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ABSTRACT
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Recent advances in recombinant DNA technology have resulted in a great number of
proteins with a potential to enter pharmaceutical formulations. The most commonly
used method for preparing protein pharmaceuticals is by freeze-drying. Freezing is an
important step in this process and therefore a deeper investigation of the freeze-thawing
process is qualified.

The aim of the thesis was to investigate the protection of protein during freeze-
thawing. The effects on the recovered activity of the protein by different protective
additives and different temperature history were evaluated, together with the protection
mechanism on a molecular level.

Lactate dehydrogenase (LDH) was used as a model protein. The systems were
examined by differential scanning calorimetry (DSC and MTDSC), IR-, NMR- and
fluorescence spectroscopy as well as surface tension measurements.

The additives Tween 80 and Brij 35 are non-ionic surfactants and both protected
LDH during freeze-thawing in concentrations far below cmc. The non-surface active
polymer PEG 6000 had a protecting ability in very low concentrations. The protection
was strongly affected by the temperature history; an increased freezing rate decreased
the recovered activity. The optimum protecting concentration of Tween was also
dependent on the cmc. During freezing below -20ºC no liquid water or amorphous ice
was detected, all water was crystallized to polycrystalline ice. The relative degree of
crystallinity could be determined by MTDSC at melting but not during crystallization,
since it is a very fast process.

An interaction between protein and additive is not necessarily required for protection
at these low concentrations of additives. An interaction was observed between LDH and
PEG but very weak or no interaction at all between LDH and the non-ionic surfactants.
The protein was in all cases in the native state.

The protective mechanisms are quite complex, but the amount of ice surface created
during freezing is crucial for the protection. The non-ionic surfactants are able to hinder
the protein from destructive interactions with the ice crystals by competing for
adsorption at the ice surface. PEG can prevent LDH from denaturation at the ice surface
by adsorption of a PEG hydrate that is formed only with certain temperature history.
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1. INTRODUCTION

An increasing number of potential drugs are proteins or peptides and they have
limited stability in aqueous solutions. The instability of proteins also in the
gastrointestinal tract is one reason why they are administered traditionally through
injection rather than orally. To achieve an acceptable shelf life the proteins often have
to be put into a solid form. The most commonly used method for preparing protein
pharmaceuticals is by freeze-drying. The freeze-drying process is rather expensive,
yet normally acceptable in relation to the cost of the raw materials. The recent
advances in recombinant DNA technology have resulted in a great number of
pharmacologically active proteins with a potential to enter pharmaceutical
formulations. This together with the fact that the cost to produce the proteins is
expected to be reduced qualifies a deeper investigation of all components of the
freeze-drying process, especially on the molecular level. From the manufacturing
point of view the process optimisation is of great importance in order to achieve a
significant reduction of the process time and the total cost of the formulation.

Even though freeze-drying is used to increase the protein stability, the process
itself generates several stresses capable of protein denaturation. Thus, stabilizers are
required to protect the protein during both the freezing and the drying part of the
process. Other additives are also for different reasons added to a protein formulation
like bulking agents, buffers and salts. This makes the formulation quite complex. The
exact nature of the formulation and the processing variables can have a major impact
on the freeze-drying process and the stability of the protein. Hence, understanding of
the basic behaviour of both protein and additives, the instability factors and the
protective mechanisms are important to be able to formulate protein pharmaceuticals
with preserved biological activity and sufficient shelf life.

2. AIM OF THE THESIS

Against the general background given in the introduction the aim of this thesis was
to provide a deeper physico-chemical insight, also on the molecular level, concerning
the protection of proteins in pharmaceutical formulations during freeze-thawing. To
this end, the effects on recovered activity of different protective additives were
investigated. Especially low concentrations of a polymer and two non-ionic
surfactants were used. Since the properties of the solid state depends strongly on the
time – temperature sequence to achieve it, the temperature history constitutes an
important parameter in the freeze-thawing process and a considerable part of the
thesis was focused on this point. Finally, the mechanisms of the protection during
freeze-thawing were evaluated and discussed in terms of the different properties of the
additives.
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3. FREEZE-THAWING OF PROTEINS

Freeze-drying or lyophilization is a common process for making solid protein
pharmaceuticals. The process consists of two major steps: freezing of the protein
solution and drying of the frozen solid under reduced pressure. Freeze-drying
generates a variety of stresses, which tend to destabilize or denature an unprotected
protein. Different proteins tolerate freezing and drying stresses to different degrees.
One type of stress during drying is that the hydration shell of the protein is removed
and this could disrupt the native state and cause denaturation. Freezing stresses may
include formation of destructive ice crystal interfaces and, as the liquid volume
decreases, an increased ionic strength, changed pH and phase separation. Therefore,
freezing is an important step in the freeze-drying process and the effects during
freeze-thawing of a protein solution is often investigated separately.

3.1. The freeze-drying process

Freezing of the solution is the first step in the freeze-drying process. During
freezing, water is solidified to ice and the solutes are concentrated in the liquid phase.
The ice usually nucleates and crystallizes after supercooling of about 10-15ºC below
the equilibrium freezing point at 0ºC. The degree of supercooling is important in
determining the size of the ice crystals formed; a higher degree of supercooling
produces smaller ice crystals. Large ice crystals create large pores or channels during
sublimation and leads to a rapid primary drying. Large crystals also correspond to a
relatively small surface area and this leads to a slow secondary drying. A moderate
degree of supercooling of about 10-15ºC is thus desirable (Pikal, 1990a).

The drying process is divided into two parts, primary and secondary drying. The
primary drying begins when the system is completely solidified. The pressure is
decreased by vacuum pumps. The water vapour created by sublimation migrates
through the product to a condenser with a lower temperature where the vapour is
removed. The rate of the primary drying increases as the temperature increases to an
upper limit at the so-called collapse temperature. At this temperature the properties of
the sample is changed, a partial melting of ice occurs and the drying becomes
incomplete (Franks, 1990). Even after all the free ice is removed by the sublimation
process, the product contains large amounts of bound water, about 20-50% (Pikal,
1990a). The bound water is converted to vapour during a secondary drying, which is
normally carried out at elevated temperatures, but below the glass temperature or
melting temperature of the final solid state.
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3.2. The formulation

Pharmaceutical formulations of proteins include apart from the pure protein,
several additives that are added for different reasons and this makes the formulation
quite complex. The composition of the formulation determines for example the
collapse temperature, which is of great importance for the drying process. Thus, the
formulation and the process are highly dependent on each other.

3.2.1. Additives

Additives are added to the formulation for different purposes. A bulking agent, for
example mannitol, enhances the total amount of solid material. Buffers are added to
control pH and salts are added to yield an isotonic solution. Different additives may
also be added to increase the degradation stability or to raise the collapse temperature
(Pikal, 1990b). Protective additives or excipients are added to protect the protein from
denaturation during both the freezing and the drying process. A wide variety of
compounds are effective to stabilize proteins from denaturation, e.g. sugars, amino
acids, polymers and non-ionic surfactants (Wang, 2000).

3.2.2. The mechanisms of protection

There are several possible mechanisms suggested for the protection of proteins by
additives during freeze-thawing.
During freezing, the protein is exposed to an ice-water interface. It has been reported
that denaturation during freeze-thawing is greater when proteins are frozen under
conditions that generate a relatively large ice surface area than when a less area are
produced (Chang et al., 1996; Strambini and Gabellieri, 1996). Rapid cooling leads to
formation of many small ice crystals, with larger surface area then the crystals
produced by slow cooling. Therefore, a freeze-thawing process with a high cooling
rate denatures the protein more than a process with a slow cooling rate (Jiang and
Nail, 1998). Surfactants have a potential to stabilize the protein structure by
competing with the protein for adsorption at the ice-water interface (Hillgren et al.,
2002d).

