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Abstract

Many novel therapeutic agents are proteins and peptides which need stabilisation due to their inherent instability
in aqueous solution. Freeze-drying is an established method for protein stabilisation, although the use of additives is
often necessary in order to preserve protein structure and activity during lyophilisation itself. The molecular
interactions between protein and protective additive are as yet unclear. In this study, we examined the use of a range
of saccharide additives to stabilise the model multi-subunit enzyme L-asparaginase during lyophilisation, assessed
post-drying enzyme activity and quaternary structure, and related the extrapolated levels of additive necessary to
provide full stabilisation to the theoretical levels predicted from an existing hypothesis using molecular modelling. It
was found that each of the saccharides tested here displayed similar levels of protection towards L-asparaginase under
the conditions used. Amounts of additive required to give full stabilisation to the enzyme were extrapolated from the
activity data and were found to be in good agreement with theoretical amounts calculated from molecular modelling
studies. Our data suggest that the existing hypothesis may be relevant to the prediction of optimum levels of
lyoprotectant for the freeze-drying of proteins. However, further studies would be necessary in order to obtain a full
picture of protein-additive interactions at the molecular level. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction technology are proteins and peptides (Pikal,
1990a,b; Adams, 1991; Arakawa et al., 1993; Nail

Many novel therapeutic agents emerging from and Gatlin, 1993). The process of freeze-drying is
molecular drug design and recombinant DNA often used to stabilise such agents which prove to

be unstable for long periods when stored as
aqueous solutions. However, the process itself
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drying may cause stability problems by inducing
conformational instability in many proteins sub-
jected to freezing and subsequent dehydration
stresses (Crowe et al., 1990). In the case of multi-
subunit proteins, freeze-drying can often cause a
breakdown in the quaternary structure, leading to
the production of inactive subunits. Numerous
studies have demonstrated that additives may be
used which preserve the structure and biological
activity of such molecules, as evidenced in reviews
by Arakawa et al. (1993), Skrabanja et al. (1994),
Izutsu and Yoshioka (1995) and Carpenter et al.
(1997). However, the precise protective mecha-
nism by which these additives function has not
been fully elucidated. Indeed, it is possible that
there is not one universal mechanism which ap-
plies to all biological entities; the sheer number of
studies carried out into the stabilisation of a
diverse range of proteins and other biomolecules
does not provide the reader with a clear pattern
from which a mechanism may be elucidated.
Some of the entities studied to date include: alka-
line phosphatase (Ford and Allahiary, 1993; Ford
and Dawson, 1994), L-asparaginase (Hellman et
al., 1983; Adams and Irons, 1993), B-galactosidase
(Izutsu et al., 1991, 1993a,b, 1994a,b), catalase
(Tanaka et al., 1991), lactate dehydrogenase
(Izutsu et al., 1994c, 1995), PFK (Carpenter and
Crowe, 1989) and numerous other enzymes and
biologicals (Pikal et al., 1991; Prestrelski et al.,
1993a,b; Carpenter et al., 1993; Chang et al.,
1993; Vemuri et al.,, 1994; Constantino et al.,
1995; Draber et al., 1995; Suzuki et al., 1997).
In this study, we examine the freeze-drying
characteristics of a model polymeric protein, L-as-
paraginase, a well-characterised enzyme exhibiting
a pattern of freeze-drying instability which is typi-
cal of many such entities. When lyophilised in the
absence of stabilising additives, the biologically
active tetramer (134 kDa) of L-asparaginase is
broken down to give the inactive monomer (34
kDa) (Hellman et al., 1983). The aim of this study
was to evaluate the lyoprotective (or damaging)
effects of a number of pharmaceutically relevant
excipients (Table 1) on the structure and biologi-
cal activity of L-asparaginase. Here, we discuss
our findings in the light of a molecular modelling
approach used to predict the levels of protective

additive needed to provide full protection of our
model protein.

2. Experimental
2.1. Materials

L-asparaginase (E.C.3.5.1.1, from Erwinia caro-
tovora) was supplied as an aqueous solution of
concentration 24.3 mg/ml and activity 15360 iu/
ml, by CAMR, Porton Down, Wiltshire, UK. All
other excipients were purchased from Sigma,
Poole, Dorset, UK.

