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Abstract

The protein stabilizing capabilities of spray-dried IgG1/mannitol formulations were evaluated. The storage stability was tested at differ-
ent residual moisture levels prepared by vacuum-drying or equilibration prior to storage. Vacuum-drying at 32 °C/0.1 mbar for 24 h reduced
the moisture level below 1%, constituting an optimal basis for improved storage stability. The crystalline IgG1/mannitol powders with a
weight ratio of 20/80 up to 40/60 failed to prevent the antibody aggregation as assessed by size exclusion chromatography during storage.
Ratios of 60/40 up to 80/20 IgG1/mannitol provided superior stability of the antibody and the powders could be produced with high yields.
The lower the residual moisture, the better was the stabilizing capability. An amount of 20% mannitol provided the best stabilization. Stor-
age stability of 60/40, 70/30, and 80/20 IgG1/mannitol formulations over one year was adequate at 2-8 °C and 25 °C. Closed storage (sealed
in vials) at 40 °C/75% RH and open storage at 25 °C/60% RH revealed that the stability still required optimization. The lower the protein
content, the better was the powder flowability. The aerodynamic properties of powders spray-dried with 10% solids content were inadequate,
as the particle size ranged between 5.1 and 7.2 um and the fine particle fraction accounted for only 4-11%. Reduction of the solids content to
2.5% did improve the aerodynamic properties as the mass mean aerodynamic diameter was reduced to 3.6 um and the fine particle fraction
was increased to about 14%. The reduction of the solids content did not influence the storage stability significantly. Also spray-drying at
higher temperatures had no significant impact on the storage stability, despite a higher tendency to form amorphous systems. In order to
improve the storage stability and to maintain the good flowability of 70/30 IgG1/mannitol powder or to keep the storage stability but to
improve the flowability of the 80/20 IgG1/mannitol powder, mannitol was partially substituted by a second excipient such as trehalose,
sucrose, glycine, lactose, lactosucrose, or dextran 1. Differences in the stabilizing capability were noticeable upon closed storage at
40 °C/75% RH and open powder storage. Protein stabilization was improved by the addition of glycine but trehalose and sucrose were most
effective in preventing aggregation, which can be primarily attributed to the water replacement properties of the sugars. The addition of
another excipient, isoleucine had positive effects on both flowability and protein stability.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

For many years, the development of non-parenteral
routes for the administration of proteins and peptides
has been promoted. The most promising non-parenteral
route seems to be the aerosol delivery [1-3]. Recombi-
nant human deoxyribonuclease (rhDNase) has been the
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first protein for inhalative therapy [4]. Inhalation delivery
systems for the pulmonary delivery of biomolecules
encompass nebulizer [5], pressurized metered dose inhal-
ers [6], and dry powder inhalers [7,8]. The use of dry
powder inhalers has a couple of advantages because
the device can be designed to be small and relatively
inexpensive, and no propellants are required [4]. Further-
more, the proteins may be stabilized in the dried state by
the addition of glass-forming stabilizers such as trehalose
or sucrose. Proteins in liquid formulations are generally
at a greater risk of chemical and physical degradation
[9,10].
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The inhalative application can be used for a local
treatment of pulmonary diseases such as asthma or for
the systemic therapy with biomolecules as the lung epi-
thelium is adequately permeable and accessible [11-13].
In the area of systemic therapy, insulin was the first pro-
tein approved for inhalation therapy (Exubera®), but has
recently been taken off the market due to low sales
[14,15]. In the case of antibodies there is a special inter-
est in the local treatment of chronic lung diseases such as
asthma and chronic obstructive bronchitis, since the
potential of antibodies in the treatment of chronic
inflammation has been demonstrated, e.g. for Infliximab
and numerous monoclonal antibodies [16-18]. The devel-
opment of dry powder formulations for inhalation of
this IgE-antibody was addressed in various publications
[19-23]. Yet, Fahy et al. revealed that the inhalation of
nebulized anti-IgE was inefficient due to the inability to
reach high concentration levels in the tissue compart-
ments [24].

Spray-drying is frequently used for preparing protein
powders for inhalation, because the spray-drying process
can be designed in order to produce protein containing
powders of high stability [2,7,13,19-21]. The achieved par-
ticles have a suitable particle size, in the range of 1-7 um,
as well as an appropriate density and shape for inhalation
and deposition in the lungs [25,26]. The goal of this study
was to develop a stable formulation for an IgG1 based on
mannitol as stabilizing excipient as used in the literature
[19-23]. The powders also had to provide good yield of
approx. 70% or more, adequate inhalative properties as
well as good flowability to enable dispensing into unit
doses. The effect of the residual moisture in the powders
was to be evaluated and different pre-treatments as well
as storage scenarios were considered. Promising candi-
dates had to be studied in further details and an addi-
tional optimization by a second excipient was to be
evaluated.

2. Materials and methods
2.1. Materials

A humanized monoclonal antibody (IgG1l) was pro-
vided by Boehringer Ingelheim Pharma GmbH & Co.
KG. The initial aqueous immunoglobulin solution was dia-
lyzed to a solution containing 95.0-100.0 mg/ml antibody,
1.6 mM glycine, and 25 mM histidine. The pH value was
adjusted to 6.3. The antibody solution contained between
0.3% and 0.9% of aggregates after diafiltration. During
the storage at 2-8 °C the stability (formation of aggregates)
of the antibody solution was tested in regular periods by
SE-HPLC. The immunoglobulin solution was stored at
2-8 °C and was stable for at least 2 years. Mannitol was
obtained from Caesar & Lorentz GmbH (Hildem, Ger-
many), Sucrose from Sigma (Steinheim, Germany), L-Iso-
leucin and Trehalose from Fluka (Taufkirchen,

Germany), and Lactosucrose from Hayashibara Shoji
Inc. (Okoyama, Japan).

2.2. Methods

2.2.1. Preparation of solutions for spray-drying

The stabilizing excipients were dissolved in demineral-
ized water (pH ~7.5) and added to the antibody solution
to obtain the desired ratio for spray-drying. The total
solid content (ts) of the spray solutions was 10% or
2.5% (w/v).

2.2.2. Spray-drying

Spray-drying was performed with a Biichi Mini Spray
Dryer B — 290 (Biichi Labortechnik, Flawil, Switzerland)
at controlled ambient conditions of 25°C/50% RH. For
the spray-drying process the inlet and outlet temperatures
(Tin/ Tour) were kept at either 90/50 °C or 130/75 °C. The
drying air volumetric flow rate was set at 600 1/min, the
liquid feed flow rate at 3 ml/min, and the atomizing air vol-
umetric flow rate at 670 I/min. The resulting aspirator flow
rate was 35 m°/h. The spray solutions (50-200 ml) were
atomized with a water-cooled two-fluid nozzle (0.7 mm
liquid orifice internal diameter) using compressed air from
the in-house supply. After spray-drying, the powders were
collected through a high-efficiency cyclone in a glass con-
tainer, transferred in a glass vial, and stored in a desiccator
with a relative humidity of 20% at ambient temperature.
Formulations were sprayed only once due to the enormous
quantities of protein required.

2.2.3. Vacuum-drying

For vacuum-drying of the powders, a vacuum dryer
VTS-2 (Memmert, Schwabach, Germany) at 0.1 mbar
and 32 °C for 24 h was used (drying procedure: vdl). Sub-
sequently, the vials were closed by a rubber stopper under
nitrogen and sealed in aluminium bags. Another portion
of the powder was vacuum-dried at 20-25°C and
300 mbar for 3 days according to Maa et al. [22] (drying
procedure: vd2), and the vials were closed under ambient
conditions without nitrogen degassing and sealed in alu-
minium bags.