Many of the stabilizing additives are preferentially excluded from contact with the
protein surface. This creates a thermodynamically unfavourable situation since the
chemical potentials of both the protein and the additive are increased. The native
structure is favoured because denaturation or dissociation would increase the surface
area of the protein exposed to the solvent (Timasheff, 1982; Carpenter et al., 1991). A
schematic illustration of the mechanism is shown in Figure 1.
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Specific binding or interaction between the additive and hydrophobic sites on the
protein might also be an explanation of the protection (Bam et al., 1995; Katakam et
al., 1995; Bam et al., 1998). The protective ability may then correlate with the amount
of additive needed to saturate these hydrophobic sites on the protein, the molar ratio
additive to protein is thus important.

Figure 1. Schematic illustration of the preferential exclusion of an additive
from the surface of the protein (A), the zone of exclusion and the stabilizing
effect of an additive (B), modified from Creighton, 1984 and Arakawa et al.,
2001.
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4. SYSTEMS INVESTIGATED

4.1. Properties of investigated proteins

Lactate dehydrogenase (LDH) is an NAD(H)-depending enzyme which catalyses
the conversion of pyruvate and lactate in the last step of the anaerobic glycolytic
pathway, shown in Figure 2.

Dehydrogenases are in general fairly large proteins. LDH is a tetramer with four
identical polypeptide chains and each chain consist of about 350 residues (Branden
and Tooze, 1991). LDH is often used as a model protein in different kinds of studies,
because there are extensive data on amino acid sequence and three-dimensional
structure.

An important factor affecting protein stability is the temperature and proteins are
usually stable in a certain temperature range. Thermophilic proteins retain their native
structure at relatively high temperatures. Bacillus stearothermophilus is a
thermophilic, heat-loving bacterium. LDH from this bacterium (LDH-BS) is thus
stable at high temperatures, with a maximum activity at about 45-55ºC (Kotik and
Zuber, 1992). LDH-BS has a somewhat different three-dimensional structure than
LDH from rabbit muscle.

In this thesis, LDH was used as a model protein since it is inactivated during
freeze-thawing in pure water (Carpenter et al., 1993). Some experiments were also
performed with LDH-BS.

COOH

C

CH3

O

COOH

C

CH3

OHNADH H
+ NAD+ ++ +

       Pyruvate  Lactate

Figure 2. The chemical reaction catalysed by LDH.
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4.2. Properties of investigated additives

There is a wide variety of different additives used in the literature to protect a
protein formulation during freezing (Nema and Avis, 1993; Izutsu et al., 1994). In this
thesis the behaviour, effect and protection mechanism of some additives were
investigated during freeze-thawing. The chemical structures of the additives are
shown in Figure 3.

4.2.1. Polymers

Polyethylene glycol (PEG) is a water-soluble polymer that stabilizes proteins
during freezing but not during freeze-drying (Carpenter et al., 1993). PEG consists of
the repeating unit ethylene oxide (-OCH2CH2-) with a hydroxyl group in either end of
the chain. It crystallizes in the solid state in a helical configuration (Maxfield and
Shepherd, 1975), which contains seven ethylene oxide groups in two turns (Yang et
al., 1990). The helical structure is lost in an aqueous solution and the configuration
becomes a random coil (Yamauchi and Hasegawa, 1993). The chain is able to form a
hydrate, a hydrogen bonded complex of fixed composition (Antonsen and Hoffman,
1992). The hydrate includes two or three water molecules per repeat unit (Maxfield
and Shepherd, 1975; Hager and Macrury, 1980; Kjellander and Florin, 1981; de
Vringer et al., 1986). PEG is preferentially excluded from the protein surface at room
temperature due to steric exclusion (Arakawa and Timasheff, 1985). The stabilization
by excluded volume is dependent on the polymer concentration and becomes apparent
only at relatively high concentrations, above 0.3 M (Arakawa et al., 2001).
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Figure 3. The chemical structures of some protective additives.
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Maltodextrin (MD) is a partially hydrolysed starch, consisting of a branched chain
of glucose units. There are different grades of MD with different physical properties
such as solubility and viscosity, depending upon their dextrose equivalent (DE). The
DE value is a measure of the extent of starch polymer hydrolysis.

In this thesis, PEG 6000 (Paper I and V) and MD 16.5-19.5 (Paper I) were used
as protecting additives during freeze-thawing.

4.2.2. Surfactants

A surfactant is characterized by its tendency to adsorb at surfaces and interfaces.
The molecule consists of one hydrophilic and one hydrophobic part. Classification of
surfactants is usually made based on the charge of the polar head group and they are
divided into anionic, cationic, non-ionic and zwitterionic surfactants (Jönsson et al.,
1998). Amphiphilic molecules, such as surfactants, start to self-aggregate at a certain
concentration and, therefore, one characteristic property is the critical micelle
concentration (cmc). Non-ionic surfactants are generally preferred in protein
stabilization. Ionic surfactants are usually avoided because they can bind to both polar
and non-polar groups on the protein and cause denaturation (Wang, 1999).

In the thesis, two non-ionic surfactants were used as protecting additive,
polyoxyethylene 20 sorbitanmonooleat (Tween 80) in Paper III and IV and
polyethylene glycol dodecyl ether (Brij 35) in Paper V. An anionic surfactant, sodium
dodecyl sulphate (SDS) was also examined (Paper III).
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4.3. Properties of ice

The thermodynamic crystallization temperature of water at normal pressure (1 atm)
is 0ºC. The crystallization of ice will proceed if ice nuclei exist. The rate of crystal
growth and the morphology of the crystals depend on several factors, among them the
supercooling of the liquid. A greater supercooling provides a higher nucleation rate
(Franks, 1982).

There are several known crystalline forms of ice. Ice-I or hexagonal ice is the
stable modification at ordinary temperature and pressure (Figure 4). Each oxygen
atom is at the centre of a tetrahedron of four other oxygen atoms. The oxygen atom is
attached to four hydrogen atoms by two short covalent bonds and two long hydrogen
bonds. The hydrogen bonds connect a water molecule to the neighbouring water
molecules. Overall, the structure forms hexagonal rings of water molecules (Bertie et
al., 1963).

Figure 4. The crystal structure of hexagonal ice (Ice-I).
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5. EXPERIMENTAL

5.1. Materials

5.1.1. Proteins

LDH from two different sources was used: from rabbit muscle in a crystalline
suspension in 65% saturated (NH4)2SO4 solution, pH 7.2 (ICN Biomedicals Inc.,
USA) and from Bacillus stearothermophilus, a recombinant enzyme expressed in E.
coli (Sigma, USA). Prior to some experiments with LDH from rabbit muscle the
suspension was dialyzed against 10 mM sodium citrate buffer, pH 6.4-6.5. Citrate
buffer was selected because it has a minimal pH change during freezing (Carpenter et
al., 1997). The dialyzed LDH was concentrated during centrifugation using Microsep
Centrifugal Concentrators (Pall Filtron Co., USA) and the concentration of the
enzyme was determined spectrophotometrically at 280 nm, where the UV absorbance
is linearly related to the concentration of protein.

5.1.2. Additives

The polymers used were PEG 6000 (Janssen, Belgium and Fluka Chemie AG,
Switzerland) and maltodextrin with dextrose equivalent 16.5-19.5 (Aldrich Chemical
Co., Inc., USA). The surfactants used were Tween 80 (Kebo, Sweden), Brij 35 (Fluka
Chemie AG, Switzerland) and SDS (Merck, Germany).

