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Abstract

The objective of this research was to gain a better understanding of the degree to which recovery of activity of model proteins aft
freeze-drying can be maximized by manipulation of freeze-dry process conditions in the absence of protective solutes. Zatalase,
galactosidase and lactate dehydrogenase (LDH) were used as model proteins. All of the three proteins exhibited a concentration-depen
loss of activity after freezing, with significantly higher recovery at higher concentration. The freezing method and the type of buffer were
also important, with sodium phosphate buffer and freezing by immersion of vials in liquid nitrogen associated with the lowest recovery ¢
activity. Differential scanning calorimetry was predictive of the onset of collapse during freeze-drying oghgédactosidase. For the
other proteins, either n@,’ transition was observed, or the apparent glass transition did not correlate with the microscopically-observec
collapse temperature. The time course of activity losg3fgalactosidase and LDH was compared during freeze-drying under conditions
which produced collapse of the dried matrix and conditions which produced retention of microstructure in the dried solid. Recovery c
activity decreased continuously during primary drying, with no sharp drop in recovery of activity associated with the onset of collapse. Th
most important drying process variable affecting recovery of activity was residual moisture level, with a dramatic drop in activity recover
associated with residual moisture levels less than about ID%998 Elsevier Science B.V.
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1. Introduction and recovery of activity both after freezing and after freeze-
drying, (2) to measure the degree to which recovery of
Freeze-drying is often a critical unit operation in the pro- activity after freeze-drying can be maximized by manipulat-
duction of protein pharmaceuticals. Much of the research ing primary and secondary drying conditions, and (3) to
emphasis in freeze-drying of proteins has dealt with the use determine whether the onset of structural collapse during
of lyoprotectants, or solutes which improve the recovery of freeze-drying is necessarily associated with activity loss.
protein activity after freeze-drying, and this has been the This type of information is particularly relevant to freeze-
subject of comprehensive reviews by Carpenter, Prestrelski,drying of proteins during downstream processing of the bulk
Arakawa, and coworkers [1,2]. The broad objective of the active material.
work reported here is to use model proteins to better under- Three model proteins were chosen for this weigalac-
stand the influence of processing conditions on recovery of tosidase, catalase, and lactate dehydrogenase (LDH). The
protein activity after freezing and freeze-drying in the criteria for choosing these proteins included partial loss of
absence of protective solutes. Specific objectives were (1) activity after freeze-drying and the availability of rapid and
to determine the relationship between protein concentration precise spectrophotometric methods to measure biological
activity. B-Galactosidase fromAspergillus oryzaeis a
"+ Corresponding author. Department of Industrial and Physical Phar- MONomer with apparent molecular weight of 105000, and
macy, Purdue University, West Lafayette, IN 47907, USA. has been reported to lose most of its activity after freeze-
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drying in the absence of protective solutes [3]. The reported by catalase, which was monitored by the decrease in absor-
mechanism of inactivation @f-galactosidase resulting from  bance at 240 nm. Catalase was dissolved in 0.05 M potassium
freeze-drying is partial unfolding followed by the formation phosphate buffer (pH 7.0) to a final concentration of about 50
of soluble aggregates [4]. Various excipients, such as units per ml. The substrate solution was #4.50°% hydro-
sugars, polyols, amino acids, and amphiphilic additives gen peroxide in the same phosphate buffer.
have been shown to protect against activity loss during The activity of3-galactosidase was determined by hydro-
freezing, freeze-drying and storage [3,5]. lysis of 8-nitrophenyl8-p-galactopyranoside (ONPG) using
Catalase contains four identical subunits, each monomerthe method described by lzutsu et al. [11].
consisting of 505 amino acid residues. Hanafusa reported LDH activity was measured using a kit supplied by
that the recovery of activity of catalase after freezing was Sigma. The assay is based on the interconversion of lactate
40%, while after freeze-drying the recovery was only 13% and pyruvate. During reduction of pyruvate, an equimolar
[6]. In studies reported by Pikal, pure catalase retains 80% amount of NADH is oxidized to NAD. The oxidation of
of its initial activity after freeze-thawing, but only 30% is NADH results in a decrease in absorbency at 340 nm. The
retained after freeze-drying [7]. Tanford’s studies demon- rate of decrease of absorbency at 340 nm is directly propor-
strated that the mechanism of activity loss during freeze- tional to LDH activity in the sample.
drying is partial dissociation into monomers and dimers [8].
Glucose, maltose, and maltotriose showed a similar protec-2.3. Thermal analysis and freeze-dry microscopy
tive effect during freeze-drying, while saccharides with
longer glucoside chains showed a diminishing protective  The DSC thermograms of frozen protein solutions were
effect with increasing molecular weight [7]. measured using a Perkin-Elmer Series 7 DSC (Norwalk,
Lactate dehydrogenase, which is also composed of CT). Catalase was dissolved in phosphate buffer at 50 mg/
four identical subunits, tends to lose its activity after either ml, pH 7.0. 3-Galactosidase and LDH were dissolved in
freezing or freeze-drying, and has been used as a modelphosphate buffer (pH 7.4) at 50 mg/ml and 56 mg/ml,
protein for distinguishing between the protective effects of respectively. Twentyl of sample solution was sealed in
solutes against freezing and drying-induced denaturationan aluminum pan. The sample was cooled76°C at 20C/
[9]. lzutsu and co-workers reported concentration-depen- min, then heated to 2C€ at 10C/min. The thermogram was
dent loss of activity of LDH after freezing which was less recorded during the heating cycle.
than 10% of the original activity at protein concentrations  Freeze-dry microscopy was used to observe the collapse
less than 0.01 mg/ml [10]. The same investigators reported temperature of protein solutions using a procedure des-
recovery of activity after freeze-drying of LDH which cribed by Nail et al. [12]. Composition of the samples was
was significantly higher than the recovery after freeze-thaw- the same as that used for thermal analysis.
ing.
2.4. Freeze-thaw studies

