing had tolerances, without the need for trial-and-error experimen-
been well appreciated very much earlier. Thus, the Uighurs tation. Even more important, stable products can frequently
of Turfan prepared ‘frozen-out wine’ as early as the seventh be designed by matching an optimum product formulation
century. with its associated optimum drying process cycle.
Even in present times, however, it is not universally
appreciated that freezing is actually synonymous with dry-
ing, because solvent water is removed from a solution or a 2. Why freeze-dry?
dispersion in the form of a pure solid (ice) phase. The fact
that the ice is subsequently sublimed, to be recondensed Despite its technical complexity, freeze-drying, as a unit
elsewhere, does not affect the residual solution phase.operation, is not mentioned in standard chemical engineer-
There are other misconceptions about freezing and drying,ing texts. It is also given short shrift in the biochemical
among them the notion that.:the transformation of water literature, usually being disposed of in one sentence. It is
into ice brings to an end all chemical reactions’ [1]. Indus- therefore not immediately obvious how a process as capital
trial conventional wisdom also still has it that freeze-drying and energy intensive, as lacking in a fundamental engineer-
processes can only be developed empirically by trial and ing analysis and as time consuming as freeze-drying should
error, i.e. by testing the finished product, or thatdnything nevertheless have established itself as the drying method of
choice by the pharmaceutical and bioindustries.
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standpoint ambient-temperature stable liquid state formula- 4. What can be controlled?
tions would in most cases be preferable, the chances of
success must be considered as negligible. The substances As a first approximation, the nature of the preparation to
of most concern, peptides, proteins and complex synthetic be freeze-dried and the dimensions of the containing vessel
organic molecules, are subject to a variety of chemical reac- determine the optimum process conditions that must be
tions in aqueous solutions, many of which are quite unac- applied. For the sake of clarity in presentation the various
ceptable in terms of product performance or safety. Included parameters that govern freeze-drying are treated separately
among such reactions which tend to reduce specific biolo- at this stage. They are summarised below.
gical activity are hydrolysis, cross-linking, oxidation, aggre-
gation and disulfide rearrangements.

Experience has taught that in the dry state such reaction
can be substantially retarded. That still leaves the question

Product: composition/formulation/concentration,
solid content, fill volume

why freezing, followed by ice sublimation, should have container: type (vial, ampoule, syringe), geometry, stoppers
become the preferred route of water removal. The answer _ _
is probably to be found in an assumption that a process, Eauipment: freeze-drier model, loading (shelf, trays),

. . S probes (number, position, type)
performed at low temperatures, is less likely to be injurious
to labile bioproducts than drying at am_b|ent or higher te_m' Process: shelf temperature, chamber pressure, time (cooling,
peratures. Whatever may be the validity of the underlying annealing, primary/secondary drying cycles)