5.2. Methods

5.2.1. Thermal analysis

Thermal analysis is a general term of methods that detect physical and chemical
transformations of a material as a function of temperature or time. Differential
scanning calorimetry (DSC) is a well established method of thermal analysis within
the pharmaceutical sciences. It is commonly used to study freeze-dried formulations
of proteins (Carpenter et al., 1993; Izutsu et al., 1995), but may also be used to
examine the freezing process of proteins in an aqueous solution.
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5.2.1.1. Differential scanning calorimetry (DSC)

In DSC, a sample and a reference material, usually an empty pan, are kept at the
same temperature and a heating or cooling rate is applied from below. The heat flow
required to maintain equal temperature is measured (Figure 5). The values of heat of
transformation were derived by integration of the differential heat flow diagrams in
different temperature ranges, depending on the system studied.

All solutions were examined using a DSC 220C oscillating differential scanning
calorimeter (Seiko Instrument Inc., Japan). The calorimeter was temperature- and
heat-calibrated with indium, tin, gallium and mercury as standards. The samples,
about 20 mg,  were  kept  in  covered aluminium pans,  not hermetically sealed, in an
atmosphere of nitrogen. The temperature history included freezing from room
temperature down to a temperature between -25ºC and -60ºC and then heating to 30ºC
or 40ºC with cooling rates of 0.5-20ºC/min and heating rates of 1-10ºC/min.

5.2.1.2. Modulated temperature DSC (MTDSC)

Modulated temperature or oscillating differential scanning calorimetry (MTDSC or
ODSC) is a development of traditional DSC in which a sine wave modulation is
applied to the usually linear or isothermal temperature program. Practical benefits of
MTDSC are separation of reversible and irreversible thermal events and improved
resolution of closely occurring and overlapping transitions (Reading et al., 1994). The
technique allows a Fourier transform separation of the parent DSC signal into two
distinct components, the cp (reversing) component and the kinetic (non-reversing)
component. The selection of amplitude, frequency and cooling/heating rate has a great
impact on the values of the reversing and non-reversing component.

Figure 5. A schematic illustration of the measurement principle in DSC.
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A dimensionless quantity of selected variables was introduced by Aldén et al., 1995,
denoted the degree of oscillation (DO).

)s(K  rate atingCooling/He
)(sFrequency (K) AmplitudeDO 1-

1−⋅
= [1]

The temperature history included freezing from room temperature down to -60ºC,
in some cases a ramptime at -35ºC or -40ºC and then heating to 30ºC. The samples
were analysed using different combinations of variables. The cooling and heating rate
was 1-10ºC/min, the amplitude was 1-4ºC and the frequency was 0.01-0.04 Hz, giving
cooling and heating in each cycle. The DO was 0.48-4.8.

5.2.2. Spectroscopic methods

Different spectroscopic techniques may be used to study the protein structure,
changes in ice structure and interactions between the protein and the additive.

5.2.2.1. Infrared spectroscopy

Infrared spectroscopy, IR, is a powerful method to study changes in secondary
structure of a protein in any state, i.e. aqueous, frozen or dried. An IR spectrum is the
result from absorption of energy by vibrating chemical bonds such as stretching and
bending motions. The frequency or wavenumber of these vibrations is dependent on
the type of bonding and inter- and intramolecular effects, such as bond angles and
hydrogen bonding pattern. Therefore, an IR spectrum can be used to investigate the
secondary structure of proteins.
Nine characteristic vibrational bands arise from the amide bond of a protein. Each
type of secondary structure gives rise to a different frequency in the spectrum (Dong
et al., 1995). The amide I band, 1700-1620 cm-1, is the most frequently used band to
estimate the protein structure in Fourier transform IR (FTIR). The amide I band is
almost entirely due to the C=O-stretching vibration of the peptide linkage. This band
is very sensitive to small variations in molecular geometry and hydrogen bonding
within the protein. Bands between 1650-1657 cm-1 arise from an α-helix and bands at
about   1612-1640 cm-1 indicate β-sheet structure (Pelton and McLean, 2000).

One problem with conformational studies with IR is the intrinsic broad bandwidth
of various secondary structures in the amide I region. The development of Fourier
transform and different mathematical band-narrowing methods like second-derivative
spectra has considerably improved the technique (Dong et al., 1995).
Another problem is the strong absorption of water vapour in the amide I region. The
bands from water vapour can be eliminated by subtraction. The procedure requires
close attention to pathlength, temperature and sample compartment atmosphere
(Pelton and McLean, 2000).
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The subtraction should be performed to achieve a straight baseline above 1750 cm-1

(Dong et al., 1990). A short pathlength and high protein concentrations, 10-20 mg/ml,
must be used in order to prevent the water band from entirely overlap the protein
signal.

The similarities between two second-derivative spectra were estimated by
calculating the correlation coefficient, r.

∑ ∑
∑

⋅

⋅
=

2
i

2
i

ii

yx

yx
r [2]

In the equation, xi and yi are the spectral absorbance values of the reference and
sample spectra at the i:th frequency position (Prestrelski et al., 1993). The correlation
coefficient equals one if there is no change in the protein conformation. The larger the
difference between the spectra, the larger is the change in conformation and the value
of r becomes smaller.

By studying the OD-stretching mode of HDO molecules in an IR spectrum, it is
possible to examine the aggregation state of water. The vibration occurs at about
2500 cm-1.

IR spectra were collected using a Fourier transform infrared (FTIR) spectrometer,
BioRad FTS-45 (Digilab Division, USA). The protein solutions were placed in an IR
cell with CaF2 windows. Water and carbon dioxide vapour were removed by purging
the spectrometer with nitrogen gas. The resolution was 2 cm-1 and all spectra were
collected by 16 scans and the average was calculated. The temperature was in the
range 20ºC to -60ºC and the concentration of LDH was 20 mg/ml.

5.2.2.2. Fluorescence spectroscopy

A molecule can absorb energy and form an excited electronic state. In fluorescence
spectroscopy the radiation emitted is measured when an excited molecule returns to
the ground state. Usually a fluorophore is added to the solution. There are several
fluorescent probes on the market with different characteristics. In this thesis two
fluorescent probes were used, pyrene and 1,3-bis(1-phenyl)propane (P3P).

Pyrene is a very hydrophobic molecule, which consists of four benzene rings. The
emission spectrum of pyrene is shown in Figure 6. It has been found that the intensity
ratio between the first (373 nm) to third (384 nm) peak (I1/I3) is sensitive to the
surrounding solution (Kalyanasundaram and Thomas, 1977). Pyrene dissolved in
water or in citrate buffer gives I1/I3≈1.9 and pyrene dissolved in toluene gives
I1/I3≈1.0.
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The ratio, I1/I3, can be used to detect the cmc of a solution, since pyrene molecules
prefer the hydrophobic interior of the formed micelles and I1/I3 will suddenly drop
(Kalyanasundaram and Thomas, 1977). I1/I3 has also been used to detect the
interactions in polymer-surfactant (Evertsson, 1999) and in protein-surfactant systems
(Goddard and Ananthapadmanabhan, 1993).

P3P consists of two pyrene molecules connected by a propane chain. If one of the
pyrene molecules is electronically excited and the other one is in the ground state and
the two pyrene parts are close in space in a sandwich-like manner, the molecule is
called an excimer. The emission of the monomer is about 377 nm and the emission of
the excimer at about 490 nm. The intramolecular excimer formation is sensitive to the
local molecular rigidity. Therefore, the peak intensity ratio, IM/IE, is a qualitative
index of the microviscosity at the solubilization site of P3P (Zachariasse, 1978).