2. Experimental Catalase was dissolved in 0.05 M potassium phosphate
solution (pH 7.0) at different concentrations, ranging from
2.1. Materials 0.1 mg/ml to 4.0 mg/mlB-Galactosidase and LDH were

dissolved in 0.05 M sodium phosphate buffer, pH 7.4, at a

Catalase from bovine liver an@-galactosidase from  concentration range of 2 to 1Q@/ml. The minimum con-
Aspergillus oryzaevere used as received from Sigma Che- centration of each protein was determined by the minimum
mical Co. (St.Louis, MO). Lactate dehydrogenase (Type I, concentration requirement of the activity assay, and the high
from rabbit muscle) crystalline suspension in ammonium end of the range was based on a 40- to 50-fold increase over
sulfate solution (Sigma) was dialyzed &CAfor 24 h against the minimum concentration. The enzyme solutions were
sodium phosphate solution (0.05 M, pH 7.4). The final con- frozen at-40°C for 20 h, then thawed at room temperature.
centration was determined using a kit supplied by Sigma The activity was assayed before and after freezing, and
based on the Lowry method. Bovine serum albumin was relative activity was expressed as a percentage of the activ-
used as a standard. ity prior to freezing.

O-Nitrophenyl 3-p-galactopyranoside (ONPG), the total Additional studies were carried out to determine the influ-
protein determination kit, and the LDH assay kit were from ence of buffer on freeze-thaw stabilit§-galactosidase and
Sigma. Sodium phosphate and hydrogen peroxide (analyti-LDH were dissolved at 5, 25, and 2@/ml in phosphate

cal grade) were from J.T. Baker (Philipsburg, PA). buffer (0.05 M, pH 7.4), citrate buffer (0.05 M, pH 7.4) and
Tris buffer (0.05 M, pH 7.4). All these solutions were frozen
2.2. Enzyme activity assays at-40°C for 20 h. The pH of the frozen solution was mon-

itored (Mettler-Toledo Process Analytical, Wilmington,
Catalase was assayed af@ausing a procedure provided MA) using a technique described by Gomez and Rodri-
by Sigma, based on the first-order decomposition of peroxide quez-Hornedo [13].
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To compare different freezing methogsgalactosidase  dria, VA) before observation by scanning electron micro-
and LDH solutions (5, 25 and 5@/ml) in phosphate buffer  scopy (Jeol Model JSM-35CF, Tokyo, Japan). The ac-
(0.05 M, pH 7.4) were frozen using the following methods: celerating voltage was 25 kV.

