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Purpose. An efficient freeze-drying cycle for recombinant human
interleukin-1 receptor antagonist (rhIL-1ra) formulations, which
contained glycine and sucrose as excipients, was developed. Meth-
ods. Development was based on characterizing the frozen formula-
tions by thermal analysis and by examining the effect of various
lyophilization process parameters on the sublimation rate of ice.
Results. Thermal analysis showed that the metastable glass of gly-
cine in frozen formulation could be devitrified by slowly warming
the frozen product to — 15°C. During drying, the sublimation rate of
ice was increased as a linear function of the difference between the
vapor pressure of ice at the product temperature (P,) and the cham-
ber pressure (Pc). Therefore, the product temperature (T,) was
maintained as high as possible at temperatures below Tg’ of the
formulation, in order to maximize the P,, without allowing the col-
lapse of cake. Although various combinations of shelf temperatures
and chamber pressures could be used to obtain the same T,, the
combination of higher shelf temperature and lower chamber pres-
sure was used to maximize sublimation rate. Conclusions. A single-
step drying cycle was developed to take advantage of these obser-
vations. The shelf temperature was set for the secondary drying and
the product temperature during primary drying was maintained be-
low Tg’ by adjusting the chamber pressure. As the sublimation com-
pleted, the product temperature increased naturally to the shelf tem-
perature for the secondary drying. This process resulted in success-
ful drying of 1 ml of rhIL-1ra formulation to 0.4% moisture content
within 6 hours.

KEY WORDS: rhIL-Ira; lyophilization; cycle development; subli-
mation rate; shelf temperature; chamber pressure.

INTRODUCTION

The development of protein-based pharmaceuticals has
been a major interest since recombinant DNA technology
allowed mass-production of valuable proteins, which have
been discovered as mediators of critical human physiological
functions. Unfortunately, many purified proteins have a mar-
ginal stability in solution. Understanding the nature of dena-
turation and investigating methods for stabilization have be-
come an important responsibility for formulation scientists,
because protein denaturation during storage and delivery
renders a protein product unusable. Freeze-drying is consid-
ered one of the best ways to preserve proteins, with the
potential to yield products that are stable as well as conve-
nient to ship and handle. Water is important for the degra-

! Department of Formulation and Pharmaceutical Development,
Synergen, Inc., 1885 33rd Street, Boulder, Colorado 80303.

2 To whom correspondence should be addressed at Amgen, Inc.,
Amgen Center, 1830 De Havilland Drive, Thousand Oaks, Califor-
nia 91320.

831

Report

dation of proteins because of its role as a medium for the
movement of molecules, as an environment fostering con-
formational changes, and as a reactant for adverse reactions
such as hydrolysis. Therefore, many degradation reactions
of proteins can be either suppressed or completely elimi-
nated by simply removing water with freeze-drying. Im-
proved stability provides many benefits, such as storage at
room temperature, convenient handling, extended shelf-life,
and the capacity to distribute the product widely.

However, freeze-drying is known to be a time consum-
ing and expensive process. In fact, in many industries freeze-
drying is a rate-limiting process, because of the cost of the
instrumentation and long drying cycles. In order to develop
an economical drying process, formulations should be opti-
mized to get the maximum allowable temperature during pri-
mary drying, which can be either the collapse temperature or
the eutectic melting temperature. This will allow the formu-
lations to be freeze-dried at higher temperatures without
compromising the appearance of cake (1). A sufficient
knowledge of the structural state of the maximally freeze-
concentrated matrix surrounding the ice crystals is neces-
sary to optimize the formulation and the drying cycle so that
the collapse of cake during the primary drying process is
avoided (2, 7, 11). Thermal analysis techniques such as dif-
ferential scanning calorimetry (DSC) have been successfully
used to determine the collapse temperature and to monitor
crystallization of constituents (1).