In time resolved fluorescence the time between the initial absorption and the return
to the ground state is measured. The lifetime of fluorescent probes are usually very
short, of the order of 10-8 s. In Paper III the lifetime of pyrene was measured.

One prerequisite of using freely dissolved probes is the knowledge of the
solubilization site of the probe, for example a hydrophobic site. Proteins may have an
intrinsic fluorescence originating from three aromatic amino acids, phenylalanin,
tyrosine and tryptophan. Tryptophan (Trp) is the dominant fluorophore and its
emission is sensitive to the local environment. The emission maximum is found at
about 350 nm but residues at the surface of the protein often show maxima at longer
wavelengths than residues in the core of the protein (Lakowicz, 1999). The
wavelength of the emission maximum might therefore indicate if the protein is
denatured or not. The Trp emission intensity might also change upon denaturation due
to increased molecular mobility and collisional quenching.
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Figure 6. Emission spectrum of pyrene in sodium citrate buffer measured at 21ºC.
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Steady state fluorescence measurements (Paper III and V) were performed on a
Fluorolog-2 spectrofluorometer (SPEX Industries Inc., USA) equipped with the
dm3000f software. The excitation wavelength of pyrene was 334 nm, of P3P 348 nm
and of the protein 285 nm.

Time resolved fluorescence measurements (Paper III) were recorded on a C-72
Fluorescence lifetime spectrometer (Photon Thechnology International Inc., USA)
equipped with the TMaster software and a pulsed nitrogen light source coupled to a
dye laser at room temperature. The excitation wavelength of pyrene was 337 nm.

5.2.2.3. NMR

In nuclear magnetic resonance spectroscopy (NMR) the response of the nuclear
spins to an applied magnetic field is measured. The process by which the excess
energy of the nuclei is removed from the system is called relaxation. Two different
relaxation times are defined. First, the longitudinal or spin-lattice relaxation time, T1,
where the excess spin energy equilibrates with the surroundings, the lattice. Second,
the transverse or spin-spin relaxation time, T2, where the excess energy is shared
between different nuclei via spin-spin relaxation.

In Paper III pulsed-field-gradient spin echo (PGSE)-NMR (Stilbs, 1987) was used
to measure the transverse self-diffusion coefficient of Tween 80. The NMR
measurements were performed on a Burker AMX 300 spectrometer (Cryomagnet
Systems, USA) with a specific stimulated echo pulse sequence. The diffusion
coefficient was calculated by recording 16 spectra and varying the field gradient pulse
of strength between 0.22 and 1.5 T/m. The longitudinal and the transverse relaxation
times were constant during the experiments.

5.2.3. Surface tension

The surface tension is equivalent to the surface energy or the amount of work
required to expand the surface. A simple method to measure surface tension is by
using the du Noüy ring. The force required to pull a platinum ring through the liquid
surface is measured.
In this thesis, the surface tension measurements of solutions were performed with a du
Noüy tensiometer (A. Krüss Optisch-Mechanische Werkstätten, Germany) against air.
All measurements were performed 10-15 minutes after formation of a new surface
(Persson, 1999). The surface tension of pure water was also measured at different
temperatures and used to correct the measurements of solutions with additives.
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Measurements of surface tension are one way to determine the cmc of an aqueous
solution. The cmc was obtained from plots of surface tension versus the logarithm of
the concentration. The relative adsorption or the surface excess concentration, Γ, is for
thermodynamically ideal systems related to the surface tension through the Gibbs
equation.

Γ = 
lnc d
dγ

RT
1

⋅− [3]

The surface area per molecule, A, can thus be calculated.

ANΓ
1  A
⋅

= [4]

5.2.4. Activity assay

The recovered activity of LDH was determined by following the enzymatic
conversion of pyruvate to lactate as shown in Figure 2. The reaction was measured
spectophotometrically with a Spectronic Genesys spectrophotometer (Milton Roy Co.,
USA). The 1.44 ml reaction mixture contained 55 µM NADH in 0.1 M phosphate
buffer, pH 7.5 and 20 µl LDH sample, 25 µg/ml. If the measurement was performed
after freeze-thawing in the DSC equipment, the sample with 20 µl LDH was added in
the aluminium pan. The enzymatic reaction was started by adding sodium pyruvate,
1.9 mM, and monitored by measuring the decrease in absorbance at 340 nm. The
recovered activity of the frozen LDH sample was calculated as percentage of the
activity of an identical unfrozen sample (Figure 7).

0

0.1

0.2

0.3

0 0.5 1 1.5 2 2.5 3 3.5

Time (min)

A
bs

or
ba

nc
e

Sample
Reference

Figure 7. The decrease in absorbance of NADH at 340 nm in a solution of
25 µg/ml LDH after freeze-thawing (Sample) and in an identical unfrozen
solution (Reference).
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6. RESULTS AND DISCUSSION

6.1. Protective ability of additives during freeze-thawing

Usually, a protein is stable only in a very narrow pH range and therefore the choice
of buffer can be critical for the stability. Citrate buffer has a minimal pH change upon
freezing (Carpenter et al., 1997). The stability of LDH in sodium citrate buffer, stored
in refrigerator, was measured and shown in Figure 8. The relative activity of 25 µg/ml
LDH slowly decreased during storage at about 5-10ºC in a refrigerator. About 50% of
the initial enzyme activity was lost in 50 days.

6.1.1. Enzyme activity

The recovered activity of LDH after freeze-thawing was measured as the initial rate
of NADH consumption in the enzymatic reaction and calculated as the percentage of
an unfrozen sample.

PEG 6000 was used as protecting additive in Paper I and V. In Paper V it was
shown that even very low concentrations of PEG protected LDH completely during
freeze-thawing (Table 1). Addition of 0.5 µg/ml PEG (8 · 10-5 mM) offered full
protection with a low cooling rate (5ºC/min).
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Figure 8. The stability of 25 µg/ml LDH in citrate buffer stored in refrigerator.
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With an increased freezing rate, such as quenching in liquid nitrogen, a higher
concentration (0.5 mg/ml) was needed for complete protection of LDH (Figure 9).
The cooling rate was thus crucial for the protection.

Table 1. The recovered activity of 25 µg/ml LDH after freeze-thawing with addition of
PEG 6000 in sodium citrate buffer and with different cooling rates.

Recovered activity (% ± SD)
PEG 6000

(µg/ml)
Molar ratio

LDH:PEG hydrate
Cooling rate

5ºC/min
Frozen
in N2(l)

0.025 1:0.013 59.7 ± 1.8 4.5 ± 0.6
0.5 1:0.27 86.4 ± 10.6 15.9 ± 3.0
5 1:2.7 47.0 ± 3.3

500 1:267 102 ± 6
1000 1:532 91.6 ± 18.6

A solution of LDH-BS without protective additive had the same recovered activity
as LDH from rabbit muscle. However, an even lower concentration of PEG 6000 fully
protected LDH-BS than the same enzyme from rabbit muscle, irrespective of the
cooling rate (Paper V).
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Figure 9. The recovered activity of 25 µg/ml LDH after freeze-thawing with
addition of PEG 6000 in sodium citrate buffer.
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The addition of 60 mg/ml MD 16.5-19.5 to a PEG containing solution (10 mg/ml)
lowered the recovered activity and MD alone did not offer any protection (Paper I).

The protective ability of two non-ionic surfactants were also investigated, Tween
80 (Paper IV) and Brij 35 (Paper V). With a low cooling rate, a low concentration of
Tween 80 (33 µg/ml, corresponding to the molar ratio 1:146) provided full protection
of LDH (Figure 10). When the samples were frozen in liquid nitrogen, with a very
high cooling rate, a higher concentration of Tween (0.1 mg/ml and the molar ratio
1:447) was needed for protection. However, the protection decreased at the highest
investigated concentrations of Tween 80 regardless of the cooling rate.