2.2.4. Size exclusion high-performance liquid
chromatography (SE-HPLC)

Size exclusion chromatography was used to determine
the amount of soluble protein aggregates in the spray solu-
tions and in the spray-dried powders after dissolution.
Analysis was performed on a Hewlett-Packard HP 1090
or a HP 1100 chromatograph (Agilent Technology, Wald-
bronn, Germany) with a TSK3000SWXL column
(300 x 7.8 mm, Tosoh Biosep, Stuttgart, Germany) and
UV-detection at 280 nm (rn = 3). The mobile phase con-
sisted of 0.1 M disodium hydrogen phosphate dihydrate
and 0.1 M sodium sulfate and was adjusted with ortho-
phosphoric acid 85% to pH 6.8. The flow rate was
0.5 ml/min and the injection volume was 25 pl with a pro-
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tein concentration of about 2-10 mg/ml. The chromato-
gram showed three separate peaks. For integration the
HP Chemstation Version 9 from Agilent was used. Samples
were analyzed in triplicate (SD not given in figures and
tables for clarity reasons).

2.2.5. Differential scanning calorimetry (DSC)

DSC experiments were performed with 8-12 mg of pow-
der sealed in closed aluminium pans (DSC 204 Phoenix,
Netzsch, Selb, Germany). Samples were cooled to
—20°C, heated to 100 °C, again cooled to —20 °C and
reheated to 140 °C at 10 K/min. The glass transition tem-
perature (7,) was determined as the midpoint of the phase
transition (n = 2).

2.2.6. Modulated differential scanning calorimetry (MDSC)

Modulated differential scanning calorimetry was per-
formed with 8-12 mg of powder sealed in closed aluminium
pans (DSC 822¢ Mettler Toledo, Giessen, Germany). The
measurements were recorded with an amplitude of £+3 K,
a period of 42 s, and a heating rate of 1 K/min during heat-
ing from —20 °C to 150 °C. The glass transition tempera-
ture (7T,) was determined as the midpoint of the phase
transition (n = 2).

2.2.7. Scanning electron microscopy (SEM)

The particle morphology was determined with a scan-
ning electron microscope (DSM 962 or SUPRA 55VP,
Zeiss, Oberkochen, Germany). Samples were fixed with
self-adhesive carbon tape on aluminium stubs and sput-
tered with gold at 20 mA/5 kV for 90s.

2.2.8. X-ray powder diffraction (XRD)

Powders were investigated with a X-ray diffractometer
(XRD 3000 TT, Seifert, Ahrensberg, Germany) at a scan-
ning rate of 0.05° (2°0) from 5° to 40° (Cu-Ka radiation
A =0.15418 nm, 40 kV, 30 mA). For relative humidity con-
trolled experiments a X Pert Pro MPD (Panalytical, Kas-
sel, Germany) in combination with a temperature and
humidity chamber was used.

2.2.9. Time-of-flight measurement (TOF) measurements

The aerodynamic properties of the powders were
determined based on time-of-flight by using the Aerody-
namic Particle Sizer®APS 3321 (TSI Inc., MN, USA)
with an impactor inlet. According to USP 25 41 air with
a pressure drop of 4 kPa was drawn through the device.
The powder was emitted at 39 1/min for 6.15 s. The baffle
plate was coated with Brij® 35 solution in order to pre-
vent the bouncing-off of particles. After the measurement
the capsules were weighed in order to determine the
emitted dose, with reference to the initial powder content
in the capsule prior to the measurement (n = 2).

2.2.10. Andersen Cascade Impactor (ACI) analysis
Selected powders were analyzed for the mass median
aerodynamic particle size and the fine particle fraction with

an Andersen Cascade Impactor (1 ACFM Eight-Stage
Non-Viable Sampler Series 20-800, Thermo Andersen,
Smyrna, GA, USA). The eight-stage device with cut-off
diameters of 9.9 (pre-separator), 9.0, 5.8, 4.7, 3.3, 2.0,
1.0, 0.7, 0.4, and 0.22 pm (filter) was operated at 39.31/
min with emission of 12-16 mg powder filled in hard gela-
tine capsules inserted in the Handihaler® over 6.15s. A
total of 41 air was passed through the impactor at a pres-
sure drop of 4 kPa and an absolute pressure ratio of P2/
P3 <0.5. The amount of deposited material on each stage
was determined by weighing the individual stages on a bal-
ance with 0.01 mg accuracy.

2.2.11. Dynamic vapour sorption (DVS) measurements

About 50 mg powder was weighed on the Dynamic
vapour sorption apparatus (DVS 2/2085, Porotech, Hof-
heim, Germany) and exposed to a continuous flow
(200 ml/min) of carrier gas (dry air) from 0% to 90% RH
at 10% RH increments at 25 °C.

2.2.12. Karl-Fischer titration

The moisture content of powders was determined by
Karl-Fischer titration (KF 373, Metrohm GmbH & Co.,
Filderstadt, Germany) using Hydranal TM Composite as
a titration reagent. The powders were dissolved in 1.0 ml
anhydrous methanol inside a nitrogen-filled glove box
and centrifuged for 5 min before injecting 500 pl into the
titration cell. In addition, a Karl-Fischer titrator Aqua
40,00 with a head-space module oven was used (Analytik
Jena AG, Jena, Germany), heating the powders up to
80 °C (n =3).

2.2.13. Determination of the powder flowability

The powder flowability was evaluated macroscopically
by comparison to standard powders with a defined flow-
ability expressed as flow index value (F;) (Table 1). The
flow index value was determined with a Powder Flow Ana-
lyzer (Micro Stable Systems, Godalming, United King-
dom) based on the measurement of energy profiles. For
these measurements, the standard powder samples were
pre-consolidated by moving the blade twice through the
powder at a velocity of 1.74 mm/s downwards with
—41.5 rpm clockwise rotation, and the AUC of the force
vs. distance curve was determined as the blade was moved
upwards at 1.74 mm/s at 41.5 rpm counterclockwise rotat-
ing. Six measurements were performed in a row and F;
mean and standard deviation calculated.

2.2.14. Storage stability

For closed storage the powders were pre-treated by vac-
uum-drying (see Section 2.2.3) or equilibrated at 22 °C/
50% RH for 24 h (eq). These pre-treated samples were
transferred into glass vials, stoppered, sealed in aluminium
bags, stored at 2-8 °C, 25 °C/60% RH, or 40 °C/75% RH,
and analyzed after 1, 4, 15, and 52 weeks. For open storage
the powders were exposed to 25 °C/30% RH or 25 °C/60%
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Table 1

Reference substances with defined flowability for the evaluation of the
flowability of spray-dried powders (F; determined with the powder flow
analyzer)

Reference number for the Substance F,
determination of the flowability

1 Tablettose® 9.2
2 Pharmatose DCL11® 12.7
3 Compactrol® 13.0
4 Pharmatose DCL40® 15.2
5 Starch 1500 21.8
6 Mannitol/HSA, spray-dried 26.6
7 Corn starch, dried 36.5
8 Lactose/HSA, spray-dried 38.1
9 Mannitol, spray-dried 44.2
10 Lactose, fine 55.3
11 Lactose, spray-dried 121.4

RH in open glass vials, adjusted by supersaturated salt
solutions. Samples were taken after 1, 4, 15, and 25 weeks.