assumptions, the fact is that freeze-drying is accepted by the
regulatory authorities as a suitable unit operation in the In most practical situations a compromise must be
manufacture of therapeutic products. achieved between various competing demands relating to
formulation, processing conditions, cost and other consid-
erations. Thus, the quality and appearance of the dried pro-
3. Basic principles, process and quality parameters duct depend on the composition, concentration and volume
of the solution to be dried, the geometry of the containing
At its most basic, the process consists of the separation ofvessel and several equipment and process parameters which
liquid water from a wet solid product or from a solution or govern heat and mass transfer but are beyond the scope of
dispersion of given concentration in the form of a solid this discussion.
phase, ice, and its subsequent removal by vacuum sublima-
tion, leaving the solutes or substrates in their anhydrous, or
almost anhydrous states. This bald statement hides a multi-5. Formulation
tude of complex and interacting problems, relating to the
chemical composition of the wet product, chemical and The composition profile of a bioproduct to be freeze-
physical changes that may accompany freezing, heat anddried will be governed by several factors. Frequently the
mass transfer within the equipment used, and the perfor- biologically active component is present at a very low con-
mance of the resulting dried product. centration, so that bulking agent (excipient) is added to
Freeze-drying was at one time popular in the food indus- create physical stability. This provides for ‘body’, mechan-
try [2] but has largely been superseded by more economicalical strength and an attractive appearance. Alternatively, the
drying processes. The quality criteria for food products are excipient may also perform the function of chemical stabi-
governed largely by consumer acceptance. They are crudeliser for the bioproduct during the process of freeze concen-
compared to those applied to pharmaceutical and other bio-tration. In addition, the solution may require pH buffers and
products, especially when administered by injection, where may also contain other salts, either carried over from down-
acceptability and profitability are governed by complex bio- stream processing or added to give the final product the
chemical criteria, e.g. units of biological activity per milli-  correct tonicity upon reconstitution. A solution formulation
gram of product or the presence of low amounts of (X) containing a biologically active substance might have
contaminant, introduced during the process or thereafter, the following composition [4]: bioactive agent, 20 mg; 0.1
during storage. M buffer solution, 0.6 ml; stabiliser/excipient, 50 mg; NacCl,
The freeze-drying of biologicals is only now becoming a 3 mg; water for injection, 1 ml.
subject considered as worthy of study by the relevant sectors The bioactive agent might be a conventional organic
of industry [3]. While not claiming that this review provides molecule, a peptide, a high molecular weight protein or a
all the answers, the author hopes to demonstrate that freezesupermolecular structure, e.g. a virus. We shall refer to the
drying can be analysed rationally by the application of well- processing characteristics of formulation X and its dry state
established physical, chemical and engineering principles, behaviour subsequently. The composition profile of X is not
and that formulations and process cycles can be establishedltogether typical, because in many pharmaceutical prepara-
in a predictive manner that will result in acceptable pro- tions the bioactive product content amounts to no more than
ducts, with a minimum of trial and error experimentation. a few per cent. The freeze-drying characteristics of such a
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preparation are then governed mainly by the physical and range molecular order. The product, as a whole, now con-
thermomechanical behaviour of the excipient mixture. sists of a mass of ice crystals embedded and dispersed in the
vitreous, freeze-concentrated solution, with the whole occu-
pying the original solution volume. At this stage the appear-
6. Freezing and associated changes ance of the product at the microscopic level depends on the
characteristic size distribution of the ice crystals which, in
Freezing to completion requires the removal of more than turn, depends largely on the initial cooling rate but also on
99% water from an initially dilute solution. The total solute some other factors associated with details of the heat trans-
concentration increases rapidly and is a function of the tem- fer within the solution during freezing. Although in princi-
perature only; it is thus independent of the initial solution ple the ice crystal size distribution is a function of the
concentration. For example, an isotonic saline solution (0.15 cooling rate, in practice the necessary cooling rates to sig-
M) increases in concentration to 3 M when frozen, under nificantly modify this distribution require heat transfer rates
equilibrium conditions, te-10°C [5]; i.e. a 20-fold concen-  far higher than can be achieved in a commercial freeze drier,
tration increase! All components in a mixture will suffer where vials are standing on refrigerated shelves. The ice will
similar concentration increases. It is such dramatic salt con- eventually be removed by sublimation, so that the texture,
centration increases, much more than the much discussegorosity and total surface area of the dried residue should
‘ice formation’, which damage labile bioproducts during closely resemble that of the frozen solution, with large
freezing. A secondary consequence of freeze-concentrationspaces which had previously been occupied by ice crystals.
relates to its effect on chemical reaction rates in the residual Carbohydrates are favoured as excipients, because they
solution phase. Contrary to the prediction of Arrhenius are chemically innocuous and can be easily vitrified during
kinetics, relating reaction rate to temperature, rates actually freezing. Ty values of disaccharides and higher oligomeric
accelerate, usually by orders of magnitude, during the freez-sugars lie above30°C [5,7-9], rendering these substances
ing of an aqueous solution [6]. The phenomenon, mista- attractive as freeze-drying excipients. Caution must never-
kenly referred to as freeze denaturation in the case of theless be exercised, because some carbohydrates, notably
proteins, should more correctly be termed concentration mannitol and lactose, can also separate from a frozen solu-
denaturation. tion in the form of crystalline phases, depending on the
According to textbook chemistry, all solutes in a mixture processing conditions employed. They can even crystallise
precipitate in the crystalline state at various stages (eutecticwithin dried products. The electron micrographs in Figs. 1
phase separation) during the freeze concentration processand 2 show the very distinct appearances of mannitol and
when their respective saturation solubilities are reached. sucrose, respectively, both freeze-dried from 10% w/w solu-
Such differential precipitation of buffer components can tions. Mannitol has crystallised during freezing and/or dry-
be quite damaging, because it will cause major pH shifts ing, whereas sucrose remains in the amorphous state right
that cannot be detected; because by the time the dried prothrough the drying process. This results in the marked mor-
duct is reconstituted in water, the buffers will have redis- phological differences of the two products. A secondary
solved. Contrary to the predictions of textbook chemistry, factor is probably the mechanism of ice nucleation and pro-
clean eutectic phase separation during freeze concentratiorpagation, arising from the high viscosity of the sucrose solu-
of multicomponent mixtures is, however, rare. The worst tion, as compared to mannitol at the same mass
possible situation is the uncontrolled partial precipitation concentration.
of some component(s) of a mixture during freezing and/or  Other chemical compounds that can serve as excipients
drying. include amino acids, water soluble polymers and some salts,
Such unpredictable and/or undesirable precipitation pro- especially those of organic acids, e.g. citrates and lactates
cesses can be prevented by the use of suitable excipients thdtL1]. As discussed above for the carbohydrates, the main
do not readily crystallise from a frozen solution. If present at factors determining the choice of excipient(s) are chemical
high enough concentrations, they will also inhibit the pre- compatibility with the bioactive material to be dried and the
cipitation of salts and cause the freeze concentration procesgphase behaviour of the freeze-concentrate, i.e. phase separa-
to proceed well beyond the limit of saturation solubility. tion or vitrification of the excipient(s).
Freezing then continues but slows down, because with Volatile compounds, whether salts or non-electrolytes,
decreasing temperature and an increasing degree of superform a special class of excipients. Salts, such a ammonium
saturation, the solution viscosity rises, increasingly steeply, formate, acetate or bicarbonate, are readily removed during
until it reaches a point at which ice growth comes to a stop, the ice sublimation stage and will therefore not remain in the
at least in real time; the ‘solution’ phase might still contain dried product. In formulations containing amorphous exci-
up to 50% of unfrozen water. The mixture is then said to pients, e.g. sucrose, they also enhance the rate of ice sub-
have undergone a glass transition, characterised by a glaséimation [12]. A similar ability has been ascribed to tert.-
temperaturely and a water contentyy’; the solution now butanol, although here the effect is said to be due to a mod-
has the mechanical properties of an amorphous solid, but theification in the ice crystal habit, producing needle-shaped
molecular structure of a liquid, i.e. it is devoid of a long- ice crystals with a larger surface area for sublimation [13].
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The physico-chemical and mechanical properties of Fig. 3. Solid-liquid state diagram for the sucrose-water system and the
water-sensitive glasses have been the subject of severafreeze-drying path of a solution (A) with an initial solids content of 5%; for
recent reviews [7,8]; although of fundamental importance, explanations, see text. Symbols refer to experimental results from different