The recovered activity of LDH with addition of Brij 35 showed similar variation of
protection as did the additives PEG 6000 and Tween 80. Very low concentrations of
Brij (5 µg/ml and the molar ratio 1:24) protected LDH during freeze-thawing with a
low cooling rate. With an increased cooling rate, quenching in liquid nitrogen, a
higher concentration (50 µg/ml and the molar ratio 1:244) was needed for complete
protection (Paper V).
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Figure 10. The recovered activity of 25 µg/ml LDH after freeze-thawing with
addition of Tween 80 in sodium citrate buffer.
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6.1.2. Changes in protein structure

To be able to understand the variation in activity with different additives in a
mechanistic connection the structural changes of LDH and the occasional denaturation
of the protein were studied with IR and fluorescence spectroscopy.

The secondary structure of LDH was followed in solutions with and without
additions of Tween 80 (Paper IV) by measuring the second-derivative IR spectra of
the amide I band at 1700-1620 cm-1. The correlation coefficient (r) was calculated to
determine similarities between the different spectra (Table 2).

Table 2. The correlation coefficient (r) between two second derivative IR spectra of
20 mg/ml LDH and 0.186 mg/ml Tween 80 (molar ratio 1:1) at different temperatures.

Reference spectrum Sample spectrum r
LDH at 20ºC LDH at -60°C 0.609
LDH at 20ºC LDH at 20°C after freeze-thawing 0.968
LDH at 20ºC LDH + Tween 80 at 20°C 0.888
LDH + Tween 80 at 20°C LDH + Tween 80 at -60°C 0.963
LDH + Tween 80 at 20°C LDH + Tween 80 at 20°C after freeze-thawing 0.992

The spectrum of 20 mg/ml LDH was altered when the temperature decreased to
-60ºC, with a correlation coefficient of 0.609, indicating that freezing significantly
changed the conformation of the protein. However, as the sample was thawing the
conformation seemed to recover, giving an r-value of 0.968. Addition of Tween 80
changed the conformation of LDH at room temperature, indicating an interaction
between LDH and Tween. The conformation of LDH was preserved during both
freezing and thawing. Tween is thus hindering the denaturation of the protein.

The intrinsic fluorescence of LDH was measured with different additives at room
temperature (Paper III and V). A fingerprint of the denaturation of LDH was offered
by the addition of SDS (Paper III). The wavelength of the emission maximum of
LDH passed through a minimum with about 1 mM (0.3 mg/ml) SDS added to the
solution and with further addition of SDS the emission maximum increased again to
wavelengths longer than the initial one. The fluorescence intensity of the emission
maximum decreased upon addition of SDS (Figure 11). At low concentrations of SDS
LDH is partly denatured - the hydrophobic parts of the protein are covered with SDS.
Further addition of SDS denatures LDH completely, the inner Trp residues are
exposed and the wavelength maximum increases.
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On the contrary, both the protein emission intensity and the wavelength maximum
of LDH mixed with Tween 80 (Paper III), PEG 6000 or Brij 35 (Paper V) remained
unchanged over the concentration region investigated. No denaturation of LDH
exposing the Trp residues was occurring. The preserving effect of Tween was in
accordance with the results on the secondary structure found by IR. Furthermore,
there was no change observed as the temperature decreased from 21ºC to 4ºC,
indicating a native protein also at lower temperatures.
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Figure 11. The emission fluorescence of tryptophan of 1 mg/ml LDH in
sodium citrate buffer solution with addition of SDS at 21ºC.
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6.2. Phase transitions in aqueous solutions during freeze-thawing

To be able to understand the cryoprotective effect of the additives in the protein
solutions and the importance of the temperature history for the recovered activity, the
phase behaviour of the aqueous solutions at low temperatures were investigated.

6.2.1. Thermal transformations and temperature history

Thermal transformations of the aqueous solutions were studied by DSC
measurements. A typical thermogram during freeze-thawing is shown in Figure 12.
At freezing, the crystallization process occurred at about -15ºC, from an undercooled
solution and the melting occurred at about 0-5ºC. The crystallization peak illustrates
the complex temperature variation during crystallization. The sample temperature
increases by several degrees as the crystallization process starts, since it is an
exothermal process and heat is released, and before equilibrium is reached in the
cooling process.
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Figure 12. The cooling and heating thermograms obtained by DSC for
25 µg/ml LDH in water with a cooling and heating rate of 2.5ºC/min.



Results and discussion

28

The small exothermal peak at about -45ºC in the heating process was mainly an
artefact of the ramptime at -40ºC of the temperature history used (Paper II).
However, some ‘real’ thermal event might also be observed, since the transition from
metastable cubic to hexagonal ice occurs at -47ºC (Johari et al., 1990).

The phase transitions during freezing and thawing were affected by the temperature
history. The crystallization and the melting peak temperatures were changed with
increased cooling or heating rate. For the crystallization process the peak appeared at
a lower temperature and the melting temperature increased. The melting and the
crystallization interval became broader with an increasing rate (Paper I, II, IV and
V). A high cooling or heating rate creates a larger temperature gradient in the sample
and the peak temperature changes since it corresponds to the point where the inner
core of the sample is transforming (Aldén et al., 1995). The variation can partly be
explained by the fact that the temperature of the whole sample cannot follow the
changes in the temperature program if the cooling/heating rate is too high.

It can be seen from Table 3 that a larger amount of ice was melted than the one that
crystallized in the integrated temperature interval at -15ºC regardless of cooling rate,
assuming constant crystallinity. This shows that the crystallization process is not
terminated at -15ºC, but continues when the temperature is lowered. It is a well known
fact that ice nuclei formed at first crystallization do grow upon further cooling and
heating if the diffusion is high enough.

Table 3. Heat of transformation and peak temperatures for 25 µg/ml LDH in sodium
citrate buffer. The heating rate was 5ºC/min in all measurements.

CR
(°C/min)

Tpeak
(ºC)

SD Tonset
(ºC)

SD ∆H
(J/g)

SD

Crystallization of ice
1 -8.2 1.7 -16.6 2.9 -266.1 4.2
5 -9.6 0.7 -15.8 3.9 -269.8 9.5
20 -13.4 0.5 -20.9 1.0 -183.5 5.0

Melting of ice
1 5.8 0.5 -0.4 0.9 299.6 3.6
5 5.8 0.2 -0.7 0.2 313.3 1.1
20 5.6 0.2 -0.9 0.1 312.0 0.5

The heat of crystallization decreased as the cooling rate increased, but the heat of
melting was not changed with a higher cooling rate. This indicates that with a high
cooling rate less amount of ice is formed or that smaller and more imperfect ice
crystals are created giving a higher average free energy of the system.
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6.2.2. The PEG-ice structures

Thermal analysis during heating of aqueous solutions of PEG 6000, Brij 35 and
Tween 80 at high concentrations is shown in Figure 13. The concentrations used are
far above those in the LDH solutions to make it possible to observe the
transformations. In solutions with PEG, two specific transformations appeared in the
heating process. One endotherm occurred at about -15ºC and one exotherm at about
-45ºC (Paper I and V). The transformation at -15ºC reflects the melting of a PEG
hydrate, which includes two or three water molecules per repeat ethylene oxide unit.
The other transformation in a PEG solution is associated with changes in the ice
structure (Antonsen and Hoffman, 1992).
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Figure 13. Heating thermograms of PEG 6000, Brij 35 and Tween 80 solutions in
sodium citrate buffer. Cooling/heating rate=5ºC/min.
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The two non-ionic surfactants, Tween 80 and Brij 35, contain a chain with the
same structure as PEG but with fewer monomers in the hydrophilic part of the
molecule (Figure 3).