2.2. Freeze-drying

Aliquots (1 ml) of diluted aqueous solutions of
L-asparaginase (1.45 mg/ml) containing excipients
at a range of concentrations (0.05-1.00 mg/ml)
were dispensed into glass lyophilisation vials and
frozen at — 70°C for 1 h. The frozen samples
were transferred to an Edwards Modulyo freeze-
dryer and lyophilised at a chamber pressure of
~ (0.2 millibar for 4 h at a shelf temperature of
30°C, followed by a further 12 h at the same
chamber pressure with no shelf-heating applied.
Dried products were sealed under vacuum and
stored at 4°C. For the enzyme activity assay and
for FPLC analysis, dried samples were reconsti-
tuted to original volume with Serensen’s Glycine
IT buffer (0.1 M, pH 10.0), a buffer shown to
stabilise any inactive monomer present (Marlbor-
ough et al., 1975).

Table 1
Classification and typical freezing behaviour of additives used
in this study

Additive Description Typical Frozen
Matrix

Trehalose  Disaccharide Amorphous
Lactose Disaccharide* Amorphous
Maltose Disaccharide* Amorphous
Sucrose Disaccharide Amorphous
Glucose Monosaccharide* Amorphous
Mannitol Monosaccharide Alcohol  Crystalline

* Denotes reducing sugar.
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2.3. Moisture content determination

Moisture contents of a representative batch of
lyophilised cakes were determined by ther-
mogravimetric analysis (TGA). Briefly, samples of
freeze-dried product (2-3 mg) were heated to
130°C at a constant rate of 10°C/min, in a Perkin-
Elmer TGS-2 thermogravimetric analyser, linked
to a Perkin-Elmer TADS 3600 thermal analysis
data station with related software. Sample weight
was plotted as a function of temperature, and
moisture content determined using system
software.

2.4. FPLC of reconstituted products

Reconstituted solutions were introduced into
two Sepharose HR 10/30 columns (Pharmacia,
Sweden) connected in series. Serensen’s Glycine 11
buffer (0.1 M, pH 10.0) was used as eluent (flow
rate 0.40 ml/min). Column eluate was monitored
by a UV/visible flow-through detector at wave-
length 280 nm, and absorbance plotted against
time.

2.5. Enzyme activity determination

The biological activity of L-asparaginase was
determined by the rate of turnover of the sub-
strate L-aspartyl-B-hydroxamic acid (AHA), using
a method based on that first reported by Fro-
hwein et al. (1971). Briefly, aliquots of analyte
solutions (100 pl) diluted 1 in 1000 with
Serensen’s glycine II buffer (0.1 M glycine + 0.1
M NacCl, adjusted to pH 10.0 with NaOH) were
pipetted into the wells of a 96-well microtitre
plate, to which a solution of AHA (10 umol/ml,
25 pl/well) was added. After an incubation period
of 10 min at 37°C, a solution of ferric chloride
reagent (25g FeCl;.6H,O +4.50 ml hydrochloric
acid (sg 1.16) to 500 ml with d.H,O) was added to
each well (125 pl) to quench the reaction by
forming a complex with excess AHA present. The
absorbance of the resulting complex was analysed
at a wavelength of 550 nm using a microtitre plate
reader (Anthos Instruments, Austria). Calibration
standards were prepared by dilution of original
L-asparaginase/additive solutions (pre-freeze-dry-

ing) and the retained activity of L-asparaginase in
reconstituted samples expressed as a percentage of
original activity. A negative control was prepared
by replacing AHA with filtered distilled water
(thus giving no complexes) and a positive control
prepared by performing the addition of AHA to
wells containing L-asparaginase solution after the
ferric chloride reagent had been added (thus giv-
ing full complexation). Good linearity was
demonstrated between optical density readings
and complexed AHA remaining in calibration
standards.

2.6. FT-IR analysis of dried products

FT-IR spectrophotometry was carried out on
KBr discs of freeze-dried samples, using a
Mattson Fourier-Transform Infrared spectropho-
tometer (Mattson Instruments, UK) and related
software.