(1) placing directly in a freezer a40°C, (2) immersion in
liquid nitrogen followed by transfer to -e40°C freezer, and
(3) placing vials on the shelf of a freeze-dryer and freezing 3. Results and discussion
to —40°C at 0.5C/min. After 20 h, all the frozen solutions
were thawed at room temperature. 3.1. Glass transition temperature {J measurement of
protein solutions
2.5. Freeze-drying
Differential scanning calorimetry often provides useful

Solutions were filled into 10-ml serum vials (2 ml fill information concerning the physical state of solutes in fro-
volume) and transferred to either an Edwards Lydfleéd8 zen solutions as well as an estimate of the maximum allow-
(Tonawanda, NY), or an FTS Dura-Stop(Stone Ridge, able product temperature during primary drying. For
NY) freeze-dryer. Type T thermocouples (32 gauge) were protein formulations, which generally contain an amor-
placed in the bottom center of three vials for each batch. The phous component, the maximum allowable product tem-
cycle consisted of freezing a#t5°C (the approximate lower  perature during primary drying is the collapse
product temperature limit for pharmaceutical freeze-drying) temperature, which is closely related to the glass transition
for 6 h, then drying under varied conditions for both primary temperature of the maximally freeze concentrated solution,
and secondary drying. The time course of activity losgfor ~ or T,'. DSC thermograms g8-galactosidase, catalase and
galactosidase and LDH was examined by pre-weighing sev-LDH are shown in Fig. 1. The thermogram of catalase
eral vials and removing them using a sample extractor contains a weak transition — which appears to be a glass
throughout the drying cycle. Distilled water was then transition — with a midpoint temperature of approximately
added back to each vial to restore the original weight —29°C. The thermogram of3-galactosidase contains a
prior to the activity assay. For vials removed during second- transition of about the same magnitude at approximately
ary drying, residual moisture was measured by Karl Fisher the same temperature28°C. The thermogram of LDH,
titration using coulometric end point detection (Model 150, on the other hand, reveals no detectable glass transition.
Denver Instruments, Arvada, CO). Three vials were re- The exotherm centered at aboul8C is believed to
moved after freezing as controls. Activity of the freeze- arise from crystallization of phosphate buffer during the
dried samples was then expressed as a percentage of ththermal analysis experiment. Failure to detect a glass
activity of the freeze-thawed control. transition in frozen solutions containing amorphous solutes

is not unusual based upon our experience. This may be
2.6. Scanning electron microscopy observation of freeze- caused by a change in heat capacity at in the glass transition
dried products region which is too small to be detected by the instrumen-

tation, or because the glass transition region is broad

The freeze-dried products were coated with gold for 15 enough to be ‘lost’ in baseline drift. Heat capacity changes
min (Hummefl 6.2 sputtering system, Anatech, Alexan- at the glass transition are tabulated below for catalase and
B-galactosidase.

Collapse temperaturel{) as observed using freeze-dry
microscopy of the same protein solutions are compared
with apparenfly' data in Table 1.

The only model protein for which good agreement
between apparery’ and observed collapse temperature is
B-galactosidase. Given that the reported collapse tempera-
ture is based on direct observation of the material during
freeze-drying, this must be considered the most meaningful
of the two sets of data. In comparing the thermograms of
catalase an@-galactosidase, both contain an apparent glass
transition with about the same change in heat capacity at
approximately the same temperature, yet one is predictive of
collapse in freeze-drying while the other is not. These

T T T T T results underscore the need for caution in interpreting ther-

-60 -50 -40 -30 -20 -10 . . . oL
Temperature (°C) mograms containing yveak, albglt reprodumblle, transmpns,
particularly when basing selection of processing conditions
Fig. 1. DSC thermograms @Egalactosidase (50 mg/ml), catalase (50 mg/ ON these measurements. It is also clear that further work is
ml), and LDH (56 mg/ml) in phosphate buffer (0.05 M, pH 7.4). needed using other model proteins to better evaluate the
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Table 1

Comparison offy and T, of protein solutions

Protein Ty (°C) T. (°C) AC, (J/gm-C)
Catalase -29 -15 0.15
B-Galactosidase -28 -29 0.11

LDH None detected -28 -

predictivity of low temperature thermal analysis as a for-
mulation and process development tool.