Various process variables affect the efficiency of the
freeze-drying. The product temperature is important be-
cause the sublimation is generally faster at higher tempera-
tures, but drying at temperatures above the collapse temper-
ature may compromise the appearance of the cake. In addi-
tion to visual problems, product in a collapsed cake often
does not reconstitute easily. Although several mathematical
models have been presented to describe sublimation rate
during the primary drying process, very little practical infor-
mation is available about how to optimize the process pa-
rameters. Pikal (11) and Livesley et al. (6) have presented a
model in which the difference of chamber pressure and va-
por pressure of ice at product temperature is the major driv-
ing force. Understanding the relative contribution of these
parameters to the sublimation rate is an important step in the
optimization of a freeze-drying cycle and is also important to
gain theoretical insight into what is important.

The purpose of this study was to find an efficient way to
freeze-dry a given rhlL-1ra formulation. Careful investiga-
tion of the dynamic relationship between various process
parameters allowed us to understand important factors for
the freeze-drying cycles. Use of a single drying condition,
i.e., single shelf temperature and chamber pressure, to com-
plete both primary drying and secondary drying was pro-
posed to minimize the drying time.

MATERIALS AND METHODS

Materials

rhIL-1ra was produced with E. coli using recombinant
DNA technology and purified at Synergen, Inc. It was pre-
pared in 2% (w/v) neutral glycine, 1% (w/v) sucrose, and 10
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mM sodium citrate buffer at pH 6.5 (25°C). All the chemicals
used for this study were analytical grade or better.

Methods

Thermal analysis of frozen formulations with differential
scanning calorimetry (DSC) was carried out with a Perkin
Elmer DSC-7. The temperature range of analysis was from
—60°C to 25°C. A sample (20 pl) was loaded at 25°C, cooled
and frozen to —60°C, with a cooling rate of 10°C/minute.
Thermal heat flow was analyzed while the samples were
warmed at a rate of 1°C/min. Thermal transition tempera-
tures, such as the glass transition temperature (Tg'), devit-
rification temperature (Td) and eutectic melting temperature
(Te), were analyzed from the heat flow using a Perkin Elmer
TAS7 software interfaced with the DSC-7. Glass transition
temperatures were determined with the enhanced resolution
of derivative thermograms (4). For annealing experiments,
the frozen samples were warmed at 1°C/min to the desig-
nated temperature, held at that temperature for 5 minutes,
and then cooled back to —60°C. The endotherms for melt of
the resulting crystals was determined during subsequent
warming at 1°C/min.

The rhIL-1ra formulation (1 ml) was placed into 3 ml vial
with 13 mm stopper and freeze-dried in a Lyoflex 08 lyo-
philizer (Edwards High Vacuum, Tonawanda, NY), which
was interfaced with a Lyomaster 4000 controller and
equipped with a sample extractor. Eight temperature probes
were used to monitor temperatures of sample vials at various
locations on the shelf. The average temperature of the eight
probes was used to determine the product temperature dur-
ing primary drying. The temperature variation between
probes was less than 2.5°C while primary drying was in prog-
ress. An Edwards Barocel Capacitance manometer and
Pressure Control Pak were used to measure and control the
chamber pressure. A Yokogawa HR2400 chart recorder (sup-
plied by Edwards) was used to record the shelf temperature,
chamber pressure, condenser temperature, and product tem-
peratures. The shelf temperature was controlled within +1°C
and chamber pressure within +20 pm Hg during primary
drying. The condenser temperature was maintained at — 66
+ 4°C during the freeze-drying cycle.

To determine the rate of sublimation, loaded sample vi-
als were extracted during the drying cycle, without disturb-
ing the chamber pressure. The amount of water sublimed (g)
was determined by subtracting the weight of the extracted
sample for that of the original sample. The residual moisture
content of the lyophilized product was determined by Karl
Fisher Coulometry using a Mitsubishi Moisture Meter CA06
(Mitsubishi Kasei Co., Tokyo, Japan) as described by May et
al. (8).