2.7. Molecular modelling

Molecular modelling of Erwinia L-asparaginase
was carried out by Dr Melanie Duffield at
CAMR, Porton Down, following the publication
of the crystal structure of the protein by Miller et
al. (1993).

3. Results and discussion

Following drying, sample moisture contents
were found to be typically between 3 and 5%
(w/w), as determined by TGA. FPLC analysis of
quaternary protein structure gave retention ratios
(V./Vy) for the monomer and tetramer of 1.94
(£0.02) and 1.76 ( £ 0.02), respectively. The raw
peak heights for monomer and tetramer compo-
nents in analyte solutions suggested that the te-
tramer:monomer ratio had increased with
increasing concentration of additive used (Fig.
1(A)), but that each additive gave similar results.
A plot of tetramer peak height against additive
concentration (Fig. 1(B)) demonstrates the appar-
ently similar protective abilities of the chosen
excipients at each concentration.
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Fig. 1. FPLC profiles (A) for reconstituted solutions of L-asparaginase (1.45 mg/ml) which had been lyophilised in the presence of
lactose at concentrations of: (a), 1.0 (b), 0.50 (c), 0.25 (d), 0.10 and (e) 0.05 mg/ml and in the absence of additive (f). Profiles
provided a semi-quantitative assessment of the relative proportions of (active) tetramer (T) and (inactive) monomer (M) present in
reconstituted solutions. A plot of tetramer peak height against additive concentration (B) demonstrates the similarity of the

protective abilities of the saccharides used in this study.

In concordance with the quaternary structural
data from the FPLC assay, the measurement of
residual enzyme activity showed that each disac-
charide appeared to confer similar levels of freeze-
dry stability on L-asparaginase, and that the level

of protection was dependent on the concentration
of additive used (Fig. 2). Glucose and mannitol
appeared to be equally as effective as the disac-
charides at all concentrations used, in contrast to
stability data reported for PFK (Carpenter and
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Fig. 2. Effect of saccharides on the retention of enzyme activity of L-asparaginase immediately following freeze-drying, as determined
using the AHA assay developed from Frohwein et al. (1971) (n =3, mean + S.D.).

Crowe, 1989), which was stabilised only by disac-
charides. The apparent success of mannitol as a
protectant in the present study also contrasts with
the findings of Hellman et al. (1983).

FT-IR spectra provided evidence of possible
hydrogen bonding between L-asparaginase and
trehalose (Fig. 3), an observation which has been
previously reported for trehalose with other
proteins (Carpenter and Crowe, 1989). For the
enzyme freeze-dried alone (a), where little inter-
molecular hydrogen bonding would be expected,
the amide (II) band showed a maximum at 1538
cm ~ !, The shifting of this band in spectra (b) and
(c) to around 1548 cm ~! suggests that levels of
hydrogen bonding between L-asparaginase and
trehalose when freeze-dried together (b) were sim-
ilar to those present in the hydrated L-asparagi-
nase itself (c). While these spectral features are
similar to those previously reported for lysozyme
and trehalose (Carpenter and Crowe, 1988), we
remain unconvinced that it is possible to deter-
mine from these spectra alone whether any pro-
tective effects are due to the presence of residual
water in the dried product, or to a direct interac-
tion between protein and additive.

Molecular modelling of L-asparaginase was car-
ried out in order to allow an estimation to be
made of the number of highly polar residues

Mattson {nstruments FTIR, Galaxy system .-
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Fig. 3. Amide band region for dried samples, as determined by
FT-IR spectroscopy. Spectra shown are of L-asparaginase
freeze-dried alone (a), freeze-dried in the presence of trehalose
(1.0 mg/ml) (b) and hydrated L-asparaginase (c). All spectra
have been normalised with respect to the amide I bands.
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Fig. 4. (A) Structure of L-asparaginase tetramer depicted in ribbon form, with each monomer sub-unit highlighted in a different
colour; (B) L-asparaginase tetramer, with one monomer sub-unit highlighted in pink, the HPR exposed in unassociated form
depicted in green, remaining three sub-units depicted as ribbons; (C) as for (B) except the HPR exposed in associated form are

depicted in green.