3.2. Freeze-thawing of protein solutions

Fig. 2 shows the recovery of activity of catalase (&),
galactosidase (b) and LDH (c) in phosphate buffer after
freezing by transferring vials to a freezer-dt0°C. 3-Galac-
tosidase and LDH were also examined with citrate and Tris
buffers. Absorbance at 280 nm was used to distinguish
between loss of protein activity and physical loss of protein
due to adsorption to the container wall. No loss due to
adsorption was observed. The same pattern of activity loss
was observed for all three proteins. Significant activity loss

was observed at low concentration, and recovery increased

with increasing concentration up to a plateau, where recov-
ery of activity became roughly independent of concentra-
tion. Within the plateau region, recovery of activity after

freezing was approximately 90%. This reduced activity loss
with increasing concentration is consistent with observa-
tions of other researchers [3,10], although the effect has
not, to the best of our knowledge, been systematically inves-
tigated. Perhaps the effect of concentration is a particular
example of the preferential exclusion thermodynamic argu-
ment advanced by Timasheff and coworkers [14]. This

mechanism has been shown to apply to polymers such as

dextran and polyethylene glycol, and to be predictive of the
ability of solutes to protect proteins from freezing-induced

damage. It seems reasonable that the concept of preferential

exclusion would apply to other proteins as well.

A significant buffer effect is seen, particularly for LDH,
where recovery is lowest for the phosphate buffer system.
Recovery of LDH activity at a concentration of %@/ml
when frozen in 0.05 M sodium phosphate buffer at pH 7.4 is
approximately 85%. This is seemingly in sharp contrast to
data reported by lzutsu et al. [11], where the recovery was
well below 20%. However, the data in Fig. 3 seem to
explain this discrepancy, as well as to point out the need
for attention to detail in defining freezing processes for
protein solutions. lzutsu and coworkers froze LDH by
immersion in liquid nitrogen, then transferring to a pre-
cooled freeze-dryer shelf at40°C. Our study involved
three different freezing methods, as described above. As
seen in Fig. 3, freezing by immersion in liquid nitrogen
consistently gave the lowest recovery. For LDH at a con-
centration of 5ug/ml, recovery of activity was less than
10%, which is in good agreement with the data reported
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by Izutsu et al. The best recovery was obtained by transfer-
ring vials directly to a freezer at40°C. Intermediate levels
of activity recovery were observed when vials were trans-
ferred to the shelf of a freeze-dryer at room temperature and
the shelf temperature was ramped downward slowly at
0.5°C/min. It would seem that there is no clear pattern relat-
ing activity recovery to freezing rate, since what would
appear to be the intermediate freezing rate gave the highest
recovery of activity. One hypothesis which needs to be
tested is that the slowest freezing method actually resulted
in a greater degree of supercooling and better thermal equi-
libration throughout the volume of liquid such that, when
ice crystals nucleate, the freezing rate is actually faster than
when placing vials in a freezer add0°C. Placing thermo-
couples in vials of product would not be useful in comparing
thermal history of freezing, since the thermocouple acts as a
site for nucleation of ice crystals. Future work will use a
thermocouple fixed to the outside of vials in order to better
understand freezing rate effects for proteins.