RESULTS AND DISCUSSION

Calorimetric Analysis of Frozen Formulation

Various physical changes in a frozen protein formula-
tion, such as freezing point depression, eutectic melting,
glass transition, and devitrification of metastable glasses,
can affect the freeze-drying process. Among various tech-
niques available, differential scanning calorimetry has been
successfully used to characterize the frozen protein formu-
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lations (1). Glycine was used as a bulking agent in the lyoph-
ilized formulation because it has long been used as an isoto-
nicity modifier for parenteral drugs, and it provides a very
stable matrix with sucrose after drying (data not shown).
When solutions of glycine are frozen, most of the glycine
remains amorphous, thus contributing to the mechanical ri-
gidity of the unfrozen fraction. The amorphous glycine has a
Tg' of —37°C (Figure 1), which limits the product tempera-
ture during the primary drying process to below —37°C. The
amorphous glycine is classified as a metastable glass because
it devitrifies during the subsequent heating process. Devit-
rification is a process by which a metastable glass forms a
stable crystalline phase due to heating above its glass tran-
sition temperature (6). The first thermogram in Figure 1
shows a glass transition (Tg’) followed by an exothermic
peak at Td representing a devitrification or recrystallization
of glycine. The result of successful devitrification on the
physical properties of a frozen glycine solution is shown in
the second calorimeter scan of Figure 1. Compared to the
original thermogram (first scan in Figure 1), the thermogram
of the devitrified sample shows no obvious thermal transi-
tions at temperatures below the eutectic temperature (Te),
which indicates that the metastable glass of glycine has been
devitrified by heating. If this type of devitrified formulation
is freeze-dried, the strong crystalline network of the glycine
will provide a desirable cake. The advantage of allowing
glycine to crystallize is that primary drying can be done at
higher product temperatures since there is no need to keep
product below —37°C, the Tg’ of glycine. In addition to the
advantage in primary drying, the crystalline cake will im-
prove the visual appearance of the product. As shown in a
second scan of Figure 1, the Tg' at —37°C disappeared after
devitrification.

Td=-25°C

2nd run

Endothermic Heat Flow

1st run

Temperature (°C)

Fig. 1. Thermal analysis of frozen glycine solution. 2% (w/v) glycine
was frozen at a cooling rate of 10°C/min. Analysis was carried out
while the frozen solution was heated at 1°C/min. First run with 20 i
sample from — 50°C to — 10°C and second run with 2 pl sample from
—50°C to 10°C.
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The subambient DSC analysis of complete formula-
tions, i.e., 2% glycine, 1% sucrose, and 10 mM sodium ci-
trate buffer containing various concentrations of rhIL-1ra, is
shown in Figure 2. The amorphous glycine fraction, which
has Tg' = —37°C, starts to recrystallize at —27°C, and by
the time the temperature gets to —15°C, most glycine has
been devitrified (Figure 2). The temperature of the devitrifi-
cation exotherm increased with increase of protein concen-
trations. The area of devitrification during the annealing pro-
cess was also reduced when more rhIL-1ra was included in
the formulation (Figure 2). The decrease of devitrification is
due to the reduced critical heating rate which is resulting
from the increased viscosity by protein (1,3). The lack of a
detectable exothermic peak, which suggests lack of devitri-
fication, was found when the rhIL-1ra concentration was 100
mg/ml. A second exothermic peak was observed for 10 mg/
ml sample, which is interesting but no explanation is avail-
able at this time. The second thermogram after successful
devitrification shows no exothermic peak, indicating that the
metastable glassy glycine fraction has been crystallized (Fig-
ure 1).

Based on DSC results, the freezing protocol used in the
lyophilizer was: after freezing at —40°C the temperature of
product is increased to — 15°C at a rate of 1°C/min., followed
by holding at —15°C for 30 minutes to foster the recrystal-
lization of glycine. A formulation with 100 mg/ml of rhIL-1ra
was used for the rest of this study.

Development of Drying Cycle

The key variables outlined in the introduction were ex-
amined to understand their contribution to the rate of subli-
mation during primary drying. The temperature of product
during the drying process is an important factor. The subli-
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Fig. 2. Thermal analysis of frozen rhIL-1ra formulation. Various
rhIL-1ra concentrations were analyzed. See Materials and Methods
for the composition of the buffer. Conditions for the analysis were
identical as the first run in Figure 1.
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mation will be faster at higher temperature, but the product
temperature needs to be controlled below Tg' to prevent
undesirable collapse. Figure 3 shows the effect of shelf tem-
perature and chamber pressure on the product temperature.
Both shelf temperature and chamber pressure were major
determinants of the product temperature. The product tem-
perature was always lower than the shelf temperature due to
the loss of heat by sublimation and thermal resistance be-
tween shelf and vials (9). Even when the shelf temperature
was raised to a temperature routinely used for secondary
drying, e.g., to 30°C, the product temperature remained be-
low —22°C, which is low enough to avoid collapse of this
product during primary drying, when the chamber pressure
was maintained at 175 pm Hg or lower.