(HPR) exposed on the protein surface in both
monomeric and tetrameric conformations. Fol-
lowing his studies on the dehydration of calcein,
Pauling (1945) suggested that the protein should
not be dried exhaustively, and that certain HPR
on the protein surface should be maintained in the
hydrated state in order that in should not become
denatured during drying. The theory that HPR
should be maintained in the hydrated state was
more recently taken up by Hsu et al. (1991), who
investigated the optimum residual moisture levels
in lyophilised protein pharmaceuticals.

The structures of the L-asparaginase monomer
and tetramer, together with a prediction of ex-
posed HPR, are shown in Fig. 4. Fig. 4(A) shows
the L-asparaginase tetramer as a ribbon, with each
monomer subunit highlighted in a different
colour. Fig. 4(B) shows the L-asparaginase te-
tramer, with one monomer sub-unit highlighted in
pink and the HPR exposed in unassociated form
depicted in green. The remaining three sub-units
are depicted as single strands. Fig. 4(C) shows the
molecule in a similar manner to Fig. 4(B), but
highlights the HPR exposed in the associated
(tetramer) form, as opposed to the unassociated
form. The calculated distribution of HPR in the

monomeric and tetrameric forms are given in
Table 2.

On the arbitrary basis that one molecule of
saccharide additive is required for each HPR ex-
posed on the surface of the L-asparaginase
monomer, it was calculated that for the concen-
tration of protein employed in the present study
(1.45 mg/ml), the concentrations of additive re-
quired to interact with all exposed HPR were
1.096 mg/ml disaccharide (MW 342.3) and 0.577
mg/ml monosaccharide (MW 180.2). Similarly, on
the assumption that only HPR exposed on the
surface of the tetramer would protectively interact
with additive, it was calculated that under the
conditions of this study, 0.622 mg/ml disaccharide
and 0.328 mg/ml monosaccharide should be re-
quired to achieve full interaction. In either case,
the range of concentrations of additive found to
be required experimentally in the present study
for the lyoprotection of L-asparaginase suggested
that the amounts of additive required to provide
full protection to the protein during drying would
be in reasonable agreement with these theoretical
concentrations. Any discrepancy between theoret-
ical and experimental values may be attributed to
a number of factors. Firstly, the HPR defined
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above may not be the only residues which require
the presence of water during drying, since the
basis on which residues were defined as ‘highly
polar’ was somewhat arbitrary. However, it is also
possible that not all of the HPR defined above
may require the presence of water during drying.
This might in turn be dependent upon further
factors such as neighbouring residues to the HPR,
or additives present in a protein solution, particu-
larly where the protein has been isolated from an
organism and trace levels of compounds such as
glucose may be present. Secondly, it is possible
that some of the residues at the monomer-
monomer interface (which may or may not fall
into the category of HPR as defined above) may
have also required the presence of water in order
to maintain the quaternary structure of the
protein. The elucidation of the precise interactions
at the molecular level might perhaps be facilitated
by the use of more sensitive analytical techniques,
such as microcalorimetry.

Further studies carried out in our laboratory
using PEG (mw 10 kDa) as additive indicate that
in the case of PEG, the adoption of the 1:1
assumption used above for the saccharides leads
to our experimental observations being far re-
moved from the calculated theoretical values
(data not shown). Without further experimental
evidence of PEG as a lyoprotectant, we are unable
to explain why this is the case; however, we

Table 2
Pattern of HPR distribution in Erwinia L-asparaginase

propose that PEG protectively interacts with L-as-
paraginase via a different mechanism to the sac-
charides tested here. Results from preliminary
thermal studies wusing differential scanning
calorimetry (DSC) in our laboratories (data not
shown) suggest that one of the distinct crystal
forms of PEG may be responsible for the protec-
tion of L-asparaginase, although this conflicts
with the prevailing theory that only amorphous
excipients may provide lyoprotection to proteins.