3. Results and discussion

3.1. Characteristics of antibody 1lmannitol formulations
after spray-drying

Spray-drying was performed at Ti,/To. 90/50 °C to
achieve adequate product recovery and stability. Since
the analysis of antibody/mannitol solutions revealed
ratio-dependent aggregation, understanding [gG1 aggrega-
tion in the dry state formed an important part of the study
[27-29]. For the IgG1/mannitol powders 30/70, 40/60, 60/
40, and 70/30 the product recovery was slightly below 70%
(Table 2). The formulation 50/50 IgG1/mannitol showed a
pronounced decrease in yield down to 1% which can be
attributed to powder sticking to the walls of the drying
chamber and the cyclone, as the “sticky point” [30] is
exceeded by the spray-drying temperature. X-ray diffracto-
grams demonstrated that powders up to a ratio of 70/30
IgG1/mannitol contained crystalline mannitol, mainly the
d-polymorph (Table 2). With increasing protein amount,
the amorphous mannitol fraction increased and a com-
pletely amorphous formulation was obtained at the ratio

Table 2
Properties of IgG1/mannitol powders 20/80-100/0 after spray-drying at
Tin/ Tout 90/50 °C

1gG1/ Yield Mannitol Residual Aggregates  Aggregates in

mannitol (%) crystallinity moisture in spray spray-dried
(%) solutions powders (%)

(%)

20/80 84 3, o 3.0 2.6 8.3

30/70 69 3 4.9 4.1 5.1

40/60 69 B, d 5.0 3.0 5.0

50/50 1 Not determinable due to insufficient yield

60/40 67 3 5.4 1.1 1.1

70/30 67 S 7.0 0.8 0.8

80/20 87 Amorphous 6.7 0.8 0.8

100/0 90 Amorphous 9.1 0.8 2.7

80/20. Crystallization is more favourable at higher initial
mannitol concentrations and as critical supersaturation is
reached early in the evaporation process as the crystals
have time to grow during the process [31].

Conventional DSC scans showed no thermal events
between —10 and 100 °C for the powders, which is partially
due to the strong internal heterogeneity of protein mole-
cules [32]. Pure proteins typically have a high glass transi-
tion temperature (~100-200°C), whereas amorphous
mannitol is characterized by a T, of 13 °C in the dry state
[33]. But also recrystallization events of amorphous manni-
tol could not be assigned. Maury could not detect a T, for
an amorphous IgG/sorbitol powder (70/30), but assumed a
T, of <10 °C, as dry sorbitol displays a T,, of —2 °C [34,35].
Modulated DSC (MDSC) provides an opportunity to
determine the 7, more clearly and accurately [36,37]. For
80/20 IgGl/mannitol only marginal glass transition and
mannitol recrystallization events could be detected
(Fig. 1a). In comparison, a 70/30 IgG1/trehalose powder
showed a clear T, at 48 °C and crystallization (Fig. 1b).

A mannitol content of 60—80% induced high amounts of
aggregates already in the solutions prior to spray-drying
(Table 2). The drying process promoted further monomer
loss up to 8.3% (Table 2). The stability of the pure antibody
was also negatively affected by spray-drying and aggregates
ascended from 0.8% to 2.7%. In contrast, the addition of 20—

a
irreversible
05 irrev |// /
mwW T
_x// __,l-—ff"_—_)i
— e a f
e reversible
0 20 40 60 80 100
temperature [°C]
b

irreversible

0 20 40 60 80 100
temperature [°C]

Fig. 1. Determination of the T, with MDSC of (a) IgG1/mannitol 80/20
and (b) IgG1/trehalose 70/30 spray-dried at Ti,/Tou 90/50 °C.
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40% mannitol provided good protection during spray-dry-
ing. The antibody formulations exhibited advanced stability
compared to the aggregate formation of 4-5% up to 17.3%
for a different IgG1 spray-dried with mannitol or sorbitol
[19,35]. Possible reasons for this difference compared to the
literature may be the process parameters, such as atomizing
air-flow rate and temperature, the stability of the antibody
molecule itself, or the formulation conditions such as pH,
ionic strength, or the quality of the starting material. In order
to test whether the spray-drying temperature was responsible
for the differences in aggregation, as claimed by Maury [35],
130/75 °C conditions were applied. These higher tempera-
tures induced only a marginal change (Table 3). Even
spray-drying of the pure antibody at Ti,/T sy of 170-185/
95 °C led to only 3.7% aggregates, as shown by Fuhrherr
[38]. Consequently, the spray-drying temperature has only
a minor influence on the IgG1 aggregation. Higher spray-
drying temperatures were claimed to reduce the product
recovery [30], which is not the case for the prepared IgG1/
mannitol powders (Table 3). The residual moisture was

Table 3
Properties of IgG1/mannitol powders 60/40-100/0 after spray-drying at
Tin/Tout 130/75 °C

1gG1/ Yield Mannitol Residual Aggregates
mannitol (%) crystallinity moisture (%) (%)
60/40 72 ) 4.9 1.4
70/30 84 Amorphous 5.6 1.0
80/20 75 Amorphous 6.2 1.0
100/0 76 Amorphous 8.2 2.6

clearly dependent on the protein content and ranged from
3.0% to 9.1% for the powders spray-dried at Ti,/Tou: 90/
50 °C (Table 2). However, a reduction of the residual mois-
ture by 0.5-1.5% was found at T,/ T, of 130/75 °C (Table
3), which is in overall agreement with previous reports [39-
41]. The reduced moisture content may be advantageous
for the protein stability during storage and the protein stabil-
ity may additionally be improved by using higher spray-dry-
ing temperatures, as the formation of amorphous powders is
promoted [23]. The formulation IgG1/mannitol 70/30, only
partially amorphous at Ti,/Tou of 90/50 °C, showed no
reflections in the X-ray diffractograms that referred to crys-
talline mannitol when spray-dried at 130/75 °C. But the sys-
tem is highly prone to recrystallization as can be seen in X-
ray diffractograms recorded at different relative humidities
at 25 °C which demonstrated mannitol cystallization as -
polymorph already at 20% RH. This could entail reduced
protein stability due to a lack of stabilization in the glassy
matrix [42-44]. The crystalline structure did not change fur-
ther upon exposure to higher humidity as described for
spray-dried salmon calcitonin/mannitol powder 70/30 [31].

SEM pictures of 60/40 IgGl/mannitol spray-dried at
Tin/ Toue of 90/50 °C and 130/75 °C displayed donut-like
particles with crystalline appearing structures on the sur-
face (not shown). The 70/30 powders also exhibited a
donut-like shape of the particles. In contrast to the powder
spray-dried at 130/75 °C, the powder obtained at 90/50 °C
showed a few structures, reminiscent of crystalline material
(Fig. 2a and b) which corresponds to the crystalline
mannitol detected by XRD. The 80/20 IgGl/mannitol

Fig. 2. SEM pictures of IgG1/mannitol (a) 70/30 spray-dried at Ti,/Tou 90/50 °C, (b) 70/30 spray-dried at Ti,/Toy 130/75 °C, (c) 80/20 spray-dried at

Tin/ Touwe 90/50 °C, (d) 80/20 spray-dried at Tin/Tou 130/75 °C.
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formulations did not reveal temperature related differences
in the SEM (Fig. 2c and d). Powders with a mannitol con-
tent of 60-80% showed superior flowability compared to
the powders with 20-30% mannitol with the formulation
60/40 showing the best flowability (Table 4). This might
be due to the crystalline structures on the surface acting
as spacers reducing particle interactions. This might also
explain the better flowability of the 70/30 powder spray-
dried at Ti,/Tou 90/50 °C as compared to spray-dried at
higher temperature or the 80/20 IgG1/mannitol powders.