The observation of lower recovery of protein activity
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Fig. 2. Activity recovery vs. concentration after freeze-thaw in buffer
solutions: (a) catalase, (iffgalactosidase, and (c) LDH®( phosphate
buffer; W, citrate buffer;A, Tris buffer).
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after fast freezing is consistent with at least two recent loss due to drying only. The data support the conclusion that
reports of ice-induced partial unfolding of proteins. Stram- recovery of activity after freeze-drying is, like freezing,
bini and Gabellieri [15] used the phosphorescence lifetime very concentration dependent. While recovery is clearly
of tryptophan residues to demonstrate that freezing of aqu-dependent on the nature of the protein, recovery is consis-
eous protein solutions is accompanied by a loosening of thetently enhanced at higher concentrations. Again, this is an
native fold and loss of secondary and tertiary structure. This effect which needs further investigation. The preferential
phenomenon is largely reversible, but a small fraction of exclusion hypothesis cannot apply to explanation of effects
proteins studied recovered neither the initial phosphores- of solutes on protection of proteins against damage by dehy-
cence properties nor enzymatic activity. Slow cooling dration. However, many of the same solutes which afford
resulted in a smaller perturbation of phosphorescence life- protection from freezing are also effective lyoprotectants.
time, presumably because larger ice crystals are formedThe most credible explanation for this effect is water repla-
with a relatively low ice surface area. Chang et al. [16] cement, where the solute acts as a substitute for water in
studied freeze denaturation of several proteins, and reportedorming hydrogen bonds with the surface of a protein as
increased levels of insoluble precipitate when solutions water is removed, helping to maintain the native structure.
were frozen by dipping in liquid nitrogen as opposed to Again, there is no reason to reject the idea that other protein
slower freezing. These investigators further reported a molecules can act in the same way.
strong correlation between the tendency of a protein to  The time course of activity loss ¢@-galactosidase dur-
freeze denature and its tendency to surface denature, andng freeze-drying under different primary drying conditions
that addition of small amounts of surface active agents pro- is shown in Fig. 5. Primary drying shelf temperatures were
tected proteins from both freeze- and surface-induced dena—30, 0, and 2%C in Fig. 5a,b,c, respectively. The product
turation. temperature at which collapse begins is also shown on each
The pH shifts associated with freezing observed in this plot. In Fig. 5a, product temperature remained well below
investigation are consistent with values reported by other the collapse temperature throughout primary drying, where-
investigators, particularly when considering that the pH as at higher shelf temperatures, product temperature ex-
shift is affected by composition, concentration, and the ther- ceeds the temperature at which collapse begins prior to
mal history of freezing. In our studies, the pH shifts of
buffer systems after freezing te20°C are from 7.4 to 3.9, Recovery of Activity of B-galactosidase after Freeze-thaw
7.03, and 8.04 for sodium phosphate, citrate, and Tris, in phosphate buffer (pH 7.4)
respectively. Van den Berg and Rose reported a pH shift
in sodium phosphate buffer from 7.0 to 3.6 after freezing
[17]; Orii and Morita reported that the pH of sodium phos-
phate buffer decreased by more than 3 pH units, while the
pH of Tris buffer increased by one unit after freezing [18],
and Larsen reported that Tris buffer undergoes a shift from
7.5 to 8.0 after freezing to-14°C, citrate buffer pH
decreased from 6.5 to 6.2 after freezing, and that the pH
of sodium phosphate decreased by more than 3 units [19].
Fig. 2b and ¢ show the comparison of recoveryef franhed raesing o
galactosidase and LDH in these three buffer solutions freezer) (0.5C/min)
after freezing at-40°C. For all the concentrations tested, R o .
. i . ecovery of activity of LDH after freeze-thaw in
phosphate buffer resulted the lowest recovery. While this phosphate buffer (pH 7.4)
does not establish a causal relationship between pH shift and 1
activity loss for these systems, it does point to the impor-
tance of seeking alternatives to sodium phosphate as a buf-
fer in systems intended for freezing or freeze-drying.

BS ug/ml
W25 ug/ml
050 ug/ml

Recovery of Activity

B5 ugml
W25 ug/ml
050 ug/ml

3.3. Effect of freeze-drying on activity recovery

Recovery of Activity (%)
888588338388

o o

Fig. 4 shows the relative activity of catalagkgalacto-
sidase and LDH after freezing drying as a function of pro- Liquid N2 shef.  Freezer
tein concentration. Constant conditions were used for all Conzen. o5 00
proteins; i.e. freezing for 6 h at45°C, drying at—-30°C
for 24 h and at 25C for 4 h. A chamber pressure of 70 Fig. 3. Recovery of activity oB-galactosidase and LDH after freezing by