The water replacement hypothesis suggests that
a lyoprotectant mimics the water in the hydration
shell of the protein molecule (Arakawa et al.,
1993). Since water molecules form hydrogen
bonds, it is possible that the interactions between
proteins and co-solute molecules occur via hydro-
gen bonding, and that successful lyoprotectants
should be chosen on this basis. If this were the
sole criterion which needed to be fulfilled, then it
is difficult to understand why other compounds
capable of forming hydrogen bonds with amino
residues of proteins (including monosaccharides)
were not equally effective lyoprotectants in the
case of PFK. It seems possible that the water-re-
placement hypothesis may help partially explain
lyoprotectant activity, but that simple mimicking
of water in the hydration shell may be insufficient
for successful stabilisation of a protein during the
removal of the hydration shell itself. Even when a
compound is able to form hydrogen bonds with

Residue Total number of HPR exposed in ~ Number of HPR remaining ex- Number of HPR becoming hidden
unassociated form (per monomer)  posed in associated form (per upon association (per monomer)
monomer)
Aspartic acid 18 11 7
D)
Glutamic acid 14 8 6
(E)
Serine (S) 13 4
Threonine (T) 20 11 9
Tyrosine (Y) 9 3 6
.".Total per 74 42 32
monomer
.".Total per 296 168 128

tetramer
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other molecules, it may also have to fulfil further
criteria in order to be able to confer stability on a
protein during lyophilisation. Such additional
criteria could include steric factors and surface
charge profiles, and thereby may differ for each
protein studied. It is also possible that cryoprotec-
tant and lyoprotectant additives do not function
by mimicking water molecules and their interac-
tions with proteins, but operate by a simpler
‘water-sharing’ mechanism. In such cases, the pro-
tectant molecule might act by holding water
molecules (possibly those initially present in the
hydration shell) close to the protein in such a way
as to render the water molecules difficult to re-
move under normal freeze-drying conditions.
Steric criteria and other factors particular to each
protein may also have to be satisfied.

Since quaternary, tertiary, secondary and pri-
mary structure varies markedly from protein to
protein, it is possible that different protective
criteria need to be satisfied when stabilising differ-
ent proteins. Consequently, when attempting to
develop general guidelines for screening potential
protective compounds, it is possible that there are
more examples which are exceptions to, than
those conforming to, a general pattern. Neverthe-
less, there are some factors which are applicable
to protein stability during freeze-drying. In partic-
ular, the role of residual water, its interaction with
the protein molecule and retention in the dry
matrix are all crucial to the success of the freeze-
drying process (Franks, 1982). It appears from the
present data that such interactions in the presence
of additives investigated were stabilising, when
compared to those in the absence of additive.

4. Conclusions

We conclude that each of the excipients investi-
gated here appeared to provide similar levels of
freeze-drying protection to L-asparaginase at all
(excipient) concentrations tested. This similarity
also holds true when these additives are assessed
on the basis of the number of free hydroxyl
groups per mol, suggesting that protective interac-
tion between L-asparaginase and additives in this
instance might imply a direct involvement of these

hydroxyl groups. However, the relative availabili-
ties of the various hydroxyl groups on each
molecule for such interaction have not been
quantified, and so further studies would be neces-
sary to test this hypothesis. It was interesting to
note that the amounts of additive required to
provide the maximum levels of protein preserva-
tion observed in the current study (~ 75%) com-
pared well with the theoretical amounts of
additive calculated to be required using the molec-
ular modelling approach together with the HPR
theory. We therefore believe that the HPR hy-
pothesis may be significant in explaining protein-
co-solute interactions, and may also be relevant
for both protein-stabilising interactions (such as
lyoprotection) and protein-destabilising processes
(such as the Maillard reaction). It is anticipated
that the use of currently-available sensitive tech-
niques (for example, micro-thermal analysis)
should provide a more vigorous test of the HPR
hypothesis, by providing quantitative real-time
data for thermal events occurring in protein-ex-
cipient solutions; such investigations may allow a
fuller elucidation of protein-co-solute interactions
at the molecular level.

Acknowledgements

The authors wish to gratefully acknowledge the
Engineering and Physical Sciences Research
Council (EPSRC) and the Centre for Applied
Microbiology and Research (CAMR) for funding
of this work and to thank Dr Melanie Duffield
for the molecular modelling studies.