As demonstrated in Figure 3, several combinations of
shelf temperature and chamber pressure can produce the
same product temperatures during primary drying. The de-
crease of product temperature when the chamber pressure
decreases can be compensated by raising the shelf temper-
ature, and vice versa. Using those combinations where the
product temperature is kept constant, the effect of shelf tem-
perature and the chamber pressure on the sublimation rate of
ice during primary drying can be examined. Such informa-
tion about the relative role of shelf temperature and chamber
pressure in the sublimation rate is critical in order to estab-
lish a mathematical model that describes the drying process
and can be used to choose the optimum process variables for
the maximum rate of sublimation. Figure 4 shows the subli-
mation rates of the IL-1ra formulation obtained under series
of shelf temperature-chamber pressure combinations, each
of which led to an identical product temperature of —17°C
during primary drying. The sublimation was faster with the
combination of higher shelf temperature and lower chamber
pressure. The result indicates that the chamber pressure is
another important variable that determines the rate of sub-
limation.
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Fig. 3. Effect of chamber pressure on the product temperature of

rhIL-1ra formulation (100 mg/mi protein) during primary drying at

various shelf temperatures.
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Fig. 4. Determination of sublimation rates by measuring the weight
loss during the primary drying of rhIL-1ra formulation (100 mg/ml).
Four different shelf temperature-chamber pressure combinations
which produce the same product temperature of —17°C were exam-
ined. The slope of each curve represents the sublimation rate. Note
that the sublimation rate increases as the chamber pressure de-
creases at a given product temperature.

To illustrate the observations that chamber pressure is a
major determinant of the sublimation rate at a given product
temperature, the slope of each curve obtained from Figure 4
was plotted against the pressure difference between vapor
pressure of ice at product temperature (P,) and chamber
pressure (P.). Figure 5 shows that the sublimation rate in-
creases linearly as the pressure difference (P, — P.) in-
creases. (P, — P.) increases, in turn, when the chamber
pressure decreases at a given product temperature. Thus, for
a given product temperature maximum sublimation can be
achieved by decreasing chamber pressure. This result agrees
with Pikal’s report (10) that both product temperature, which
is expressed as P,, and chamber pressure (P.) are major
determinants of sublimation rate. The rate of sublimation is
given by Equation 1 (10):

dm _(Po — Po) :
dt (R, + Ry M

where: dm/dt = rate of sublimation, g/cm*hr, P, = vapor
pressure of ice at the product temperature, pm Hg, P =
chamber pressure, wm Hg, R, = product resistance (cm?
pm Hg br g=1), R, = stopper resistance (cm? pm Hg hr
g™ .

The slope of the curve shown in Figure 5 represents the
reciprocal value of the product and stopper resistance to
sublimation (R, + R,) described in Equation (1). In order to
examine the temperature dependence of the resistance
value, resistance values were calculated at several other
temperatures by obtaining sublimation rates under several
combinations of chamber pressure and shelf temperatures
which generate the same product temperatures, followed by
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Fig. 5. Sublimation rate of ice during primary drying of rhIL-1ra
formulation (100 mg/ml) is a linear function of (P, — P() value. The
slope of curve determines the reciprocal value of resistance in Equa-
tion (1). Product temperature was — 17°C. Data obtained from Fig-
ure 4.