Via the drying rate, T, can affect the particle shape, the
particle size, and ultimately the aerodynamic properties
[45]. However, the mass mean aerodynamic diameter
(MMAD) of the powder 60/40 IgGl/mannitol was not
affected by the spray-drying temperature (7.2-7.4 um)
(Table 4). With increasing protein content the particle size
decreased. Also the emitted dose which is directly related to
the flowability of the powders is affected as the more cohe-
sive formulation 80/20 IgG1/mannitol revealed the lowest
emitted dose (<70%) (Table 4). For inhalation, the aerody-
namic particle size should range between 2 and 5 pm [1,46]
and to achieve a therapeutic effect, high doses of immuno-
globulin have to be delivered [47]. The overall high
MMAD was reflected in a low fine particle fraction
(FPF) of only 5-10% (Table 4). In order to reduce the
MMAD and to rise the FPF, the atomizing air-flow rate
can be increased, the liquid feed be reduced or the total
solid content of the spray solutions can be lowered [48].
As higher atomizing air-flow rates cause an increase in
air-liquid interface and can foster protein aggregation
[49,50] a lower total solid content was tested. At 2.5% total
solids all powders from 70/30 up to 100/0 IgG1/mannitol
were amorphous, and yield, residual moisture and aggre-
gate level were comparable to that of the 10% total solid
samples. In contrast, the MMAD decreased to an appro-
priate size of 3-4 um [47] and the FPF increased slightly
to 14%. The emitted dose remained unaffected.

3.2. Storage stability of I1gG1/mannitol powders

Besides antibody stabilization during the spray-drying
process, adequate storage stability is of importance. The
powders were pre-treated prior to storage by vacuum-dry-
ing either for 1 day at 32 °C/0.1 mbar (vd1) or for 3 days at

Table 4
Properties of IgG1/mannitol powders 60/40-100/0 spray-dried at Tin/Tout
90/50 °C and 130/75 °C

IgG1/ T/Toww  MMAD Flowability ED  FPF
mannitol (°C) (pum) (%) (%)
60/40 90/50 7.2 6.5 85.0 4.3
130/75 7.4 6.5 85.2 7.3
70/30 90/50 6.1 7.0 78.5 9.1
130/75 6.3 7.5 80.8 9.8
80/20 90/50 5.1 10 69.5 11.0
130/75 5.5 10 66.2 10.1

25°C/200 mbar (vd2) to decrease the residual moisture
content [51,22]. Alternatively, the powders were equili-
brated (eq) for 24 h at controlled elevated humidity condi-
tions of 22 °C/50% RH.

3.2.1. Storage stability of pre-treated IgGl/mannitol
powders

Analysis of the influence of mannitol on the antibody
stability in solution [27] and after spray-drying (see Section
3.1) demonstrated that high amounts of mannitol pro-
moted IgG1 aggregation. The vd1 process resulted in a pro-
nounced increase in aggregates’ levels in 30/70 and 40/60
IgG1/mannitol powders, whereas water removal exerted
only a minor effect on the other spray-dried formulations
(Fig. 3). The moisture content decreased below 1% for all
formulations providing a good basis for improving the
storage stability. The monomer loss was further enhanced
after utilizing vd2 (Fig. 3). The residual moisture varied
between 2% and 5%. Equilibration for 24 h at 50% RH
resulted in 8.1-10.4% water content and 60/40 IgG1/man-
nitol powders formed 3.2% aggregates, whereas the formu-
lations 70/30 and 80/20 stayed below 2% (Fig. 3).
Furthermore, equilibration promoted mannitol crystalliza-
tion especially in the 60% and 70% mannitol-containing
powders as could be shown by XRD. Hageman postulated
that a water content of 6-8% corresponds to a monolayer
covering highly active sorption sites of the protein and that
further hydration induces denaturation [52]. Although the
samples were sealed in aluminium bags, vacuum-dried sam-
ples took up moisture over 52 weeks (vdl: 1.1-2.7%; vd2:
3.2-5.5% for the powders 20/80 — 40/60 and to 7.5-10.3%
for the powders 60/40-100/0 IgGl/mannitol), whereas
the equilibrated samples lost some water (eq: 7.5-9%).

The study demonstrated that the pure antibody formed
5.0% aggregates at 2-8 °C and 10.3% at 25 °C/60% RH,
respectively, after vdl (Table 5). After vd2 the IgGl
showed slightly reduced storage stability at 2-8 °C and
25°C/60% RH. But after vd2 and storage at 40 °C/75%
RH the amount of aggregates was doubled (30.2%) com-
pared to the vdl-treated material. Upon storage the pow-

14
O after sd
12 O after sd and vd1
@ after sd and vd2
2 101 M after sd and eq. at 22°C/50% RH
2 8]
>
g 6
()
g 4
2 4
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Fig. 3. Influence of pre-treatment on the aggregation of IgG1/mannitol
powders 20/80-100/0 spray-dried at Ti,/Toy: of 90/50 °C, ts 10%.
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Table 5

Aggregates (%) in IgG1/mannitol powders after spray-drying at Ti,/Tout
of 90/50 °C and after 52 weeks storage at 2-8 °C, 25 °C/60% RH, and
40 °C/75% RH

IgG1/ Pre- 52 weeks, 52 weeks, 25°C/ 52 weeks,
mannitol  treatment 2-8°C 60% RH 40 °C/75% RH
20/80 vdi 11.9 13.3 18.0

vd2 12.9 21.8 358
30/70 vdl 12.2 11.7 19.6

vd2 11.8 19.5 314
40/60 vdl 8.0 7.7 17.6

vd2 8.7 10.7 27.1
60/40 vdl 1.8 3.6 10.1

vd2 2.9 49 21.4

Equ. 4.4 14.2 28.0
70/30 vdl 1.8 3.1 10.5

vd2 2.9 5.3 22.2

Equ. 3.1 12.8 31.8
80/20 vdl 1.9 2.8 10.0

vd2 1.9 3.5 18.0

Equ. 1.9 9.1 26.1
100/0 vdl 5.0 10.3 15.0

vd2 6.6 12.9 30.2

ders with 60-80% mannitol formed high aggregate levels
which increased with higher storage temperature and
residual moisture. This can be explained by the damage
of the antibody that is already in the spray solutions lead-
ing to further rise in aggregates during storage, which
might be enhanced by the partially crystalline nature of
the mannitol in these powders [34]. Furthermore, water
absorption in the crystalline regions is mainly confined
to the surface [53] and the water uptake in these partially
crystalline powders especially takes place in the amor-
phous phase further enhancing denaturation of the unpro-
tected antibody.

As seen in protein stability in solution and process sta-
bility formulations with a ratio of 60/40-80/20 IgG1/man-
nitol provided superior storage stability (Table 5).
Costantino et al. found a similar effect for recombinant
human growth hormone [54]. The aggregate levels stayed
below 2% after 52 weeks storage at 2-8 °C. Although the
formulations 60/40 and 70/30 revealed mannitol crystallin-
ity — consistent over 52 weeks — they provided similar anti-
body stabilization after vd1 as the completely amorphous
80/20 powder. Upon storage at 25 and 40 °C the amount
of aggregates increased up to about 3% and 10%, respec-
tively, for the powders with 20-40% mannitol due to the
increased storage temperature [12].