A transformation at the same temperature as the melting of the PEG hydrate was
detected in a solution with Brij, probably located in the polyethylene oxide part of the
molecule. The transformation at -45ºC, however, was not detected (Paper V).

During heating of concentrated Tween 80 both specific PEG transformations were
indicated, however, the melting of the PEG hydrate was a very broad peak. Only the
melting of ice was detected in a less concentrated solution (110 mg/ml) of Tween 80
(Paper III). The amount of PEG hydrate is very low in diluted Brij or Tween
solutions and is, thus, not great enough to be detected.

The specific PEG transformations were dependent on the temperature history. The
transformation at -15ºC was not observed if the lowest temperature of the freezing
process was above -30ºC (Hillgren and Aldén, 2002b). Therefore, the formation of the
PEG hydrate seems to be a slow process that is accelerated at lower temperatures as
found by de Vringer et al., 1986. Addition of MD to a PEG solution also affected the
formation of PEG hydrate (Paper I). Less hydrate was melting when MD was present.
The exotherm at -45ºC was influenced by the cooling rate; a higher cooling rate
increased the heat of transformation. At very low cooling rates, the transformation
was observed also in the cooling process. This shows that the transformation of cubic
ice to stable hexagonal phase occurs during the cooling process if there is time enough
for the process to proceed, otherwise the ice is transforming in the heating range
(Hillgren and Aldén, 2002b).

Many authors have shown that PEG is able to form a hydrogen bonded complex in
an aqueous solution, although the helical structure of the crystal is lost. This complex
includes two or three water molecules per repeat ethylene oxide unit (Maxfield and
Shepherd, 1975; Hager and Macrury, 1980; Kjellander and Florin, 1981; de Vringer et
al., 1986).
The amount of water molecules per PEG segment was calculated from the ∆H values
of the transformation of the hydrate. The mean calculated value from the DSC results
was 2.25 ± 0.83 water molecules per repeat PEG segment (Hillgren and Aldén,
2002b). This confirms the fact that two or three water molecules are included in the
PEG hydrate that is formed in an aqueous solution.
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6.2.3. Crystalline ice and amorphous water

The aggregation state of water and ice were examined in Paper IV by following
the OD-stretching mode of HDO molecules in an IR spectrum. The wavenumber and
the size of the peak are dependent on the environment of the OD-bond. The peak
becomes narrower and appears at a lower wavenumber as the crystallinity increases
(Franks, 1982). The OD-stretching bond corresponded to a very broad peak at about
2500 cm-1 in liquid water, since the environment of the OD-bond consists of water
molecules with high mobility. At -14ºC, the environment of the OD-bond is composed
of a structure with a mobility deviating from both liquid water and crystalline ice. The
broad peak might reflect an environment of amorphous ice and/or water (Figure 14).
The vibration frequency decreased to about 2430 cm-1 and the band became narrower
as the water crystallized to ice.

In all investigated samples, independent of the cooling rate and the addition of
Tween 80 and LDH, all water was crystallized to polycrystalline ice at temperatures
below -20ºC.

DSC experiments showed that ∆H for the crystallization of ice decreased as the
cooling rate increased, indicating that less amount of ice is formed or that the formed
structure contains more energy at the crystallization temperature. Since no amorphous
phase was detected below -20ºC in the samples investigated by IR, even with a high
cooling rate, the decrease in ∆H might depend on the size and the degree of perfection
of the ice crystals. These crystals could grow and stabilize mainly in the temperature
interval down to -20ºC, where the diffusion of water molecules is high enough.
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Figure 14. The OD-stretching band obtained by FTIR for sodium citrate buffer.
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6.2.4. Crystallinity by MTDSC

To investigate the possibility to use MTDSC (ODSC) as a comfortable technique to
determine crystallinity of the samples, a systematic study on aqueous solutions was
performed (Paper II). The influence of various parameters on the observations of
thermal events and on the determination of heats of transformation at freezing and
thawing in aqueous solutions was investigated by MTDSC. Recommendations on
operational parameters for semi-crystalline polymer systems has been given by
Reading et al., 1994 and Aldén et al., 1995. However, the selection of operational
parameters such as cooling/heating rate, amplitude and frequency to be used for
aqueous systems might be different.

Reproducible values of heat of transformation were obtained during freeze-thawing
of an aqueous solution for a wide range of degrees of oscillations. The specific
selection of parameters, however, largely influenced the shape and the ∆H of the cp

component, while the conventional ∆H values were not influenced to the same extent.
The ratio between the heat of transformation of the cp component and of the

conventional component, ∆Hc/∆H, might be a measure of the relative degree of
crystallinity in the system, if an appropriate degree of oscillation is used (Aldén et al.,
1995). In aqueous solutions, the very fast ice nucleation and growth of ice crystals are
the dominating processes in crystallization. If a thermal process is very fast, the
sample is not able to follow the temperature modulation of the MTDSC experiment.
Thus, the ∆Hc/∆H cannot be calculated for the crystallization process.
The value of ∆Hc/∆H for the melting process varied greatly with the degree of
oscillation (Figure 15). Nevertheless, the ratio might be used as an expression of the
relative degree of crystallinity of a frozen aqueous solution for a certain combination
of variables. It is however important to select a combination of parameters that
produce a heating-cooling scan with a number of modulations over the transformation
temperature.
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Figure 15. The relative degree of crystallinity, ∆Hc/∆H, versus the degree of oscillation
for the melting of pure water and an aqueous solution of 10 mg/ml PEG 6000 and
25 µg/ml LDH.
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A typical thermal behaviour of PEG 6000 in aqueous solution during heating is
illustrated in Figure 16. The melting of the PEG hydrate at about -15ºC had a
reversible contribution to the enthalpy, while the transformation at -45ºC was not
observed in the cp component. In a solution with PEG, ∆Hc/∆H for the melting of ice
was significantly lower compared to pure water with the same given degree of
oscillation (Figure 15), indicating that PEG creates a more amorphous structure of
ice.
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Figure 16. Heating thermogram obtained by MTDSC of samples with
25 µg/ml LDH and PEG 6000 in water.
A=2ºC, f=0.02 Hz and cooling/heating rate=2.5ºC/min.
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6.3. Interactions between protein and additives

The interaction between a protein and an additive can either stabilize or destabilize
the protein structure and, therefore, the interaction pattern is of considerable interest.
The interaction is dependent on the properties of both the protein and the additive.
Several additives are surfactants and the cmc might be important since a protein in a
surfactant solution might experience a changing environment. The cmc is a measure
of specific interaction properties of the surfactant itself, thus it might also play a role
in the protein-surfactant interaction.

The cmc of Tween 80 in water (Paper IV) and of Brij 35 in sodium citrate buffer
(Paper V) was determined by surface tension measurements. The cmc at room
temperature of Tween 80 was determined to about 17 µg/ml (13 µM) and of Brij 35 to
about 93 µg/ml (78 µM). For non-ionic surfactants, the cmc increases with decreasing
temperature (Jönsson et al., 1998). If the temperature was decreased to -3ºC, the cmc
of Tween 80 in water was 170 µg/ml (130 µM) and at 1ºC, the cmc of Brij 35 in citrate
buffer was 197 µg/ml (164 µM). The effective area of one surfactant molecule was
calculated and the area was slightly increased as the temperature decreased. At -3ºC
the area occupied by one Tween molecule was 80 Å2 and at 1ºC the area of one Brij
molecule was 108 Å2.