. . . . . sources; details in ref. [10].
they will not be described in detail here. The most important
features from the point of view of freeze-drying and the ice + supersaturated solution has reached its limiting com-
stabilisation of labile bioproducts are the effects of tempera- position, ice sublimation can be started, but it must be per-
ture and moisture content dg. Fig. 3 is a solid—liquid state  formed at, or belowl'. If the temperature is allowed to rise,
representation of the binary system water—sucrose [9,10],ice will melt back into the solution, causing a dramatic drop
showing how the phase composition of an initially dilute in its viscosity, with damaging and irreversible conse-
solution (A) changes with temperature during freezing and quences.
subsequent heating/drying. The important point to note is  The point of intersection of the freezing and glass curves,
that, despite the predictions of classical phase equilibria, Ty, depends on the solution composition, but not on its
sucrose does not precipitate as a crystal phase when itdnitial concentration. The vapour pressure of ice which pro-
solution is cooled to the eutectic poift but becomes sub-  vides the driving force for water removal increases log-
ject to progressive supersaturation. In this connection, it is arithmically with increasing temperature. From a process
important to realise that the supersaturated solution is ther-economic standpoint, therefore, the ice sublimation stage
modynamically unstable and relies for its apparent stability profits from as high a temperature as possible. The setting
on the extremely high viscosity. Critical for the drying pro- of the correct sublimation temperature depends on the for-
cess is the realisation that once the two-phase mixture of mulation details. In practicdy' values above-40°C should
be aimed at by judicious formulation; for instance, compo-
sition X has aT' of —=38°C. For most productsly' will be
governed by the nature and proportions of excipients and
salts in the product.