After vd2 stability was reduced as compared to samples
pre-treated by vdl as molecular mobility is increased
[55,56]. The amorphous phase of the powder containing
80% IgG1 showed a superior stabilizing potency compared
to the other formulations (Table 5). After 1 year only 1.9%
aggregates were measured at 2-8 °C, 3.5% at 25 °C/60%
RH, and 18.0% at 40 °C/75%. There was only marginal dif-

ference in protein aggregation detectable for the formula-
tions 60/40 and 70/30 IgGl/mannitol. Upon storage at
40 °C none of the powders inhibited aggregate formation
to an acceptable degree.

After 1 year storage at 2-8 °C the aggregate level of the
formulation 80/20 equilibrated at 50% RH was still <2%
despite a water content of 9%. But with increasing storage
temperature the stability was drastically declined. In the
formulations 60/40 and 70/30 IgG1/mannitol, the higher
residual moisture content led to 14.2% and 12.8%, respec-
tively, at 25°C/60% RH and 28.0% and 31.8%, respec-
tively, at 40 °C/75% RH.

3.2.2. Storage stability of powders spray-dried at T;,/T,,, of
130175 °C

As already discussed, higher spray-drying temperatures
promote the formation of amorphous mannitol which is
considered to be beneficial for protein stability [20,50].
However, storage stability of the 70/30 and 80/20 1gG1/
mannitol powders spray-dried at Ti,/T.u of 90/50 at
25°C was not further improved by spray-drying at 130/
75 °C due to the low overall moisture content despite differ-
ences in mannitol crystallinity and residual moisture
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Fig. 4. Comparison of the stability of IgGl/mannitol formulations
70/30 and 80/20 spray-dried at Ti,/Tou: of 90/50 °C and 130/75 °C and
treated by vdl during 52 weeks closed storage at (a) 25 °C/60% RH and
(b) 40 °C/75% RH.
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(Fig. 4a). At 40 °C/75% RH the monomer loss reached 10—
15% after 52 weeks (Fig. 4b). The powders 80/20 1gG1/
mannitol spray-dried at different temperatures were com-
parable. Within the formulations 70/30 the difference
accounted for 3%. The effect might be traced back to the
higher residual moisture of the powder 70/30 IgG1/manni-
tol spray-dried at Ti,/ Ty of 130/75 °C at the beginning of
the storage, but over the course of time the residual mois-
ture converged. Another potential explanation is that the
thermal stress could have damaged the protein during the
process, but did not result in immediate aggregation after
spray-drying [57]. Using spectroscopic techniques the pro-
tein secondary structure can be determined [58,59]. Based
on infrared spectroscopy and circular dichroism, it was
found that the overall secondary protein structure of anti-
bodies is basically not affected [27,28].

3.2.3. Storage stability of IgGlImannitol powders at 25 °C/
30% RH and 25 °Cl60% RH open storage

Vdl proved to be an excellent method to reduce the
moisture content and to improve the storage stability.
However during manufacturing, processes such as filling
the antibody powders would be prone to moisture absorp-
tion. The relative humidity of the environment can typi-
cally be controlled at 30% RH at which the powder
would gain 6-8% moisture as can be seen from the absorp-
tion isotherm recorded with DVS (Fig. 5). Consequently,
powders with 2.5% and 10% total solids prepared at T},/
Toue of 130/75°C were tested for their storage stability
without previous vacuum-drying at higher residual mois-
ture (25 °C/30% RH and 25 °C/60% RH). After 25 weeks
of open storage at 25 °C/30% RH only 3.5-4.5% aggregates
were found in the 70/30 and 80/20 IgG1/mannitol powders
(Fig. 6a). The residual moisture content was adjusted to
5.1-5.3% for the powders 80/20 IgGl/mannitol and to
4.2-4.3% for the formulations 70/30. The latter showed
mannitol crystallization in contrast to 80/20, explaining
the different moisture levels. Nevertheless, protein-stabiliz-
ing efficiency was comparable. At 25 °C/60% RH the resid-
ual moisture content was adjusted to about 10% for all
powders. The 80/20 IgG1/mannitol powders and the 70/
30 spray-dried with 2.5% total solids formed about 15%
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Fig. 5. Water absorption isotherm of the formulation 70/30 IgGl/
mannitol spray-dried at T,/ Ty of 130/75 °C.
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Fig. 6. Comparison of the stability of IgG1/mannitol powders 70/30 and
80/20 spray-dried at Ti,/Tou of 130/75°C with a ts of 2.5% and 10%
during 25 weeks storage at (a) 25 °C/30% RH and (b) 25 °C/60% RH.

aggregates (Fig. 6b). However, the formulation 70/30
spray-dried with 10% total solids revealed slightly higher
aggregation levels of 18%. This difference might be due to
a different course of drying or varying microstructures [31].

3.3. Variations based on the 70/30 IgGlImannitol
Sformulation

The previous storage stability tests revealed that the
IgG1/mannitol powders were effective in stabilizing the
antibody at low residual moisture contents and at moder-
ate storage conditions. But at higher residual moisture level
and open storage at 60% RH the antibody stability is insuf-
ficient, and makes further improvement necessary. Two
approaches were pursued by the addition of a second stabi-
lizer, either enhancing the stability of 70/30 IgG1/mannitol
powder or improving the flowability of 80/20 IgG1/manni-
tol material. Mannitol powders with 30% mannitol dis-
played the tendency to crystallize during spray-drying or
storage which results in reduced stabilizing capabilities.
Mannitol crystallization can be inhibited by the presence
of proteins or other excipients [60]. To ensure long-term
stability the powders should be stored well below their T,
[36]. But amorphous mannitol powders display a very
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low T, and therefore the addition of excipients with a high
T, appears appropriate.

Trehalose being fully amorphous after spray-drying [61]
is suitable, due to its high glass transition temperature of
120 °C in the dry state [62], its good water replacement
character, and its chemical inertness [35]. Its major disad-
vantage is the formation of fused and sticky agglomerates
[57,50], resulting in powders with poor flowability. Another
well-known stabilizing excipient is sucrose, which appears
to be even more effective in inhibiting protein unfolding
than trehalose through excellent water replacement [63].
However, sucrose is rather hygroscopic [57], which can
negatively affect protein stability. As further secondary
excipients lactose, glycine, lactosucrose, and dextran 1 were
utilized. Lactose was an obvious candidate, because it is
usually employed as a carrier for preparing powder blends
with micronized drugs for inhalation [64] and was applied
as stabilizing spray-drying excipient [19,65]. However, at
relative humidities >17%, moisture uptake can lead to lac-
tose crystallization [66] and lactose is as a reducing sugar
and can therefore induce protein glycation [19,63,64]. Gly-
cine was chosen as second excipient, since it protected
rhIL-11 in combination with trehalose during spray-drying
and storage [50] and in combination with mannitol stabi-
lized lyophilized human growth hormone [67]. Another
promising excipient is lactosucrose, a non-reducing trisac-
charide, built of fructose, glucose, and galactose. It was
first applied by Fuhrherr for the spray-drying and showed
promising protein stabilization at IgG concentrations of
10% [38]. Dextran 1 was applied due to reported stabilizing
effects of [38,68,69].