L different methods. Samples were frozen by: (1) placing directly in a freezer
mTorr was used throthOUt the Cyde' The activity recovery at-40°C, (2) immersion in liquid nitrogen followed by transfer te-40°C

is expressed as apgrcentage of the control group, WhiCh_W_aSreezer, and (3) freezing on the freeze-dryer shelf ramped from 25 to
removed after freezing, so that these data represent activity-40°C at 0.5C/min.
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95 in the solid material. This is consistent with data reported by
e Milton et al. [20] for freeze-dried lactose.
2 90 4 None of the freeze-dried solids reported in Fig. 5 under-
2 went gross collapse of the solids during primary drying. In
< order to explore the relationship between collapse and loss
£ 85 a of activity further, experiments were done wighgalacto-
) sidase, catalase, and LDH where the protein solutions were
80 | : : : dried under conditions resulting in total collapse. This was
0 1 2 3 4 5 done by carrying out primary drying at a shelf temperature
Catalase Concentration (mg/ml) of —10°C, but at pressures sufficiently high to produce total
80 collapse. Secondary drying was carried out &t€r 4 h
$ 70 under full vacuum. For the control group, freeze-drying was
> 60 - carried out under primary drying conditions which resulted
3% 50 in retention of microstructure. Percent recovery results are
T 40 summarized in Table 2.
£ 30 b For two of the proteins studied, there is only a modest
S 20 decrease in activity recovery between drying conditions of
10 — T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 100 30
B-Galactosidase Concentration (ug/ml)
—_— - 20
90  -=— 5
90 S FoS
% o0 o B
= 2 70 =
T 50 3 F-20 S
< 40 (4 onset of collapse a B
2 30 - e Y — foo©
% 20 ¢ q I -40
X 10 — 50 T T T : T . : :
0 T T T T T 0 2 4 6 8 10 12 14 16 18
0 20 40 60 80 100 Drying Time (hours)
LDH Concentration (ug/ml) 100 30
- 20
Fig. 4. Activity recovery after freeze-drying for (a) catalase, fbjalac- _ 90 - L 10 g
tosidase, and (c) LDH. Each data point represents the average of three & - 2
measurements. Z 80 ro g
g Lo £
2 o0 -10 g
the end of primary drying. It is clear from Fig. 5 that loss of 3 onset of collapse b | 20 3
recoverable activity is slower at lower shelf temperatures. 60— T T T oo -
However, primary drying temperature does not seem to L £ )
have a significant impact on recovery of activity after the o ; i . . R
drying process; i.e., the slower the rate of loss of activity in Drying Time (hour)
primary drying, the faster it appears to be during secondary 100 30
drying. In addition, the onset of collapse does not seem to be 90 L 20
associated with a sharp reduction in activity recovery. Thus, _ . - L 2
the commonly held view that collapse causes a sharp reduc- ; - L g
tion in recovery of activity does not seem to be supportedby § ™ g
these data. é 60 - F0 5
Electrqn photomicrographs of freeze-dried solids for s . | onsetof ollapse o [ -20 %
which primary drying took place both below the collapse — e —— — — — - 30 &
temperature and at the early stages of collapse are shown in “ p | 40
Fig. 6. The onset of collapse is characterized by develop- 30 ! ; : T : . .

ment of holes in the plate-like amorphous structure, the
number and size of which increase with an increasing
degr,ee of CO”aps?' This is presqmably cau;ed b,y surfa‘CeFig. 5. Time course of activity loss @gFgalactosidase during freeze-drying
tension forces which become active as the V|sc05|ty. of the at primary drying shelf temperatures of 30°C, (b) GC, and (c) 25C.
glassy phase decreases, thereby opening holes at thin pointgach data point represents the average of three measurements.

Drying Time (hour)
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Table 2

Recovery of protein activity after freeze drying (%)

Protein Structure retention Collapse
Catalase 92 88
B-Galactosidase 95 85

LDH 95 50

structure retention and total collapse. For LDH the recovery
associated with collapse is significantly lower; however, this
may be at least partially associated with the unique profile of
activity loss of LDH during freeze-drying, which is dis-
cussed below.