7. The container

Materials to be freeze-dried essentially fall into two
classes: solids with a high water content, e.g. food products,
or homogeneous solutions, e.g. of peptides or conventional
drugs. Intermediate states comprise dispersions, e.g. lipo-
\ somes or single cells (microorganisms, yeasts). Solids are

4] \uA--‘.T.I'W; o | generally placed on trays within the freeze-drier, whereas
liquids are either processed in bulk on trays or in small
Fig. 2. Scanning electron micrograph of a 10% freeze-dried sucrose SOIU'VOlumeS in a variety of containers, e.g. vials, ampoules,

tion. Freeze-drying was performed according to ‘best practice’, i.e. the . - .
temperature of the sample was not allowed to exckgby a significant syringes, bottles, microtitre plates. The nature and Shape

amount or for a significant period. The appearance is typical of an amor- Of th_e containjpg ve;sel and the stopper impact on the pro-
phous solid. Scale bar 100 um. cessing conditions in several ways [14].
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(1) The sublimation rate of ice is a function of the area in the manifold between chamber and condenser has been
over which sublimation takes place and the thickness andreported [15], but such equipment is not available commer-
porosity of the dried plug that develops. Thus, for a given fill cially.
volume, maximum sublimation rates are achieved with thin
plugs with a large surface area.
(2) Heat transfer from the freeze-drier to the solution 9. The process cycle
relies on three contributing mechanisms: radiation from
the walls of the chamber, conduction through the sides The driving force for freeze-drying is provided by the
and bottom of the container, and conduction by collisions partial pressure difference of water at the subliming ice sur-
of gas molecules with each other and with the walls of the face () and at the condensep, in the form of logp/p;).
container. The area of contact between container and shelf Since vapour pressure is a function of temperature, the driv-
as well as the container shape and any constriction causedng force can also be expressed in terms of the temperatures
by the way moisture is allowed to leave, i.e. the nature of the at the subliming surface and the heat sink (condenser). It is
stoppers, will therefore affect the drying rate. important to note that the employment of a vacuum only
affects the rate of drying but not the driving force, or the
extent to which ice can be sublimed.

8. Equipment The cycle consists of four distinct stages that may, how-
ever, partly overlap:

The model of freeze-drier to be employed is usually
beyond the control of the operator. It will, however, affect
the quality and uniformity of the dried product. Of particular
importance is the maintenance of a uniform shelf tempera-
ture across each individual shelf and between shelves.
Where vials are used, then consideration must be given to
their contact with the shelf. This depends on the flatness of ™
the vial base and whether the vials are introduced into the
drier on trays or whether they are placed directly on the
shelves.

