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Abstract

Liquid samples of L-histidine of varying pH values and mixed with salt, metal ions, polysorbate 80 and sucrose have been analysed by
differential scanning calorimetry to evaluate the influence of these additives on the glass transition temperature and crystallisation of
L-histidine during freezing and thawing. L-Histidine solutions of varying pH were freeze-dried with and without a thermal cycle and the
physical state of the freeze-dried cakes, following long-term storage, were studied by powder X-ray diffraction. Amorphous L-histidine
crystallised when it was exposed to moisture, and the identity of the crystalline materials is reported. The crystallisation of L-histidine
during freezing and thawing is dependent on the pH of the solution and is shown to be at a minimum at pH 6, which coincides with the
pK, of the imidazoline function. Sucrose inhibited the crystallisation of L-histidine during thawing, while sodium chloride or polysorbate
80 did not. The addition of metal ions (Ca®" and Mg*") up to 10% (w/w) did not depress the glass transition temperature significantly,
while the addition of Zn®* increased it. The physical state of L-histidine after freeze-drying is shown to be dependent on both the pH of
the solution and the freezing cycle. Therisk of crystallisation of amorphous L-histidine is low if the freeze-dried material is protected from

moisture.

0 1999 Published by Elsevier Science BV. All rights reserved.
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1. Introduction

Protein drugs are generally chemicaly and physically
unstable in solution and freeze-drying is frequently used to
obtain an acceptable shelf life (MacKenzie, 1966, 1977;
Pikal, 1990). Sugars and/or amino acids are often included
in the formulation to prevent inactivation during freeze-
drying and to stabilise the protein during long-term
storage. Sugars and amino acids protect the protein by
preferential exclusion during freezing and by glass forma-
tion and/or by functioning as a water substitute in the
dried state (Carpenter and Crowe, 1989; Franks et al.,
1991; Arakawa et a., 1992). In contrast to sugars, amino
acids, in addition to their stabilising properties, may aso
function as buffers. L-Histidine has recently been shown to
function as both buffer and stabiliser in freeze-dried
formulations of recombinant factor VIl (Osterberg et al.,
1997) and recombinant factor IX (Bush et al., 1998). It isa
basic amino acid often found at the active site in enzymes
and in the coordination of metal ions in metalloproteins.
The specific properties of L-histidine reside in the im-
idazoline function, which possesses both basicity and -
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electron acceptor capability (Sundberg and Martin, 1974).
The imidazoline function confers good buffer capacity in
the pH range 5-7 (Fig. 1), which is often a suitable pH
range for many protein drugs. L-Histidine forms strong
complexes with certain metal ions such as Cu*", Zn*" and
Fe*", but simple sats with the alkali metals (Na*, K™,
Ca’"and Ba™") (Greenstein and Winitz, 1961). The latter
fact is especially important in the formulation of protein
drugs that require free calcium ions in the buffer for
stability reasons (e.g. factor VIII). Trace levels of meta
ions such as copper and iron are often present in buffer
sdts. These ions can often facilitate the oxidation of
proteins (Lamfrom and Nielsen, 1970; Shihong et d.,
1993). Since L-histidine forms strong complexes with these
ions, it may also function as an antioxidant. The solubility
of L-higtidine in water is 41.9 mg/ml a 25°C and is
sufficient for proper buffering and to allow it to function as
a non-crystallising (amorphous) stabiliser for many protein
drugs. In this study the freezing/thawing behaviour of
L-histidine of varying pH in the presence of sodium
chloride, metal ions and sucrose was studied by means of
differential scanning calorimetry (DSC). L-Histidine solu-
tions of varying pH were freeze-dried with and without a
thermal cycle. The freeze-dried cakes were examined with
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Fig. 1. Simulated titration curve of c-histidine showing the major
electrical forms at varying pH.

powder X-ray diffraction after long term-storage and after
moisture exposure. The exposure to moisture induced
crystallisation and the identity of the crystalline materials
is reported.