3.3.1. Physicochemical characteristics of variations based on
the 70/30 1gG1/mannitol

The effect of a second major excipient on the different
powder characteristics such as yield, glass transition tem-
perature, protein stability, and residual moisture is summa-
rized in Table 6. Overall, the recovery was in the range of
75-80% and for only a few preparations below 70%. All for-
mulations prevented antibody aggregation during spray-
drying. Only the lactosucrose formulations were slightly less
effective in stabilizing the protein during the process. All
powders apart from the glycine formulations were amor-
phous and T, values were detectable with standard DSC.
The X-ray reflections of IgGl/mannitol/glycine formula-
tions indicated the presence of stable y-glycine and §-man-
nitol for the ratios 70/20/10 and 70/25/5 [70]. The powder
70/15/15 revealed reflections of y-glycine. But a high
amount of amorphous phase existed, since T, values were
measurable for the glycine formulations. The partially crys-
talline structure of the glycine powders was associated with
a slightly lower residual moisture level (4.2-5.0%) as com-
pared to the other powders. The residual moisture of the
remaining powders ranged from 5.0% to 6.5%. Addition
of a second excipient caused a significant increase of the
T,. Apart from the glycine powder 70/25/5 with a T, of
14.2 °C, which correlates approximately with the 7, values
of the IgG1/mannitol powders, the 7, ranged from 35.2 to
61.0 °C. Typically, the T, increased with an increasing
amount of second excipient. Furthermore, the ratio of man-
nitol to second excipient and the residual moisture level
influenced the T,. Interestingly, the exchange of trehalose
against sucrose induced an increase in the T, by 4-10 °C

Table 6
Characteristics of IgG1/mannitol/second excipient powders spray-dried at Ti,/Tou of 130/75°, 10% ts (nd, not determinable)
IgGl/mannitol/  Ratio Yield (%) T, (°C) Residual moisture (%)  Aggregates (o) MMAD (um) Flowability ED (%) FPF (%)
- 70/30/0 80.0 nd 5.6 1.0 6.3 7.5 80.8 10.1
Trehalose 70/15/15  78.0 40.7 5.6 1.2 5.0 11 64.0 11.4
70/20/10  78.0 35.2 5.8 1.1 5.8 10 82.8 12.2
70/25/5 71.0 36.4 6.5 1.4 5.1 10 74.2 11.7
Sucrose 70/15/15  64.0 50.3 5.3 1.0 4.2 9 65.5 11.9
70/20/10  74.0 41.5 5.5 1.2 4.4 8 61.6 15.8
70/25/5 76.0 39.1 5.6 1.0 5.5 8 89.6 12.8
Lactose 70/15/15  80.0 55.9 6.4 1.0 5.2 9 51.6 12.5
70/20/10  82.0 54.6 5.7 1.3 4.7 8 70.4 10.2
70/25/5 78.0 48.6 5.3 1.0 4.6 8 76.6 11.1
Glycine 70/15/15  66.0 53.8 5.0 1.3 5.2 7 84.1 12.2
70/20/10  64.0 39.3 4.2 1.2 6.5 6.5 95.0 13.4
70/25/5 65.0 14.1 4.8 1.2 6.3 6.5 86.4 14.6
Lactosucrose 70/15/15  70.0 61.0 5.1 1.6 49 8 71.0 14.2
70/20/10  74.0 54.2 5.9 1.5 5.1 8 72.9 13.5
70/25/5 76.0 50.4 5.5 1.6 5.9 7 86.6 13.7
Dextran 1 70/15/15  76.0 62.4 5.3 1.1 5.2 7 74.7 14.4
70/20/10  82.0 58.6 5.8 1.3 6.5 7 69.7 13.1
70/25/5 89.0 41.0 5.1 1.1 6.3 7 85.9 10.9
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for the ratios 70/15/15 and 70/20/10 IgGl/mannitol/
sucrose. Fitzner observed an increase in 7, with the
exchange of trehalose against sucrose in protein formula-
tions as well [50]. At first sight, trehalose powders were sup-
posed to provide a higher 7, than sucrose due to a higher 7,
of the pure amorphous substance. As the T, correlates
reciprocally with the residual moisture, difference in the
T, might be attributed to the lower moisture level of the
sucrose powders compared to the trehalose powders. The
different powders with trehalose, sucrose, glycine, lactosu-
crose, and dextran 1 revealed all a moisture uptake of 7-
8% upon exposure to about 40% RH in DVS. Upon expo-
sure to 50-70% RH, the investigated powders showed a
weight loss indicating mannitol crystallization. Fig. 7 shows
the DVS isotherm of IgG1/mannitol/trehalose formulation
70/20/10 as an example. The powders absorbed about 13%
water upon increasing to 60% RH and at 70% RH showed a
distinct weight loss indicating mannitol crystallization [66].
Crystallization was confirmed by XRD recorded at different
relative humidities. The water absorption isotherm of the
IgG1/mannitol/sucrose formulation 70/20/10 revealed as
well a moisture uptake with increasing relative humidity.
At approximately 50% RH crystallization occurred which
was confirmed by XRD. As already supposed the glycine
powders contained a large portion of amorphous phase,
despite crystalline reflections as shown by XRD. The amor-
phous phase could be detected by DVS which recorded
weight loss reflecting crystallization upon exposure to 60%
RH.

Microscopy of the spray-dried powders revealed, apart
from the glycine-containing formulations, smooth particle
surfaces. In agreement to the literature, during the drying
process the particles underwent indentation and received
a donut-shaped appearance [50,38,21]. The MMAD of
the powders ranged from 4.2 to 6.5 pm, except for a larger
MMAD found for the dextran- and glycine-containing
powders (Table 6). These differences might be due to parti-
cle shape, agglomerates, and different acrodynamic behav-
iour. Overall, the diameter appeared to tend towards
slightly smaller values than that of the IgG1/mannitol for-
mulation 70/30 (6.3 um). The emitted dose was overall sim-
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Fig. 7. Absorption isotherm of IgG1/mannitol/trehalose powder 70/20/10
spray-dried at 130/75 °C.

ilar with 70-90%. Only formulations with poor flowability
comprising sucrose, trehalose, and lactose, revealed an
emitted dose of below 70%. The fine particle fraction of
the second excipient-containing powders ranged from
10% to 16%, which was slightly better than that of the
IgG1/mannitol powder 70/30, but should be further
increased by the reduction of the total solid. The flowabil-
ity of the powders lies within a narrow range, but differ-
ences were noticeable. The glycine- and dextran 1-
containing powders exhibited a slightly improved flowabil-
ity. In contrast, sucrose, trehalose, and lactose powders
showed worse flowability related to the formation of sticky
and cohesive aggregates.