calculating the slopes of curves, as illustrated in Figure 4
followed by Figure 5. As demonstrated in Figure 6, no sig-
nificant difference in the resistance values was observed be-
tween four product temperatures tested. Therefore, the re-
sistance value for the sublimation rate of rhIL-1ra formula-
tion (1/(R, + R.)) becomes a constant in Equation (1). In
other words, the sublimation rate of ice during primary dry-
ing is a linear function of (P, — P,). Figure 7, which shows
the relationship between sublimation rate and (P, — P() for
a variety of product temperatures, supports this conclusion
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Fig. 6. Resistance value in Equation (1) is not significantly affected
by product temperature. Error bars show the standard deviation.
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Fig. 7. Linear relationship between sublimation rate and (P, — P)
value can be found with all data obtained with various combinations
of chamber pressures, shelf temperatures, and product tempera-
tures. The result indicates that (R, + R,) value in Equation (1) is
constant for the formulation.

because linearity of the curve is maintained at all product
temperatures tested. The result suggests that the main pa-
rameter to consider for the optimization of primary drying
cycle is (P, — P.) no matter what combinations of shelf
temperature, chamber pressure, and product temperature
are used. The constant resistance value (1/(R, + R)) for 1
ml fill in 3 ml vial with a 13 mm stopper, which was calcu-
lated with all the data shown in Figure 7, was 3.25 x 10=% +
2.64 x 105 (cm? hr um Hg g~ ). Since the curve in Figure
7 does not pass the origin, a slight modification of Equation
(1) was made by including the intercept value as shown in
Equation (2).

d
dL:’ = 0.000325 X (Pp — Po) + 0.0757 )

Using the simplified equation, a sublimation rate can be
calculated if the product temperature (P,) and the chamber
pressure (P.) are known. For example, if the combination of
shelf temperature at 30°C and chamber pressure of 319 pm
Hg maintains the product temperature at —17°C, where the
vapor pressure of ice (Py) is 1031 pm Hg (12), the sublima-
tion rate will be (1031 — 319) x 3.25 X 104 + 0.0757 =
0.30 (g/cm?/hr). With this sublimation rate, 1 ml of formula-
tion in a vial with an inner diameter of 15 mm will complete
primary drying within 2 hours.

To maximize the sublimation rate the combination of
highest allowable product temperature and lowest chamber
pressure should be found, where (P, — P.) in Equation (1)
is maximum. Figure 8 shows the relationship between cham-
ber pressure, shelf temperature, product temperature, and
sublimation rate, which illustrates the rationale to maximize
sublimation rate. An effort to increase the sublimation rate
simply by reducing chamber pressure to decrease P value
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in Equation (1) will result in decrease of sublimation rate
because of concomitant decrease of P, value as the product
temperature decreases. In Figure 8, the sublimation rate of
0.16 (g/cm>/hr) at condition ‘A’ will decrease to 0.11 if sim-
ple reduction of chamber pressure to 140 nm Hg results in
the decrease of the product temperature to —25°C (condition
“B”’). On the other hand, increasing chamber pressure (P.)
at a given shelf temperature results in increase of sublimation
rate due to raised product temperature (P,). Increase of
chamber pressure to 420 pm Hg under same shelf tempera-
ture resulted in faster sublimation rate of 0.19 due to in-
creased product temperature to —17.5°C (transition to con-
dition *“‘C’’). Assuming that —20°C is only slightly below Tg’
of the product, this increase of product temperature may not
be desirable. Isothermal curves of product temperature in-
dicate that the combination of high shelf temperature and
low chamber pressure provides better sublimation rate than
the combination of low shelf temperature and high chamber
pressure when maximum allowable product temperature is
set. In Figure 8, improvement of drying efficiency without
collapsing the product can be found when the process is
changed from condition ““A” (P, = 300 pm Hg and shelf
temperature = 20°C, sublimation rate = 0.16) to the condi-
tion *“D”’ (P. = 195 pm Hg and shelf temperature = 40°C,
sublimation rate = 0.19). The result implies that a very ef-
ficient condition can be reached when shelf temperature is
set as high as possible within the allowance of system and
product stability, and product temperature is maintained be-
low maximum allowable temperature by reducing chamber
pressure.

To take advantage of the observations, a single-step dry-
ing cycle was developed which can effectively give proper
primary and secondary drying. For this cycle, shelf temper-
ature is set for secondary drying and the product tempera-
ture for primary drying is controlled by adjusting the cham-
ber pressure. As discussed earlier, product temperature can
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Fig. 8. Effect of chamber pressure on the sublimation rate of rhIL-
1ra formulation at given shelf temperatures (solid line). Dotted lines
show isothermal curves of product temperature.
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be maintained below maximum allowable temperature by
properly setting the chamber pressure. As the sublimation of
ice completes and the heat loss at the sublimation front di-
minishes, the product temperature will naturally equilibrate
to the shelf temperature, where secondary drying proceeds.