PEG is a polymer with low surface activity. The surface tension was almost
unchanged in the investigated concentration interval (Paper V).

The interaction between LDH and additive was investigated by measuring the
intensity ratio I1/I3 of pyrene by fluorescence spectroscopy. Solutions of LDH and
SDS were used as a reference system, since SDS totally denatured LDH. In solutions
of SDS, Tween 80 or Brij 35 without LDH, the ratio I1/I3 decreased steeply at the cmc,
due to formation of micelles (Figure 17). The ratio in a solution with PEG 6000 was
unchanged, indicating a hydrophilic environment for pyrene.

When LDH was present in an SDS solution the hydrophobic index dropped as SDS
was added (Paper III). Hydrophobic zones are thus formed in the solution from the
very first addition of SDS, pointing to a strong interaction between LDH and SDS. A
similar interaction pattern was detected between LDH and PEG 6000 in Paper V.
However, with a slight change in protein structure, substituting LDH from rabbit
muscle by LDH-BS, the interaction disappeared.

Tween 80 showed a weak interaction with LDH at concentrations below the cmc
(Paper IV). As micelles were formed in the solution, pyrene was distributed to the
micelle population. Thus, I1/I3 changed towards that of free micelles. I1/I3 was about
1.7 when LDH was present at 1 mg/ml and in absence of any protein-additive
interaction the ratio would be unchanged. The ratio was almost constant as Brij 35
was added to a LDH solution at low concentrations, indicating no interaction between
LDH and Brij (Paper V).
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Figure 17. The hydrophobic index, I1/I3, of pyrene in SDS (A), PEG 6000 (B),
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The interactions between LDH and Tween 80 with SDS as a reference were further
investigated in Paper III by a combination of fluorescence probe and NMR self-
diffusion measurements.

The lifetime of pyrene reflects the micropolarity in the system, with a longer
lifetime when pyrene is distributed to micelles. The lifetime reached a maximum in a
solution with LDH and SDS at a concentration below the cmc of SDS. This indicates
that pyrene might be distributed to hydrophobic zones made up by mixed LDH-SDS
aggregates.
The ratio IM/IE of the probe P3P showed a maximum with LDH and SDS that
coincided with the maximum in pyrene lifetime. The maximum value is obtained
where SDS has denatured LDH enough to dissolve P3P in the LDH-SDS aggregate,
but the protein segment content is high enough to prevent excimer formation.

The lifetime of pyrene increased slightly in the presence of LDH and Tween 80.
Pyrene hence indicated a weak interaction both by its steady state spectrum and by its
lifetime. However, no interaction was detected between LDH and Tween with the
fluorescent probe P3P. This is not too surprising since the interaction is very weak and
LDH must be denatured to a certain degree in order to host at least part of the P3P
molecule as revealed by a change in the IM/IE ratio.

To verify the weak interaction between LDH and Tween 80 NMR self-diffusion
measurements were performed (Paper III). The diffusion coefficient will decrease at
the cmc, due to creation of larger aggregates (micelles). In the presence of LDH, the
drop of the diffusion coefficient correlated with the cmc and appeared at a slightly
higher Tween concentration, indicating some interaction between LDH and Tween.
As Tween interacts with LDH the effective free Tween concentration will decrease,
leading to an increased cmc.



The protective mechanism

37

6.4. The protective mechanism

Very low concentrations of PEG 6000 and concentrations far below the cmc of
Tween 80 or Brij 35 protected LDH from denaturation during freeze-thawing.
An interaction between LDH and the additive might stabilize the structure. Only a
weak interaction existed however between LDH and Tween 80, not large enough for
protection (Paper IV) and no interaction at all was detected between LDH and Brij 35
(Paper V). The strong interaction between LDH and PEG 6000 stabilized the native
structure of the protein. On the other hand, no interaction was detected between
LDH-BS and PEG 6000 and still a complete protection of the protein was achieved
(Paper V). Thus, no distinct correlation exists between occasional interaction between
additive and protein and the protection of the protein.

However, the cooling rate was crucial for the protection. With an increased
freezing rate, a higher concentration of additive was needed for complete protection.
As the freezing rate increases more nuclei of ice are created forming crystals with a
larger ice surface area than crystals formed during slow freezing. The denaturation at
the        ice-water interface thus seems to be important in the freeze-thawing process.
If an additive is able to reduce the interaction between the protein and the ice surface,
the protein might be protected from denaturation.

The amount of Tween that was needed for complete protection of LDH correlated
with the area of ice crystals (Paper IV). According to Evans et al., 1996, ice crystals
have a diameter of about 100-200 µm. This is in the same order as the ice crystals with
radius of about 100 µm, that was calculated to be covered by monomers of Tween at
the concentrations where full protection of the protein was obtained with both low and
high cooling rates (Table 4).

Table 4. The recovered activity of 25 µg/ml LDH after freeze-thawing with addition of
Tween 80 in sodium citrate buffer and with different cooling rates.

Recovered activity
(% ± SD)

Calculated minimum
radius of ice crystals

Tween 80
(µg/ml)

Molar ratio
LDH:Tween 80

Cooling rate
5ºC/min

Frozen
in N2(l)

completely covered with
Tween monomers

0 - 52.3 ± 5.5 4.3 ± 0.7 -
0.23 1:1 51.9 ± 4.6 4.4 ± 1.1 3.8 cm
33 1:146 93.4 ± 7.5 25.5 ± 0.9 0.27 mm
100 1:447 80.0 ± 4.9 89.9 ± 12.6 89 µm
300* 1:1340 58.8 ± 9.7 66.9 ± 1.5 30 µm
3000* 1:13398 78.0 58.4 ± 2.3 3.0 µm

* Concentration of Tween 80 over the cmc (170 µg/ml at -3ºC).
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The protection of LDH decreased as the concentration of Tween 80 increased to
about the cmc (~170 µg/ml). At cmc, there exist both micelles and monomers in
equilibrium. Depending on several factors, such as the kinetics of micelle formation,
the shape of the micelles, and their affinity to different interfaces, there might be a
distribution of micelles and monomers where part of the ice surface is not covered and
destructive interactions between the protein and the ice may occur (Figure 18).

In the case with Brij (Paper V) the results correlated with the ice crystal surface
when the cooling rate was very high but not completely with a low cooling rate, which
indicated that competition between Brij and LDH for adsorption at the ice-water
interface is one but not the only possible mechanism of protection. A decreased
protection at concentrations above the cmc was not observed in solutions with Brij 35.

The earlier suggested protection mechanism for PEG is that the polymer is
excluded from the protein surface. The stabilization by excluded volume needs high
concentrations (Arakawa et al., 2001), far above the concentrations of PEG used here.
Therefore, the excluded volume cannot be the only protective mechanism at very low
concentrations of PEG.

PEG is not a surface-active molecule and the tendency to bind to the ice surface,
like the surfactants, is minimal. However, since PEG is forming a PEG hydrate at low
temperatures it is possible that hydrogen bonds between the ice surface and the water
molecules in the PEG hydrate can prevent the protein to reach the destructive ice
surface. Alternatively, that water molecules at the ice crystal surface form part of the
PEG hydration complex, as illustrated in Figure 19. This does not seem impossible
due to the flexible nature of the PEG chains. Addition of the polymer MD to a
solution with PEG decreased the protection of LDH (Paper I), by hindering the
formation of the PEG hydrate.

Figure 18. A schematic illustration of possible interactions between Tween 80, ice and
LDH in the solid state at varying concentrations of Tween 80.