Where vials are loaded on trays, a perfect contact of
the tray with the shelf is of critical importance. If a tray Only three process parameters can be directly controlled:
is even slightly warped and does not make perfect contactcondenser and shelf temperatures, chamber pressure and
with the shelf, this can give rise to temperature gradients of time. The parameter that is of greatest importance is, how-
several degrees, resulting in a marked reduction of the sub-ever, the product temperature which cannot be directly con-
limation rate in vials standing on this particular area of the trolled. Its change with time can be measured (see above)
plate. only in a very limited number of positions within the drier,

Temperature and pressure monitoring devices and theirand with an uncertain degree of accuracy. Such measure-
positioning also affect process control. Electrical resistance ments are not necessarily representative of samples in other
is a favoured method for monitoring the progress of freezing positions within the drier.
and drying in commercial equipment. In conducting solu-  With modern equipment, a cycle can be programmed in
tions, this may be appropriate, because order of magnitudeadvance and made subject to in-process control. Once pro-
changes in the resistance accompany phase transitions. Imluct formulation, container type and fill volume have been
nonelectrolyte mixtures, however, where glass transitions, set, then the setting of the correct process parameters
rather than phase changes, are of crucial importance,requires a knowledge of:
changes in electrical resistance, if they are observed at all
cannot reliably be correlated with such transitions. It is in
any case preferable to employ a more direct temperature
measurement, such as thermocouples. Some commercial
equipment employs resistance thermometers, but their us
is to be discouraged, because of their large thermal capacity,
leading to local heating and quite unrepresentative results.
Thin wire or thin foil thermocouples are to be preferred,
although even then, the temperature/time output from the
particular vial carrying the thermocouple may not be repre-
sentative of the drying process in other vials. A completely
noninvasive measurement would be preferred for monitor-  Several attempts are on record for the design of complete
ing the progress of drying; the use of an anemometer, placedfreeze-drying cycles, based on laboratory experimental data

1. The solution, containing the product to be dried, is fro-
zen on refrigerated shelves.

2. The shelves are heated and the ice is sublimed, usually,

but not necessarily under reduced pressure (primary dry-

ing); the water vapour is condensed.

Unfrozen water remaining in the productvy) is

removed by a judicious raising of the temperature of

the shelves (secondary drying).

4. The condenser is heated to melt and remove the col-
lected ice.

1. The correct temperature to which the solution must be
cooled, i.e. slightly belowly, and the time required for
maximum freeze concentration in all containers. Thus, a
reliable measurement @y is of overriding importance.
The time required for ice sublimation to reach comple-
tion under given process conditions.

3. The correct (maximum) heating rate to effect secondary
drying to a predetermined residual moisture content, but
avoiding excessive product softening and eventual col-
lapse.
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and/or computer simulation [16], or of specific stages, e.g. from the contribution to energy transfer by collisions
primary drying [17,18]. between water molecules. Surprisingly, this contribution is

The freezing stage can be quantified, provided Tyais in many cases larger than that due to direct heat conduction
known. It must be noted, however, that the onset of freezing from the shelf to the subliming ice front. It therefore follows
cannot be controlled [5]. In an array of many vials placed on that an increase of the chamber pressure, e.g. by the supply
a cold shelf, different vials become subject to different of a dry non-condensable gas, such as argon, increases the
degrees of undercooling before ice is nucleated [19]. In rate of ice sublimation. The effect of chamber pressure on
practice, a random spread of freezing temperatures, amountthe sublimation rate can be quantified in a simplified manner
ing typically to ca.+3 degrees about the mean, introduces a with the aid of the kinetic theory of gases which relates
degree of variability in product appearance and porosity that pressure and temperature with molecular collisions, accord-
cannot be prevented but will affect subsequent drying rates. ing to Eq. (2):

The optimised ice sublimation stage basically depends on _ 1/
a balancing of coupled heat and mass transfer within the dm/dt—fpi /(ZWMkTi) / )
product, given by wherep; is the saturation vapour pressure of ib&,is the