2. Experimental
2.1. Materials

L-Histidine used for the freeze-drying experiments con-
formed to the requirements laid down in DAB and USP.
L-Histidine (SigmaUltra), L-histidine monohydrochloride
monohydrate, sucrose (SigmaUltra), and sodium chloride
(SigmaUltra), used for DSC studies and as references for
the powder X-ray experiments, were from Sigma
(Sweden). Magnesium chloride (ACS reagent grade, ICN
Biomedicals), calcium chloride dihydrate (ACS reagent
grade, Acros) and Tween 80 (Polysorbate 80) were
obtained from Chemicon (Sweden). Zinc chloride (Ph.
Eur) came from KEBO Lab (Sweden). The sterile filter
used was a 0.22-pm, Millex GV (Millipore, Sweden). The
containers used were of type 1 (Ph. Eur). Bottles were
closed with a bromobutyl rubber stopper and sealed with
an aluminium seal. Water for injections, hydrochloric acid
and sodium hydroxide were of pharmacopoeial grade.

2.2. Methods

2.2.1. Preparation of freeze-dried samples

L-Histidine was dissolved in water for injections (15
mg/ml) and the pH was adjusted to pH 4, 5, 6, and 7 with
hydrochloric acid and to pH 8 with sodium hydroxide.
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The solutions were sterile-filtered and 1.0 ml was
dispensed into glass vials. About 10 vials of each formula-
tion were prepared. A pilot freeze-dryer with a 1.2-m”
shelf area (Edward Kniese, Marburg, Germany) was used.
The samples were frozen on the shelves (from 0 to —60°C
in 1 h). The thermal cycle was —60 to —35°C in 1 h,
maintaining —35°C for 4 h and cooling to —60° in 1 h.
Primary drying was carried out at a shelf temperature of
about —20°C and the pressure was adjusted to give a
product temperature of about —40°C. On completion of the
primary drying, the shelf temperature was raised to 40°C
over 10 h. The completion of the primary and secondary
drying was determined by a pressure increase test. The
vials were stoppered under a vacuum in the freeze-drier.
The freeze-drying process is illustrated schematically in
Fig. 2.

222 Powder X-ray diffraction

Powder X-ray diffraction data were obtained with a
powder diffractometer (XPert, Philips, The Netherlands).
Data were collected at room temperature from 3 to 35°, 26,
the step size was 0.02° and the count time was 0.5 s.
Powder samples were prepared as thin layers on glass or
aluminium specimen holders. The samples were first
analysed at ambient temperature and then exposed to
moisture from 20 to 80% RH at room temperature in the
diffractometer by using a humidity control unit (aso
Philips-made).

223 Water sorption/desorption

The water sorption/desorption profile was determined
with an isothermal dynamic water uptake instrument (MB-
300W, VTI Corporation, USA). The sample was dried
under nitrogen at 60°C. The temperature was thereafter set
to 35°C and the relative humidity was increased from 0 to
80% for sorption and decreased from 80 to 5% for
desorption in steps of 5%. The initiad sample mass was
about 7 mg and the equilibrium criterion was less than
0.005 mg mass gain per 3 min. Two vials of each
formulation (pH 5, 6 and 8) were analysed.
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Fig. 2. Plot of process variables during freeze-drying.
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2.24. Thermal analysis

224.1. Preparation of samples for thermal analysis

L-Histidine, 30 mg/ml, was dissolved in water for
injections and adjusted with hydrochloric acid or sodium
hydroxide to the different pH values. Mixtures of L-
histidine and sucrose were prepared by mixing L-histidine
(30 mg/ml) and sucrose (30 mg/ml) in different volume
ratios. The solutions were dispensed (about 30 pl) in a
50-pl aluminium pan without a lid. An empty pan was
used as reference.

2242 DSC

A differential scanning calorimeter, DSC6200, with an
EXTARG000 workstation (Seiko Instruments, Japan), was
used. Cyclohexane (SigmaUltra) and indium (Laboratory
of the Government Chemist, UK) were used to calibrate
the instrument. The oven was cooled with liquid nitrogen.
The sample was cooled to —110°C at a rate of 10°C/min.
After an equilibration period of 2 min the sample was
heated to —20°C at 10°C/min. The sample was cooled
again to —110°C, equilibrated for 2 min and subsequently
reheated to 0°C at 10°C/min. The sample was inspected
under a magnifying glass or stereomicroscope directly after
analysis when some ice was dill melting to observe
possible crystallisation. Runs were also conducted with a
glass lid on the oven so that crystallisation could be
observed visually. Reported glass transition temperatures
are midpoint values (mean value from two runs) from the
second scan, and were determined with help of the
software and the derivative of the DSC signal.