Fig. 7 is a series of plots analogous to Fig. 5 showing the
activity loss profile for LDH during freeze-drying. This loss
profile is different from that of8-galactosidase in that there
is an apparent sharp decrease in activity during primary
drying, and activity recovery increases to a maximum
value at the end of primary drying and early in secondary
drying. Activity recovery then drops off sharply as second-

Y 'Ar
Fig. 6. Scanning electron photomicrographs of freeze-dried protein solid

showing microstructure (a) when dried below the collapse temperature,
and (b) at the onset of collapse.
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Fig. 7. Time course of activity loss of LDH during freeze-drying at pri-
mary drying shelf temperatures of (830°C, (b) *C, and (c) 28C. Each
data point represents the average of three measurements.

ary drying proceeds. The sharp initial drop in activity is
associated with removal of samples in which ice is still

100
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80

70 H

60

Relative Activity (%)

50

40 T T T T T T
10 20 30 40 50 60
Residual Moisture (%)

70

Fig. 8. Activity recovery of§-galactosidase versus residual moisture after
freeze-drying.
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Fig. 9. Activity recovery of LDH versus residual moisture after freeze-

drying.

present. Given that activity recovery during freeze-drying is
expressed as a percentage of activity recovery following
freeze-thawing of this system, it seems unlikely that the
activity loss during primary drying is associated with
freeze-thaw damage during primary drying. Further work
is needed to better understand this effect. However, the
data in the table above for LDH dried under conditions of
collapse should be regarded with some caution, since partial
melting during primary drying under the aggressive drying
conditions used cannot be ruled out.

Despite the marked difference in the activity loss profiles
for B-galactosidase and LDH, both point to secondary dry-
ing as a critical aspect of the process with respect to recov-
ery of activity. Further experiments were carried out, again
using a sample extractor, but carrying out the process at
lower, and constant, shelf temperatures in order to focus
on the relationship between residual moisture and recovery
of activity. Results are shown in Fig. 8 f@rgalactosidase,
and show a high level of activity recovery above a residual
moisture level of about 10%. However, activity recovery
decreases dramatically below this moisture level. Compar-
able results were obtained for LDH (Fig. 9), although more
scatter is apparent in the data. These data for LDH, along
with the data in Fig. 7, may explain the results reported by
Izutsu et al. [10], where a higher activity recovery was seen
for freeze-dried LDH than for freeze-thawed LDH. The data
also support the conclusion that careful attention must be
given to avoiding overdrying in order to maximize recovery
of activity from proteins when no lyoprotectant is present.

4. Conclusions

When freezing or freeze-drying proteins under conditions
in which no protective solute is present, it was consistently
observed that recovery of protein activity can be maximized
by using the highest practical protein concentration. Alter-
natives to the sodium phosphate buffer system should be
considered. Thermal history of freezing also appears to be
important. In this study, the best recovery of activity was
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obtained by placing vials directly a#0°C in a freezer. Fast
freezing by exposing product to liquid nitrogen should be
approached with caution. Primary and secondary drying
conditions seem to be important only through their effect
on residual moisture after a given drying time. Maximizing
recovery of activity depends upon halting the process before
‘over-drying’ takes place.

Acknowledgements

The support of the National Science Foundation Industry/
University Cooperative Research Center in Pharmaceutical
Processing is gratefully acknowledged, along with the Par-
enteral Drug Association Foundation. Equipment grants
provided by Edwards, Inc. and FTS Systems, Inc. are also
greatly appreciated.

References

[1] T. Arakawa, S.J. Prestrelski, W.C. Kenney, J.F. Carpenter, Factors
affecting short-term and long-term stabilities of proteins, Adv. Drug
Del. Rev. 10 (1993) 1-28.

[2] J.F. Carpenter, S.J. Prestrelski, T.J. Anchordoguy, T. Arakawa, Inter-
actions of proteins with stabilizers during freezing and drying, in:
J.L. Cleland, R. Langer (Eds.), Formulation and Delivery of Proteins
and Peptides, American Chemical Society, Washington, DC, 1994,
pp. 134-147.