3.3.2. Storage stability of antibody 1/mannitol/second
excipient powders based on the 70/30 1gG1/mannitol

Our goal was to preserve the good flowability and to
improve the storage stability of the formulation 70/30
IgG1/mannitol. Consequently, the effect of the added sec-
ond excipient on storage stability was tested. Vd1 reduced
the residual moisture to about 1.8-3% which was higher
than that for the IgGl/mannitol powders. After storage
for 52 weeks at 2-8 °C, no significant differences in aggre-
gation were found for the different powders (Table 7), as
crystallization was prevented and the storage temperature
was below T,. Storage at 25°C/60% RH and at 40 °C/
75% RH revealed strong variation in the stabilizing effi-
ciency of the second excipients. Dextran 1 provided the
least protein stability and exerted a clear destabilizing
effect at 40 °C storage. Fuhrherr already mentioned that
dextran 1 amount <40% (m/m) failed to prevent protein
aggregation, because it is less effective in hydrogen bond-
ing [38]. The lactose powders revealed as well poor stabil-
ity at 40°C. Moreover, they displayed a brown
discoloration indicating Maillard reactions [54]. Insuffi-
cient stabilization was also provided by lactosucrose. Up
to 20% aggregates after 52 weeks at 40 °C/75% RH were
measured. Fuhrherr found stabilization at low antibody
levels by lactosucrose, but with a higher protein content
the amount of aggregates also increased [38]. In contrast,
formulations with glycine showed better stability at 40 °C,
although the powder contained already crystalline glycine
and mannitol structures after spray-drying. The amount
of aggregates was slightly lower than the amount of
aggregates formed in the IgGl/mannitol powder 70/30
(13.7%). The most stable protein formulations were
achieved by the addition of sucrose and trehalose. Espe-
cially the powders 70/20/10, 70/25/5 IgG1/mannitol/tre-
halose, and 70/15/15 IgGl/mannitol/sucrose enhanced
the IgGl stability at 40 °C compared to the formulation
70/30. The stabilizing effect seems not to be related to a
high T,, since the storage temperature was close to T,
and other excipients like dextran 1 provided higher T,
values. Therefore, the differences in protein stabilization
can be rather ascribed to distinct interactions of the
IgG1 with the excipients by water replacement, which is
provided best by trehalose and sucrose.
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Table 7

Aggregates (%) in IgG1/mannitol/second excipient powders spray-dried at T},/ T4y of 130/75 °C and pre-treated by vd1 after 52 weeks closed storage at
2-8°C, 25 °C/60% RH, and 40 °C/75% RH and after 25 weeks open storage at 25 °C/30% and 60% RH

IgG1/mannitol/ Ratio 2-8°C 25°C/30% RH 25°C/60% RH 25°C/60% RH 40 °C/75% RH
- 70/30/0 1.9 4.5 18.0 32 13.7
Trehalose 70/15/15 1.7 2.6 7.7 3.1 10.5
70/20/10 1.7 3.1 8.2 2.4 7.8
70/25/5 2.0 3.6 11.6 2.8 8.0
Sucrose 70/15/15 1.8 2.8 6.5 2.6 8.8
70/20/10 1.8 3.0 10.9 2.6 11.1
70/25/5 1.8 3.3 10.7 2.7 10.2
Lactose 70/15/15 1.8 5.1 28.5 3.1 29.8
70/20/10 2.1 8.0 30.8 2.9 45.0
70/25/5 2.0 9.5 30.0 3.0 59.2
Glycine 70/15/15 2.0 4.3 16.1 3.0 10.5
70/20/10 1.8 3.8 15.6 2.7 9.0
70/25/5 1.7 3.5 15.0 2.8 7.3
Lactosucrose 70/15/15 1.8 3.2 21.6 3.0 31.3
70/20/10 2.1 3.8 22.0 32 28.2
70/25/5 2.0 4.4 20.6 3.1 27.5
Dextran 1 70/15/15 1.9 9.0 55.3 3.7 48.8
70/20/10 1.8 4.6 45.5 3.6 47.5
70/25/5 2.0 6.7 37.3 3.5 45.2

Upon open storage at 25 °C/30% all antibody formula-
tions comprising a secondary compound showed crystalli-
zation of mannitol within 15 weeks. Crystallization was
detected for the formulations 70/20/10, 70/25/5 IgG1/man-
nitol/sucrose, and trehalose as well as for dextran- and gly-
cine-containing formulations. The lactose and lactosucrose
containing powders remained amorphous. The residual
moisture levels of all powders were comparable (4.0-5.5%
after 25 weeks). The aggregate levels remained below 4%
for all formulations apart from the powders 70/15/15
IgG1/mannitol/glycine and 70/25/5 IgGl/mannitol/lac-
tosucrose, and the dextran 1-containing powders (Table
7). In comparison, the IgGl/mannitol 70/30 powder
showed a monomer loss of 4.5%. The ratios 70/15/15
IgG1/mannitol/sucrose and trehalose provided the best
stability with less than 3% aggregates. Both remained
amorphous upon storage over 15 weeks. Although lactose-
and lactosucrose-containing powders did not reveal manni-
tol crystallization, they did not provide an improved stabil-
ity. As some of the trehalose- and sucrose-containing
formulations showed mannitol crystallization during stor-
age, but a better stability than lactose, lactosucrose, gly-
cine, and dextranl, the results again point to water
replacement as the reason for enhanced protein stability.

At 60% RH the dextran 1- and lactose-containing pow-
ders failed to stabilize the antibody and about 20-55%
aggregates were formed, corresponding to the results after
storage at 40 °C/75% RH (Table 7). Both excipients led to
a brown discoloration of the powders upon 25 weeks stor-
age. In contrast, sucrose- and trehalose-containing pow-
ders provided superior inhibition of IgGl aggregation
and only 6.5-11.6% aggregates were measured. At 60%
RH all powders showed mannitol crystallization. The

improved stability consequently seems to derive mostly
from good water replacement provided by sucrose and tre-
halose. This is supported by the fact that the stability
decreased from formulations with 15% sucrose or trehalose
to powders with only 5%. Thus, the formulations 70/20/10
IgG1/mannitol/trehalose and 70/15/15 IgGl/mannitol/
sucrose provided the best storage stability during 52 weeks
at 40 °C/75% RH. But these sucrose- and trehalose-con-
taining powders revealed worse flowability compared to
the glycine- and dextran 1-containing powders.

3.4. Variations based on the 80/20 IgGlImannitol
Sformulation

The second approach to achieve the optimal formula-
tion with both adequate stability and good flow properties
was to improve the flowability based on the formulation
80/20 IgGl/mannitol by the addition of a hydrophobic
amino acid. Amino acids are well known as excipients in
protein formulations for providing additional stability in
the liquid and the solid state [71]. The addition of amino
acids such as leucine as a carrier material has been proven
to ameliorate flowability and aerodynamic performance of
a salbutamol sulphate-containing dry powder [72], which
can be attributed to the hydrophobic alkyl side chain of
leucine. The improvement of the aerodynamic properties
upon the addition of leucine is also reflected by a change
in the particle morphology [73,74]. In our group, isoleucine
as similar hydrophobic amino acid has shown a significant
improvement of the powder flowability of 10% protein con-
taining formulations [38]. Consequently, an isoleucine con-
tent of 6.6-10% was added to the 80/20 IgG1l/mannitol
formulation and the solutions were spray-dried with a total
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solid content of 10% at Ti,/Toy of 130/75 °C. The 80/20-
based powders exhibited a yield in the range of 70-80%
with a residual moisture of approx. 5%, respectively. The
addition of isoleucine had a positive effect on the glass tran-
sition temperature which increased from about 18 °C to
over 45 °C. This suggests that the protein stability espe-
cially during storage might be improved. The process sta-
bility of the antibody 1 was not affected by the addition
of isoleucine. Isoleucine provided a significant improve-
ment of the aerodynamic parameters. Emitted dose and
fine particle fraction increased to approximately 90% and
20%, respectively. The effect arises from the surface enrich-
ment of the hydrophobic amino acid and the change of the
particle morphology [38]. Furthermore, the flowability was
significantly improved for the isoleucine-containing pow-
ders from 10 to 6. Powders with 80% antibody and 20%
mannitol showed spherical, donut-like morphology with a
smooth surface. In contrast, the formulations 80/13.3/6.6
and 80/10/10 IgG1/mannitol/isoleucine displayed spherical
and donut-shaped particles with structured surfaces. Iso-
leucine did neither positively nor negatively affect the anti-
body stability during storage at 30% RH for 25 weeks
(Fig. 8). Considering the 25 weeks storage at 60% RH, iso-
leucine provided even improved IgG1 stability compared to
the pure mannitol powder. In contrast to the formulation
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formulations 80/13.3/6.6 spray-dried at Ti,/Toy of 130/75°C during
25 weeks storage at 25 °C/60%.