References

Adams, G.D.J., 1991. Freeze-drying of biological materials.
Dry. Technol. 9, 891-923.

Adams, G.D.J., Irons, L.I., 1993. Some implications of struc-
tural collapse during freeze-drying using Erwinia caro-
tovora L-asparaginase as a model. J. Chem. Tech.
Biotechnol. 58, 71-76.

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



K.R. Ward et al. / International Journal of Pharmaceutics 187 (1999) 153—162 161

Carpenter, J.F, Crowe, J.H, 1988. The mechanism of protec-
tion of proteins by solutes. Cryobiology 25, 244-255.
Carpenter, J.F., Crowe, J.H, 1989. An infrared spectroscopic
study of the interactions of carbohydrates with dried

protein. Biochemistry 28, 3916-3922.

Carpenter, J.F., Pikal, M.J., Chang, B.S., Randolph, T.W.,
1997. Rational design of stable lyophilized protein for-
mulations: some practical advice. Pharm. Res. 14, 969—
975.

Carpenter, J.F., Prestrelski, S.J., Arakawa, T., 1993. Separa-
tion of freezing- and drying-induced denaturation of
lyophilized proteins using stress-specific stabilisation, I:
enzyme activity and calorimetric studies. Arch. Biochem.
Biophys. 303, 456-464.

Chang, B.S., Randall, C.S., Lee, Y.S., 1993. Stabilization of
lyophilized porcine pancreatic elastase. Pharm. Res. 10,
1478-1483.

Constantino, H.R., Langer, R., Klibanov, A.M., 1995. Ag-
gregation of lyophilized pharmaceutical protein, recombi-
nant human albumin: effect of moisture and stabilisation
by excipients. Biotechnology 13, 493-496.

Crowe, J.H., Carpenter, J.F., Crowe, L.M., Anchordoguy,
T.J., 1990. Are freezing and dehydration similar stress
vectors? A comparison of modes of interaction of stabil-
ising solutes with biomolecules. Cryobiology 27, 219-
231.

Draber, P., Draberova, E., Novakova, M., 1995. Stability of
monoclonal IgM antibodies freeze-dried in the presence
of trehalose. J. Imm. Meth. 181, 37-43.

Ford, A.W., Allahiary, Z., 1993. The adverse effect of glyca-
tion of human serum albumin on its preservative activity
in the freeze-drying and accelerated degradation of alka-
line phosphatase. J. Pharm. Pharmacol. 45, 900-906.

Ford, A.W., Dawson, P.J, 1994. Effect of type of container,
storage temperature and humidity on the biological activ-
ity of freeze-dried alkaline phosphatase. Biologicals 22,
191-197.

Franks, F., 1982. The properties of aqueous solutions at
subzero temperatures. In: Franks, F. (Ed.), Water: A
Comprehensive Treatise, vol. 7. Plenum Press, New
York, pp. 215-338.

Frohwein, Y.Z., Friedman, M., Reizer, J., Grossowicz, N.,
1971. Sensitive and rapid assay for L-asparaginase. Nat.
New Biol. 230, 158-159.

Hellman, K., Miller, D.S., Cammack, K.A., 1983. The effect
of freeze-drying on the quaternary structure of L-as-
paraginase from Erwinia carotovora. Biochim. Biophys.
Acta 749, 133-142.

Hsu, C.C., Ward, C.A., Pearlman, R., Nguyen, H.M, Ye-
ung, D.A., Curley, J.G., 1991. Determining the optimum
residual moisture in lyophilised protein pharmaceuticals.
Dev. Biol. Stand. 74, 255-271.

Izutsu, K., Yoshioka, S., 1995. Stabilization of protein phar-
maceuticals in freeze-dried formulations. Drug Stab. 1,
11-21.

Izutsu, K., Yoshioka, S., Kojima, S., 1994a. Physical stabil-
ity and protein-stability of freeze-dried cakes during stor-
age at elevated temperatures. Pharm. Res. 11, 995-999.

Izutsu, K., Yoshioka, S., Kojima, S., 1995. Increased stabil-
ising effects of amphiphilic excipients on the freeze-dry-
ing of lactate dehydrogenase (LDH) by dispersion into
sugar matrices. Pharm. Res. 12, 838-843.