Tween 80

Ice
LDH

Increasing concentration of Tween 80
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Since the formation of the PEG hydrate is a slow process, it can not be formed with
a high cooling rate and in combination with the creation of a much larger ice area the
protection will decrease. When a high freezing rate was used the molar ratio LDH to
PEG hydrate for full protection increased considerably. About 1000 times more PEG
hydrate molecules were needed when the sample was frozen in liquid nitrogen than
with a lower cooling rate (Table 1).

The hydrophilic part of Brij molecules includes a PEG chain, which might form a
similar PEG hydrate as free PEG molecules. Together with Brij monomers adsorbed
to the ice surface the PEG hydrate can hinder the protein to denature at the ice surface
and thus reinforce the surfactants protective effect.

The protection of the protein during freeze-thawing seems to be complex and the
protection mechanism is probably a combination of effects at the low concentrations
of additives used in this thesis. Both ice crystal size and, when the PEG chain
structure is present, the formation of the PEG hydrate affect the protection. The
amount of ice surface, however, seems to be crucial for the protection, indicating that
the additive protects LDH mainly by hindering its destructive interaction with the ice
crystals.
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Figure 19. A schematic illustration of possible interactions between PEG 6000 and ice.
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7. CONCLUSIONS

A wide range of additives is effective in stabilizing proteins from denaturation
during freeze-thawing. Two non-ionic surfactants were used in this thesis, Tween 80
and Brij 35, and both protected the model protein LDH during freeze-thawing at very
low concentrations, far below the cmc. The non-surface active polymer PEG 6000
also showed a good protecting ability, already in very low concentrations. The
protection was affected by the temperature history. With an increased freezing rate, a
higher concentration of the additive was needed for full protection. The native
structure of LDH was preserved after addition of PEG, Tween or Brij in the
concentrations range that was used.

During the freezing process the crystallization of ice occurred at about -15ºC, from
an undercooled solution. A larger amount of ice was melted than the amount that
crystallized, showing that crystallization and growth of ice crystals continues during
the cooling process and during heating at low temperatures. During freezing below
-20ºC no liquid water or amorphous ice appeared, hence all water was crystallized to
polycrystalline ice. The relative degree of crystallinity could be determined by
MTDSC of certain compounds at melting by separation of a reversing and a
non-reversing component of the transformation. Since the crystallization of ice is a
very fast process, it was not possible to separate the components and thereby
impossible to determine the crystallinity.

In solutions with PEG 6000 two specific transformations occurred, one at about
-15ºC in the heating process. The transformation is reflecting the melting of a PEG
hydrate, which includes about two water molecules per repeat ethylene oxide unit.
The transformation was also detected in solutions with high concentrations of Tween
80 or Brij 35 since both surfactants include a polyethylene oxide chain in the
hydrophilic part of the molecules.

Interactions between protein and additives can stabilize or destabilize the protein
structure. Tween 80 and Brij 35 additives showed a weak interaction or no interaction
at all with LDH. Addition of PEG 6000 indicated a strong interaction with LDH, but
the interaction disappeared with the slight change in the protein structure when LDH
from rabbit muscle was exchanged by LDH from Bacillus stearothermophilus. The
protein was in all cases in the native state.
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Both the temperature history and the character of the protective agents as well as
their concentration affected the behaviour of the protein solution and the recovered
activity of the protein during freeze-thawing. The protective mechanisms are quite
complex, but a common factor was obvious in all cases. The amount of ice surface
created during freezing was crucial for the protection. The ice surface is a damaging
environment for proteins. A low freezing rate creates larger and more perfect ice
crystals with less ice surface area than crystals formed at higher freezing rates.

This thesis shows that non-ionic surfactants are able to hinder the protein from the
destructive interaction with ice crystals by competing for adsorption at the ice surface.
As far as PEG is concerned, it is known that at high concentrations PEG is
preferentially excluded from the protein surface. This thesis shows that the excluded
volume theory cannot be the only explanation for protection at low concentrations of
PEG. In this case, the LDH might be hindered from destructive interference with the
ice crystals by the presence of a PEG hydrate. The optimum concentration of an
additive for protection is dependent on the temperature history and in some cases, e.g.
with Tween 80, also on the cmc.

It is obvious that the temperature history is crucial for the behaviour of a protein
formulation and thereby the protection of the protein during the freezing process.
Therefore, it is important to control the temperature history during the entire freeze-
thawing process in all parts of the system. Future studies of interest are to investigate
some of the formulations used in this thesis during the entire freeze-drying process
with a controlled temperature history and elaborate the impact of the molecular
protection mechanisms also in the later phase of the process.
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8. SUMMARY IN SWEDISH -
SAMMANFATTNING PÅ SVENSKA

I takt med DNA teknikens utveckling, så blir det möjligt att producera fler och
större mängder av proteiner till lägre kostnader. Därmed ökar även användningen av
proteiner som läkemedel. Proteiner kan inte ges oralt, i form av en tablett, eftersom de
har begränsad stabilitet i vattenlösning och bryts ned i mag-tarmkanalen. Traditionellt
är därför proteinberedningar injektionspreparat. Eftersom proteinet har dålig stabilitet
i lösning måste beredningen göras i fast form och frystorkning är den vanligast
förekommande metoden. Ett läkemedel består inte bara av den aktiva substansen, i
detta fall ett protein, utan innehåller även flera hjälpämnen. Detta gör beredningen
komplex och den totala sammansättningen bestämmer hela beredningens egenskaper.
Eftersom proteinberedningar är så varierande i sammansättning är det viktigt att förstå
de mekanismer som styr skyddseffekterna, så långt det är möjligt på molekylär nivå,
för att man skall kunna förutsäga beredningens egenskaper.

Syftet med avhandlingen var att studera hur ett modellprotein, laktat dehydrogenas
(LDH), kan skyddas under frysning och tining. Effekter av olika skyddsämnen och
olika temperaturhistoria har undersökts med metoder som differentiell svepkalorimetri
(DSC och MTDSC), IR-, NMR- och fluorescensspektroskopi. Dessa metoder gör det
även möjligt att diskutera skyddsmekanismer på molekylär nivå.

Två oladdade ytaktiva ämnen användes, Tween 80 och Brij 35, och båda skyddade
LDH vid mycket låga koncentrationer. En icke-ytaktiv polymer användes, PEG 6000,
som även den visade ett gott skydd redan vid mycket låga koncentrationer. Det sätt på
vilket frystiningsprocessen skett, temperaturhistorien, var av stor betydelse. En hög
fryshastighet ökade denatureringen av LDH och en högre koncentration av hjälpämne
behövdes för fullgott skydd.

En interaktion mellan protein och hjälpämne kan i vissa fall stabilsera proteinets
struktur. En stark interaktion kunde detekteras mellan PEG och LDH, men inte mellan
LDH och de ytaktiva ämnena. Interaktionen kan därför inte vara den enda
förklaringen till att proteinet skyddas.

En hög fryshastighet ger många små iskristaller och därmed en stor isyta. Eftersom
skyddet minskade med ökande hastighet verkar nedbrytningen av proteinet vara
kopplad till storleken på isytan. Om hjälpämnet kan tävla med proteinet om att
adsorberas till denna destruktiva yta så kan proteinet skyddas och behålla sin aktivitet.
Ytaktiva ämnen fördelar sig till vissa ytor och kan hindra proteinet från att denatureras
vid iskristallernas yta. PEG är inte en ytaktiv molekyl, men bildar vid frysning av en
vattenlösning ett hydrat. Detta hydrat innehåller vattenmolekyler som kan binda PEG
molekylen till isen via vätebindningar och därmed skydda proteinet från att
denatureras vid isytan. Temperaturhistorien vid frystiningsprocessen har alltså stor
betydelse för stabiliteten hos ett protein.
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