_ mass of a gas moleculg,is the Boltzmann gas constant,

Kv(Ts=T) =AH (dm/dt) (1) andf, the ‘drying factor’, being the probability that a water
whereK, is a heat transfer coefficient that depends on the molecule is removed from the ice surface before it can
net mechanism of heat flow from the shelf to the product; it recondense. For a maximum sublimation rate, therefore,
will typically contain contributions due to radiation, direct f = 1. Eq. (2) is based on the assumption that other mechan-
conduction from the shelf to the product and conduction isms of heat transfer are negligible compared to conduction
arising from the kinetic energy transfer by collisions of gas by molecular collisions. The simplified form of the equa-
molecules during their passage from the subliming surface tion needs to be modified where the ice crystals are par-
to the condensefls andT; are the temperatures of the shelf tially or wholly covered by a ‘product skin’, as they
and the product, respectively,nitit) is the rate of mass invariably are in practical freeze drying situations.

transfer, i.e. the mass of icey, subliming in timet, andAH Any increase in mass transfer produced by a rise in the
is the latent heat of sublimation of ice per unit mass at the chamber pressure will inevitably result in a cooling of the
appropriate temperaturg. It is implied in Eq. (1) thafT; product, unless additional heat is supplied via the shelf. Fig.

can be regarded as a so-called product temperature, i.e. na! illustrates the coupled effects of shelf temperature and
temperature gradient exists within the product. Barring sub- chamber pressure on the ice sublimation rate at different
millimetre fill depths, this constitutes a gross oversimplifi- product temperatures. It must be stressed that the actual
cation (see below); allowance must be made for such numbers shown can refer only to a particular formulation
temperature gradients. and fill condition [20]. The trends can, however, provide a
The major practical control problem lies in the balancing generalised picture of the interplay between the various
of Eq. (1). The energy absorbed during the sublimation parameters. The overriding consideration must always be
process must be compensated by a supply of energy, atto maintain the product temperature just beldy, i.e.
the correct rate, from the heated shelf to the product. Failing T; < T'.
this, the product temperature will drop and sublimation will Consider a formulation with an assumgég of -18°C.
slow down; this also reduces the driving force (see above). Allowing for safety margins, sublimation might be carried
If, on the other hand, the shelf temperature is raised exces-out close to-20°C. The drying conditions could then be set,
sively, causing the product temperature to rise to aligye according to point A in Fig. 4. At a constant shelf tempera-
then ice will melt back into the freeze concentrate, causing ture, the sublimation rate could be decreased (B) or
structural collapse and possible chemical deterioration. increased (C) by altering the chamber pressure. However,
A secondary problem concerns the effect of the receding raising the pressure to 55 mPa would produce an unaccep-
ice front on mass transfer. As sublimation proceeds, so thetable rise in the product temperature. A safe increase in the
water molecules to be removed encounter an increasingsublimation rate might be achieved by a reduction of the
resistance to diffusion by the dried portion of the porous pressure to 25 mPa and a simultaneous increase in the shelf
plug. The sublimation rate then decreases and, with a con-temperature to 4, thus maintaining a constant product
stant shelf temperature, there is again a danger of overheattemperature (D). In practice, however, especially with lar-
ing the product. The above discussion illustrates how the ger fill depths, it would not be good practice to operate with
total composition and the solids content of the solution, as a shelf temperature 60 degrees in exces$jofBearing in
well as the fill volume and the fill depth impact on proces- mind temperature gradients between the shelf and the sub-
sing conditions. Best results are obtained with solid contents liming ice surface, the bottom of the product might well
of the order of 10% w/w and fill depths not exceeding 20 become subject to overheating and collapse.
mm. The above example demonstrates that the maintenance of
The other control variable that affects the sublimation a constant product temperatdre¢hroughout the duration of
rate is the chamber pressure. Its influence arises mainlythe process by adjustments of the shelf temperature and the
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In contrast to primary drying, the chamber pressure does
not appear to affect the secondary drying rate to any marked
extent [14]. Ideally, therefore, secondary drying conditions
should be such as to track the glass transition profile, as
displayed in Fig. 3, starting fronT,, up to the desired
storage temperature and water content.
Fig. 7 shows specimen recorder output traces from a
freeze-drier, taken from a manufacturer’'s brochure. The
cycle may be adequate, but it hardly corresponds to the
optimum process conditions, whatever th¢ value of the
formulation. The product vials were apparently frozen to
-50°C and kept at this temperature for a further 18 h. The
shelves were then heated+20°C and the vacuum applied;
the pressure was reduced to approx. 1 mmHg (0.3 mPa),
probably corresponding to full vacuum. These two adjust-
00.0 L 1 1 1 1 1 1 ments produced an immediate product temperature rise to