3. Results and discussion

The selection of buffer for a protein formulation is very
important and several factors have to be considered. The
buffer must have low local and systemic toxicity and be
compatible with the active protein and other essentia
ingredients (e.g. metal ions). It must also be chemicaly
stable and the pK, should preferably be close to the
formulation pH in order to give good buffer capacity. The
latter requirement also implies that the extent of ionisation
of the buffer varies considerably around the formulation
pH. This also applies to drug compounds with a pK, close
to the pH of the formulation. For example, a compound
with a pK, of 7.0 is 50% in the ionised state at pH 7.0, and
a decrease by one pH unit increases the ionisation to 90%.
Thus, for compounds with a pK, near the formulation pH,
we are dealing with different ratios of charged and
uncharged forms depending on relatively small changes in
the formulation pH. This is in contrast to non-ionisable
compounds (such as sucrose and mannitol) or compounds
with a pK, along way from the formulation pH. Histidine
has three ionisable functions: the carboxyl group (pK;=
1.9), the imidazole nitrogen (pK,=6.1) and the amino
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nitrogen (pK,=9.1) at 25°C and 0.15 ionic strength
(Sundberg and Martin, 1974). A theoretical titration curve
with the major electrical forms of L-histidine is shown in
Fig. 1. Since the pK, is close to the pH range often used in
the formulation of protein drugs, the net electrical charge
of the imidazoline moiety as a function of pH is of
fundamental importance for its physicochemical properties
and its behaviour during freezing and in the dried state.

31 DSC

The thermal behaviour of L-histidine during freezing and
thawing has recently been studied by (Chang and Randall,
1992), who reported that L-histidine (10 mg/ml) remains
amorphous during freezing, with a Té value of —32°C.
The T, of L-histidine (30 mg/ml) measured in the present
study was —31.5°C, although L-histidine crystallised dur-
ing thawing at about —10°C. Since this was in contrast to
the findings reported by Chang and Randal (1992), a
sample of 10 mg/ml and rapid freezing was also investi-
gated. The Té was —32°C, athough crystallisation took
place a about the same temperature as for the sample
consisting of 30 mg/ml. However, since the crystallisation
takes place during the softening/melting of the ice, the
exotherm is obscured. An exotherm was observed at about
—10°C in the sample of 30 mg/ml but not in the sample of
10 mg/ml. The crystallisation could also be observed
visudly if a glass lid was used on the calorimeter oven.
The crystallisation takes place mainly on the surface of the
sample solution and the crystals have a flat, round appear-
ance. This type of crystals was aso observed on the
surface of some of the freeze-dried samples. The thermo-
gram from the pH 4 sample showed crystallisation between
—30 and —20°C. Crystallisation was also observed visual-
ly in the sample cup in this temperature range and also in
the sample cup directly after thawing. No crystallisation of
L-histidine during thawing was observed in samples in the
pH range 5.5-6.0. The pH 6.5 samples showed one small
crystal. Thus, the findings from this study indicate that the
tendency for crystallisation is at a minimum between 5.5
and 6.5. Crystallisation of L-histidine was also observed in
the samples containing sodium chloride. Thus, the reduced
crystallisation of L-histidine between pH 5.5 and 6.5 is
most likely due to the ionisation of the imidazoline
function, since the addition of sodium chloride (up to 0.6
M and unadjusted pH) did not inhibit the crystallisation.
The thermal analysis of L-histidine solutions of varying pH
showed a sigmoidal relationship between pH and T (Fig.
3). The T, at pH 5 was about 10°C lower than at pH 7.
The effect of pH on Té can be explained by the plasticis-
ing effect of ions (from pH adjustment with HCl or NaOH)
in the freeze-concentrated L-histidine glass and/or a lower
Té of L-histidine with an ionised imidazole moiety. It is
well known that sats decrease T, and the collapse
temperature of freeze-concentrated amorphous materials.
The Té and the collapse temperature of amorphous materi-
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Fig. 3. Dependence of T, during the second heating of frozen agueous
L-histidine solutions on the pH and on the addition of sodium chloride.