[3] K. lzutsu, S. Yoshioka, T. Terao, Stabilization @fgalactosidase by
amphiphilic additives during freeze-drying, Int. J. Pharm. 90 (1993)
187-194.

[4] S. Yoshioka, Y. Aso, K. Itzutsu, T. Terao, Aggregates formed during
storage ofB-galactosidase in solution and in the freeze-dried state,
Pharm. Res. 10 (1993) 687-690.

[5] K. lzutsu, S. Yoshioka, S. Kojima, Physical stability and protein
stability of freeze-dried cakes during storage at elevated tempera-
tures, Pharm. Res. 11 (1994) 994—999.

[6] N. Hanfusa, Denaturation of enzyme proteins by freeze-thawing and
freeze-drying, in: T. Nei (Ed.), Freezing and Drying of Microorgan-
isms, University Park Press, Baltimore, MD, 1969, pp. 117-129.

[7] K. Tanaka, T. Takeda, K. Miyajima, Cryoprotective effect of sac-
charides on denaturation of catalase by freeze-drying, Chem. Pharm.
Bull. 39 (1991) 1091-1094.

[8] C. Tanford, R. Loverien, Dissociation of catalase into subunits,
Cryobiology 84 (1962) 1892—-1896.

[9] J.F. Carpenter, S.J. Prestrelski, T. Arakawa, Separation of freezing-
and drying-induced denaturation of lyophilized proteins using stress-
specific stabilization, Arch. Biochem. Biophys. 303 (1993) 456—464.

[10] K. lzutsu, S. Yoshioka, T. Terao, Stabilizing effect of amphiphilic
excipients on the freeze-thawing and freeze-drying of lactate de-
hydrogenase, Biotech. Bioeng. 43 (1994) 1102-1107.

[11] K. lzutsu, S. Yoshioka, Y. Takeda, Protein denaturation in dosage
forms measured by differential scanning calorimetry, Chem. Pharm.
Bull. 38 (1990) 800-803.

[12] S.L. Nail, L.M. Her, C. Proffitt, L. Nail, An improved microscope
stage for direct observation of freezing and freeze-drying, Pharm.
Res. 11 (1994) 1098-1100.

[13] G. Gomez, N. Rodriguez-Hornedo, Crystallization-related pH
Changes During Freezing of Sodium Phosphate Buffer Solutions,
Ph.D. Dissertation, University Microfilms, Inc., Ann Arbor, M,
1995.

[14] S.N. Timasheff, Stabilization of protein structure by solvent addi-



S. Jiang, S.L. Nail / European Journal of Pharmaceutics and Biopharmaceutics 45 (1998) 249-257 257

tives, in: T. Ahern, M.C. Manning (Eds), Stability of Protein Phar- system KHPO-NaHPQ-H,O, Arch. Biochem. Biophys. 81
maceuticals. Part B. In Vivo Pathways of Degradation and Strategies (1959) 319-329.
for Protein Stabilization, Plenum Press, New York, 1992, pp. 265— [18] Y. Orii, M. Morita, Measurement of the pH of frozen buffer solutions

285. by using pH indicators, J. Biochem. 81 (1977) 163—-168.
[15] G.B. Strambini, E. Gabellieri, Proteins in frozen solution: evidence [19] S.S. Larsen, Studies on stability of drugs in frozen systems. : VI. The
of ice-induced partial unfolding, Biophys. J. 70 (1996) 971-976. effect of freezing upon pH for buffered aqueous solutions, Arch.
[16] B.S. Chang, B.S. Kendrick, J.F. Carpenter, Surface-induced dena- Pharm. Chem. Sci. Ed. 1 (1973) 433-445.
turation of proteins during freezing and its inhibiton by  [20] N. Milton, M.J. Pikal, M.L. Roy, S.L. Nail, Evaluation of mano-
surfactants, J. Pharm. Sci. 85 (1996) 1325-1330. metric temperature measurement as a method of monitoring product
[17] L. van den Berg, D. Rose, Effect of freezing on the pH and composi- temperature during lyophilization, PDA J. Pharm. Sci. Tech. 51

tion of sodium and potassium phosphate solutions: the reciprocal (1997) 7-16.