Izutsu, K., Yoshioka, S., Takeda, Y., 1991. The effects of
additives on the Stability of freeze-dried PB-galactosidase
stored at elevated temperature. Int. J. Pharm. 71, 137—
146.

Izutsu, K., Yoshioka, S., Terao, T., 1993a. Decreased
protein-stabilising effects of cryoprotectants due to crys-
tallisation. Pharm. Res. 10, 1232-1237.

Izutsu, K., Yoshioka, S., Terao, T., 1993b. Stabilization of
B-galactosidase by amphiphilic additives during freeze-
drying. Int. J. Pharm. 90, 187-194.

Izutsu, K., Yoshioka, S., Terao, T., 1994b. Effect of manni-
tol crystallinity on the stabilisation of enzymes during
freeze-drying. Chem. Pharm. Bull. 42, 5-8.

Izutsu, K., Yoshioka, S., Terao, T., 1994c. Stabilizing effect
of amphiphilic excipients on the freeze-thawing and
freeze-drying of lactate dehydrogenase. Biotech. Bioeng.
43, 1102-1107.

Marlborough, D.I., Miller, D.S., Cammack, K.A., 1975.
Comparative study on conformational stability and sub-
unit interactions of two bacterial asparaginases. Biochim.
Biophys. Acta 386, 576—589.

Miller, M., Rao, J. K.M., Wlodawer, A., Gribskov, M.R.,
1993. A left-handed crossover involved in amidohydro-
lase catalysis: crystal structure of Erwinia chrysanthemi
L-asparaginase with bound aspartate. FEBS Lett. 328,
275-279.

Nail, S.L., Gatlin, L.A., 1993. Freeze-drying: principles and
practice. In: Avis, K., Lachman, L., Lieberman, H.
(Eds.), Pharmaceutical Dosage Forms: Parenteral Medi-
cations, Vol II. Marcel Dekker, New York, pp. 163—-233.

Pauling, L., 1945. The adsorption of water by proteins. J.
Amer. Chem. Soc. 67, 555-557.

Pikal, M.J., 1990a. Freeze-drying of proteins, part I: process
design. BioPharm 3, 18-27.

Pikal, M.J., 1990b. Freeze-drying of proteins, part II: formu-
lation selection. BioPharm 3, 26-30.

Pikal, M.J., Dellerman, K.M., Roy, M.L., Riggin, R.M.,
1991. The effects of formulation variables on the stability
of freeze-dried human growth hormone. Pharm. Res. 8§,
427-436.

Prestrelski, S.J., Arakawa, T., Carpenter, J.F., 1993a. Sepa-
ration of freezing- and drying-induced denaturation of
lyophilized proteins using stress-specific stabilisation II:
structural studies using infrared spectroscopy. Arch.
Biochem. Biophys. 303, 465-473.

Prestrelski, S.J, Tedeschi, N., Arakawa, T., Carpenter, J.F.,
1993b. Dehydration-induced conformational transitions
in proteins and their inhibition by stabilisers. Biophys. J.
65, 661-671.



162 K.R. Ward et al. / International Journal of Pharmaceutics 187 (1999) 153—162

Skrabanja, A.T.P., de Meere, A.L.J., de Ruiter, R.A., van
den Oetelaar, P.J.M., 1994. Lyophilization of biotech-
nology products. PDA J. Pharm. Sci. Technol. 48, 311-
317.

Suzuki, T., Imamura, K., Yamamoto, K., Satoh, T.,
Okazaki, M., 1997. Thermal stabilisation of freeze-dried
enzymes by sugars. J. Chem. Eng. Jpn. 30, 609-613.

Tanaka, K., Takeda, T., Miyajima, K., 1991. Cryoprotective
effect of saccharides on denaturation of catalase by
freeze-drying. Chem. Pharm. Bull. 39, 1091-1094.

Vemuri, S., Yu, C.D., Roosdorp, N., 1994. Effect of cry-
oprotectants on freezing, lyophilisation and storage of
lyophilized recombinant alphal-antitrypsin formulations.
P.D.A. J. Pharm. Sci. Technol. 48, 241-246.