as are generaly closely related (MacKenzie, 1977). The
Té of the sucrose/sodium chloride system has been
described by (MacKenzie, 1985). The addition of sodium
chloride to sucrose in 1:9 and 2:8 (w/w) ratios depressed
the T by about 10 and 21°C, respectively. If one assumes
that sodium and chloride ions depress the collapse tem-
perature equally, the chloride ions alone would depress the
Té by about 5 and 10°C, respectively, in the sucrose/
sodium chloride system above. L-Histidine (30 mg/ml)
adjusted to pH 6 with hydrochloric acid contains about 3.4
mg of chloride ions. The L-histidine/chloride ion ratio is
thus approximately 10:1 (w/w). If one further assumes that
sodium chloride depresses the TQ; of sucrose and L-his-
tidine equally, the chloride ions would depress the T_ of
L-histidine (pH 6) by about 10°C. The measured T, was
about 8°C lower at pH 6 compared to the unadjusted state,
which is quite close to the value estimated from the
sucrose/ sodium chloride system. However, it is not pos-
sible to establish the Té of L-histidine at pH 6 per se dueto
the presence of the pH adjuster, although the reasoning
above indicates that the ionisation of the imidazoline
function does not change the TQ; dramatically. Since L-
histidine was shown to crystallise during thawing in the
important pH range 6.5-8 it was important to investigate
whether the addition of a non-crystallising excipient could
function as an inhibitor. Sucrose was selected since it is
often used as a non-crystallising excipient in freeze-dried
formulations of protein drugs. The T, of L-histidine/suc-
rose mixtures of varying pH is shown in Fig. 4. The Té of
mixtures of two non-crystallising compounds can generally
be approximated using the Fox equation (Fox, 1950),

Ty =W /Ty + W, /T,
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Fig. 4. Dependence of T, during the second heating of frozen agueous
L-histidine—sucrose solutions on the weight to weight ratio of L-histidine—
sucrose and pH.

where T, isthe new T, and W, T,,, W, and T, are the
weight fractions and the T, of the |nd|V|duaJ compounds
The T, values measured in this study were —31.5°C for
L-histidine (30 mg/ml) and —32.3°C for sucrose (30
mg/ml). Thus, the estimated T, of any L-histidine—sucrose
mixture will not deviate much from —32°C. It was,
therefore, interesting to note that the Té of al the mixtures
(unadjusted pH) was about 3—4°C higher compared to the
T, values estimated from the Fox equation. The T at pH
7 was essentially unchanged for the samples with 33 and
50% (w/w) L-histidine. The samples with 33 and 50%
(w/w) L-higtidine of pH 6 showed a T, above —35°C
which is a reasonable Té from a practical point of view.
The T, of pure L-histidine at pH 6 was —40°C. A T at or
below —40°C is generaly considered to be too low since
the sublimation of ice is very dlow at this temperature. As
arule of thumb, the time for the primary drying is halved
if the product temperature is increased by 6—7°C. Thus, the
increased T, of the L-histidine/sucrose mixtures is of
economic and practical importance. Another important
observation was that the addition of sucrose abolished the
crystallisation of L-histidine. The reduced tendency for
crystallisation of c-higtidine is very important in the
formulation design, since even if the product temperature
never reaches the devitrification temperature during normal
operating conditions, accidental over-heating might occur
in the freeze-dryer due to technical failures.

3.2, Addition of metal ions and polysorbate 80

Some proteins like factor VIII require divalent metal
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ions (eg. Ca’") in the formulation buffer for stability
reasons. Proteins that are therapeutically active at very low
concentrations usually require the addition of non-ionic
surfactants (e.g. polysorbate 80) in order to retard the
surface adsorption of the protein during manufacture and
in the final packaging. It was, therefore, of interest to
investigate whether the divalent metal ions, Ca’*, Mg®*
and Zn*" (added as chloride salts) or polysorbate 80, could
retard the crystallisation and how these ingredients in-
fluenced the T, of L-histidine. Sucrose was included in
order to study how an uncharged compound interacts with
these metal ions. The crystallisation of L-histidine (30
mg/ml unadjusted pH) was largely unaffected by the
presence of calcium chloride (up to 10 mg/ml), but was
completely retarded at 20 mg/ml. The addition of poly-
sorbate 80, 0.2 mg/ml, did not inhibit the crystallisation.
The effect of Ca®", Mg*" and zZn®" on the T, of L-
histidine and sucrose is shown in Fig. 5. The addition of
metal ions to sucrose showed an expected concentration-
dependent depression of theT Mg depressed theT of
sucrose mogt, followed by Ca and zn** However in
contrast to sucrose, the addition of Ca’" and Mg**