0 102 30 40 50 60 —-30°C. Three product temperature probes show different

Chamber Pressure / mPa responses to drying, indicating substantially different sub-

Fig. 4. Interrelated effects of shelf temperature and chamber pressure onlimation rates. Eventually, after 2.5 days, the product tem-
(L formuted in 256 wh olycine, 19 i sucrose and 10 mi sodum P 2LLeS approached the temperature of the sheff, in-

6 1% o : L :
((:itrate buffer (pH 6.5) in 3-m9I] \)//ials; modified and redrawn from ref. [17]. dicating the completlon of sublimation. Secondary (_jrymg
was performed in an acceptable manner, by ramping the
chamber pressure can present problems. For instance, temshelf temperature, and allowing the product temperatures
perature gradients between the shelf and the subliming iceto rise in response, as water was removed by diffusion.
surface can amount td3/mm, depending on the fill depth  The whole process lasted approx. 5 days, exclusive of load-
as well as on the thickness and material of any metal traysing of the freeze drier.

used. Familiarity with the particular equipmentto be usedis  Since the product details are not known, only a limited

thus essential. Overheating during either or both drying amount of information can be extracted from Fig. 7. It is
stages is a common cause of product failure. reasonable to conclude, however, that the process cycle

Secondary drying, i.e. the removal of dissolved (unfro- could have been shortened by taking into account the factors
zen) water from the product, is not easily quantifiable. The discussed above. Assuming also thgof the product prob-
rate is governed by diffusion of water from the product
filaments and its subsequent desorption and condensation. Ficoll film: 0.808 mm thick
The diffusion process is not subject to simple kinetics [21] Wo =887 %
but, as might be expected, drying is accelerated by an
increase in the temperature. The temperature dependence
of water removal from a vitreous carbohydrate film, as
determined by thermogravimetry, is illustrated in Fig. 5.
The differential mass lossw at each temperature is normal-
ised, by means of a factéf, to the initial water contenty,, 0.9
i.e. F = Aw/w,. The drying rate is diffusion-limited and
tends to a plateau at each temperature. Analysis of the
mass loss curves demonstrates that drying does not follow ~
simple diffusion kinetics but depends ag. Of significance
for freeze-drying is that, here again, care must be taken not
to overheat the product, because after the removal of ice, the
residual product has lost most of its mechanical strength and
has become extremely fragile, vulnerable to structural col-
lapse. The onset of such collapse is shown in Fig. 6, an
electron micrograph of a freeze-dried Ficoll solution that 0.7 115 30
had, during the secondary drying stage, been exposed for Time / min
a short period to a temperature slightly in excessTgpf
Collapse on the microscopic scale first occurs at the tips Fig. 5. Removal of water by diffusion from Ficoll films in the glassy state

of the product filaments but. on continued exposure at at several temperatures; recalculated and redrawn from data in ref. [18].
P ’ P Ficolld (ex Pharmacia) is a three-dimensionally cross-linked polymer of

T > T, the well-preserved porous structure is completely g;crose, with the cross-links effected by reaction with ethylene chlorhy-
destroyed. drin.

Sublimation Rate / (g/cm?/h)
Shelf temperature

0.8
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for an isotonic product for injection. From a processing
point of view, the addition of salts is to be avoided, because
of their ability to depres$y. Experiments with solutions of
constant tonicity, but a varying sucrose/salt ratio, yielded
formulation X as the best compromise. An acceptable
freeze-drying process could be calculated (and subsequently
performed) for this formulation.