There are numerous advantages to the single-step pro-
cess. The combination of high shelf temperature and low
chamber pressure provides faster sublimation as demon-
strated in Equation (1). There is less chance of failure, which
may occur with a two-step drying cycle when a transition to
secondary drying is forced with incomplete primary drying
due to various reasons, because only the completion of pri-
mary drying triggers the secondary drying. For the same
reason, it is not necessary to wait for the last vial to complete
primary drying before starting secondary drying, which elim-
inates the need for external control for the transition. Since
the product temperature is controlled not by the shelf tem-
perature but primarily by the chamber pressure, the single-
step process will be useful for containers which have very
little thermal transfer from the shelf, e.g., pre-filled syringes.
Figure 9 shows an example of the single-step drying cycle. A
smooth increase of product temperature after completion of
sublimation demonstrates that a secondary drying was nat-
urally continued. Total drying time including freezing pro-
cess and annealing process was approximately 6 hours for a
1 ml of rhIL-1ra formulation filled in a 3 ml vial with a 13 mm
stopper. The moisture content of the lyophilized formulation
using the single-step cycle was 0.4%. The lyophilized prod-
uct had good cake quality and the rhIL-lra molecule main-
tained desirable integrity and activity after the single-step
drying process.

A precaution for the single-step drying cycle is that de-
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Fig. 9. Examples of a single-step freeze-drying cycle. The chamber
pressure was maintained at 325 um Hg and the shelf temperature
was maintained at 30°C for both primary and secondary drying. One
ml of rhIL-1ra formulation (100 mg/ml) filled in a 3 ml vial was dried.
Product temperature probes were located near the bottom of the
vial.
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creased thermal transfer from the shelf to the bottom of the
vial at low chamber pressure and heat loss from the subli-
mation front creates a heterogenous temperature distribution
throughout the product during a primary drying. The tem-
perature gradient is more significant when larger product
volumes are dried and the distance between the sublimation
front from vial bottom increases. Figure 10 shows the prod-
uct temperature at the bottom of the vial is increased as high
as — 10°C, although the temperature at the drying front is as
low as —22°C. The significance of the temperature discrep-
ancy is not clear because the product temperature at the
bottom of the vial will decrease to —22°C, which is below
the Tg' of the product, as the sublimation front approaches
and the collapse only occurs while ice sublimes (7). This
concern may be significant when the temperature at the bot-
tom of vials reaches the eutectic melting or the melting point
of the product. No adverse effect of the temperature gradient
was observed when 1 ml to 10 ml of the rhIL-1ra formulation
was freeze-dried with the same single-step cycle that has
been discussed.

It should be noted that in many formulations it is not
possible to set the shelf temperature to the secondary drying
temperature and maintain the product temperature at a suf-
ficiently low temperature by decreasing chamber pressure.
Also the extent to which pressure affects product tempera-
ture can be dependent upon the system, such as the contact
resistance to heat transfer, the capacity of condenser, and
the rate of mass transfer, etc.

CONCLUSIONS

The major factor determining the rate of sublimation is
the difference between chamber pressure and vapor pressure
of ice at the sublimation front. Considering this principle, the
most efficient cycle can be designed when the shelf temper-
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Fig. 10. Variation of product temperature within a vial during a
single-step drying cycle. Probes were located near the surface and
near the bottom of vials. Ten ml of 100 mg/ml rhIL-1ra formulation
filled in 10 ml vials was dried.
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ature is set as high as possible within the limitation of safety
and the product temperature is maintained below the maxi-
mum allowable temperature by adjusting the chamber pres-
sure. The single-step cycle provides an ideal condition for
the faster drying with combination of high shelf temperature
and low chamber pressure. This study signifies that thorough
understanding of freeze-drying can allow one to develop
more flexible cycles which require less arbitrary controls.
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