L-histidine showed a surprisingly small depression of T of
up to 10% (w/w) ratio. Another unexpected finding was
that the addition of Zn** mcreased the T, considerably.
The small depression of T by Ca®" and Mg2+ up to 10%
(w/w) ratio indicates that L-histidine interacts with these
metal ions in the freeze-concentrated phase. It is well
known that L-histidine forms a strong complex with Zn**
and this probably explains the increase in the T,. The

-10 T I 1 T 1 1
—A— L-Histidine + CaCl2 —m— Sucrose + CaCl2
15 | —[-— L-Histidine + MgCI2 —A— Sucrose + MgCI2 | |
—Q@— L-Histidine + ZnCl2 --e— Sucrose + ZnCI2
-20 |
/C)
-25 —
O
o -30 i ——
¢
< J%ﬁm —OA |
L -35 = —

0 5 10 15 20 25 30 35
% wt salt / (wt L-histidine or sucrose + wt salt)
Fig. 5. Dependence of T, during the second heating of frozen agueous

L-histidine and sucrose solutions on the weight to weight ratio of L-
histidine or sucrose/salt.

DOCKET

_ ARM

small depression by Ca®" and Mg®" of the T, of L-
histidine is of considerable importance in the formulation
of proteins that require metal ions for stability. If L-
histidine is used as buffer/stabiliser in formulations con-
taining Ca>" and Mg®", the T, is essentially unchanged,
whereas if sucrose is used, the Té can be depressed
considerably.

3.3, Freeze-drying

The freezing step is very important since the internal
structure of the product is determined by this step. A
thermal cycle (Fig. 2) is sometimes necessary to maximise
the crystallisation of water and/or to promote the crys
tallisation of bulking agents such as sodium chloride or
mannitol. Since a thermal cycle might promote crystallisa-
tion of ingredients (e.g. L-histidine) that are to remain
amorphous, the L-histidine samples were freeze-dried with
and without a thermal cycle. Freeze-drying of L-histidine
from solutions having a pH in the range 4—8 showed that
L-higtidine has a rather low tendency to crystallise during
freeze-drying (Table 1). The samples freeze-dried at pH 8
crystallised readily, but only when they were freeze-dried
with a thermal cycle. The samples of pH 7 and 8, freeze-
dried without a thermal cycle, and the sample with pH 7,
freeze-dried with a thermal cycle, showed very thin crystal
clusters (1-2 mm in diameter) on the surface of the cakes.
All samples showed good cake structures, with the excep-
tion of the pH 4 sample, which collapsed to a transparent
skin during freeze-drying. Examination of the samples
with a polarising microscope showed that the pH 8 sample
freeze-dried with a thermal cycle had a crystalline struc-
ture, while the other samples had an amorphous appear-
ance. The crystallisation of L-histidine at pH 8 during
freeze-drying might be explained by the fact that the
imidazoline moiety is almost completely un-ionised at this
pH and that crystallisation is generally facilitated if only
one molecular species is present. At pH 6 there is a 1:1
molar ratio of the charged and the uncharged imidazole
moiety and it is suggested that this ratio is optimum for the
inhibition of crystallisation during freeze-drying. However,
a complicating factor in the interpretation of the results is
that both the ion product of water (pK,,) and the dissocia-
tion constant pK, of the imidazole moiety change with
temperature. In addition, when the water is frozen out, the
concentration effect has also to be considered. The mean-

Table 1
Physical state of L-histidine after freeze-drying with and without a thermal
cycle from solutions of varying pH®

Freezing process pH 4 pH 5 pH 6 pH 7 pH 8
No Thermal cycle A A A A° A°
Thermal cycle nt nt A A° C

®A, X-ray amorphous; C, Crystaline; nt, not tested.
® The cake collapsed.
°Thin crystal clusters on the surface of the cakes.
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