11. Assessment of stability

15

Two aspects of stability need to be considered: the pro-
( @ . duct yield immediately after the completion of freeze-dry-
4 . ing and long-term storage stability under specified
conditions. A bioproduct that is to be freeze-dried must
first of all be able to withstand a freeze—thaw cycle without
unacceptable losses in activity. Provided that it passes this
ably lay in the neighbourhood 6f30°C, this temperature  test, then it should be possible to devise a suitable drying
might, in principle, have been raised by a change in the protocol. Long-term storage stability is more difficult to
formulation, making possible a shortening of the sublima- assess without real-time testing. Accelerated storage testing
tion process. It is also not immediately obvious why the by product stressing is subject to pitfalls which can lead an
product was frozen te-50°C and maintained at this tem-  unwary or unskilled operator to false conclusions of the true
perature for a protracted period, since it was subsequentlyshelf-life under ambient conditions [23]. This is particularly
warmed to—30°C and dried at that temperature. true for testing performed at elevated temperatures, where a
glass transition may occur somewhere within the tempera-
ture range used. In such cases, extrapolations based on
10. Rational co-development of formulation and process  Arrhenius kinetics and/or Q factors provide erroneous
results, because these kinetic equations are inoperative at
In the above discussions, stress was placed on the intertemperatures in the neighbourhood @f. Appropriate
dependence of formulation and processing. Working within kinetic rate equations for chemical and physical processes
external constraints that would also affect the choice of a taking place in amorphous materials in the temperature
particular formulation, e.g. regulations, pharmacokinetic or range immediately abové, have been discussed in the
marketing considerations, best results will be achieved by literature [7,8].
co-ordinated product and process development. An example
of this type of strategy provides the basis of product X,
earlier referred to [4]. Three buffer systems were consid- 12. Conclusions
ered: lactate, citrate and acetate. Lactate was discarded for
pharmacokinetic reasons, and acetate was also excluded The parameters that govern successful freeze-drying of
because, being volatile, acetic acid is removed during the bioproducts from their dilute aqueous solutions are many
sublimation of ice, causing a pH shift in the reconstituted and they are subject to complex interrelationships, some of
solution. Sodium citrate, on the other hand, tends to vitrify
during freezing, with an acceptablg' value. Two excipi- Pressive
ents were considered: mannitol and sucrose. Mannitol
enjoys a great popularity in the pharmaceutical industry.
Of all the simple carbohydrates, it is however the one
most prone to inadvertent crystallisation, during freeze-dry-
ing or thereafter, during storage. A factor in its favour is the
attractive appearance of a freeze-dried, crystalline mannitol
plug. Set against that must be the incidence of vial cracking © Products
reported for formulations based on mannitol [22]. Vial ) Condenser
breakage was also encountered during the development — Pressure
work on product X. For these reasons, sucrose was chosen 5 % 0% & & ® % @ 2 m
as excipient, despite the need for a longer freeze-drying Froozo ——> &—— Primary dry ———————— Secondary cry ——$>
cycle. Marketing factors also required that, on reconstitution Elapsed tme/h
with water, the solution should be isotonic. It was thus Fig. 7. piagrammatic representation of a typical freeze-drier output, show-
necessary to add enough NacCl to the formulation to provide ing shelf, product and condenser temperatures, and chamber pressure.

Fig. 6. Scanning electron micrograph of a freeze-dried 10% Ficoll solution,
illustrating incipient collapse. Scale barl um.

75
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Temperature C
3
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Pressure (microns)
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which have been discussed in this review. Product formula-
tion, containing vessel geometry and available equipment,
all play a part in the design of a suitable process cycle.
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[8] J.M.V. Blanshard, P.J. Lillford (Eds.), The Glassy State in Foods,
Nottingham University Press, Nottingham, 1993.

[9] F. Franks, Freeze-drying: a combination of physics, chemistry, engi-
neering and economics, Jap. J. Freezing Drying 38 (1992) 5-16.

Experience teaches that best results are obtained where atho] A.P. MacKenzie, Non-equilibrium freezing behaviour of agueous

integrated approach, combining both product and process

development activities, can be adopted.
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