80/20 1gG1/mannitol, which formed crystalline mannitol,
the isoleucine-containing powders remained amorphous
over the storage time at 60% RH.

Overall, the addition of isoleucine was suitable to
improve the aerodynamic and the flow properties of the
formulation 80/20 IgG1/mannitol and provided addition-
ally enhanced antibody stability. For a better understand-
ing of the reason for the superior stability, the
formulations 80/13.3/6.6 IgG1/mannitol/glycine or treha-
lose were spray-dried. The trehalose-containing formula-
tions formed cohesive and sticky powder particles with
low yield. In contrast, spray-drying of glycine-containing
formulations led to a yield of 74%. The residual moisture
level was 5.5% and 6.1%, respectively and both formula-
tions stabilized the antibody during the process with only
1.4% aggregates formed. During storage at 25 °C/30%
RH no differences in the stabilizing potency between the
three formulations became apparent. Upon storage at
25°C/60% RH, the addition of glycine did not improve
the storage stability compared to the pure mannitol formu-
lation (Fig. 9). In contrast, the addition of trehalose or iso-
leucine turned out to be beneficial since the aggregate
formation was only approx. 10% after 25 weeks. The man-
nitol crystallization was suppressed in all three powders.
Despite maintaining an amorphous matrix, glycine could
not provide improved stability compared to the formula-
tion 80/20 IgG1/mannitol. Consequently, stabilization by
water replacement is the major mechanism which is best
provided by trehalose. But also isoleucine seems to provide
a beneficial interaction with the protein and additionally
results in strongly improved flow properties.

4. Conclusions

In conclusion, the reduction of the residual moisture
content in IgG1/mannitol formulations by vacuum-drying
at 32 °C/0.1 mbar provided an excellent method to signifi-
cantly increase the storage stability of spray-dried powders
[51]. Especially the formulations 60/40, 70/30 and 80/20
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IgG1/mannitol showed a very good inhibition of aggregate
formation upon storage for 52 weeks at 2-8 °C and 25 °C
based on aggregate formation analyzed by SEC. Overall,
the stability of the antibody compositions depended
strongly on the residual moisture, the storage temperature,
and the relative humidity, which influenced the protein sta-
bility by changing the molecular mobility of the system
[56]. With higher mannitol content, the flowability of the
powders improved markedly. Adequate particle size for
inhalation can be achieved with 2.5% total solid in the
spray solution. Excipient combinations can provide an
additional improvement in stability and flow properties
and indicated that water replacement is a major factor in
protein stabilization compared to storage below T,. Treha-
lose and sucrose proved to be very efficient. Isoleucin pre-
sents a very good alternative as additional excipient for
combinations as it significantly improves aerodynamic
and flow properties but it also leads to antibody
stabilization.

Acknowledgments

The authors gratefully acknowledge financial support
for S.S. by Boehringer Ingelheim Pharma GmbH & Co.
KG. At BI Pharma Stefan Bassarab is thanked for his
ongoing support and interest and Beate Fischer for techni-
cal support. The MDSC measurements were performed at
the Department of Pharmaceutics at the University of
Erlangen, Germany, and the humidity and temperature
controlled X-ray analysis at the Department of Pharma-
ceutics at the University of Bonn.

References

[1] C. Bosquillon, V. Preat, R. Vanbever, Pulmonary delivery of growth
hormone using dry powders and visualization of its local fate in rats,
Journal of Controlled Release 96 (2) (2004) 233-244.

[2] J.S. Patton, R.M. Platz, Pulmonary delivery of peptides and proteins
for systemic action, Advanced Drug Delivery Reviews 8 (1992)
179-196.

[3] D.A. Wall, Pulmonary absorption of peptides and proteins, Drug
Delivery 2 (1) (1995) 1-20.

[4] H. Okamoto, H. Todo, K. lida, K. Danjo, Dry powders for
pulmonary delivery of peptides and proteins, Kona 20 (2002) 71-83.

[5] D. Cipolla, I. Gonda, S.J. Shire, Characterization of aerosols of
human recombinant deoxyribonuclease I (rhDNase) generated by jet
nebulizers, Pharmaceutical Research 11 (4) (1994) 491-498.

[6] A. Adjei, J. Garren, Pulmonary delivery of peptide drugs: effect of
particle size on bioavailability of leuprolide acetate in healthy male
volunteers, Pharmaceutical Research 7 (6) (1990) 565-569.

[7] H.K. Chan, A. Clark, I. Gonda, M. Mumenthaler, C.C. Hsu, Spray
dried powders and powder blends of recombinant human deoxyri-
bonuclease (rhDNase) for aerosol delivery, Pharmaceutical Research
14 (4) (1997) 431-497.

[8] P. Lucas, K. Anderson, J.N. Staniforth, Protein deposition from dry
powder inhalers: fine particle multiplets as performance modifiers,
Pharmaceutical Research 15 (4) (1998) 562-569.

[9] S.U. Sane, R. Wong, C.C. Hsu, Raman spectroscopic characteriza-
tion of drying-induced structural changes in a therapeutic antibody:
correlating structural changes with long-term stability, Journal of
Pharmaceutical Sciences 93 (4) (2004) 1005-1018.

[10] H.-Ch. Mahler, R. Miiller, W. Frief, A. Delille, S. Matheus,
Induction and analysis of aggregates in a liquid IgGl-antibody
formulation, European Journal of Pharmaceutics and Biopharma-
ceutics 59 (3) (2005) 407-417.

[11] J.S. Patton, Mechanisms of macromolecule absorption by the lungs,
Advanced Drug Delivery Reviews 19 (1) (1996) 3-36.

[12] W. Wang, Lyophilization and development of solid protein pharma-
ceuticals, International Journal of Pharmaceutics 203 (1-2) (2000) 1-
60.

[13] A. Namaldi, P. Calik, Y. Uludag, Effects of spray drying temperature
and additives on the stability of serine alkaline protease powders,
Drying Technology 24 (11) (2006) 1495-1500.

[14] G.S. Mack, Pfizer dumps Exubera, Nature Biotechnology 25 (2007)
1331-1332.

[15]1Y. You, M. Zhao, G. Liu, X. Tang, Physical characteristics and
aerosolization performance of insulin dry powders for inhalation
prepared by a spray drying method, Journal of Pharmacy and
Pharmacology 59 (7) (2007) 927-934.

[16] L. Li, A.M. Das, T.J. Torphy, D.E. Griswold, What’s in the pipeline?
Prospects for monoclonal antibodies (mAbs) as therapies for lung
diseases, Pulmonary Pharmacology & Therapeutics 15 (5) (2002) 409—
416.

[17] R. Louis, Anti-IgE: a significant breakthrough in the treatment of
airway allergic diseases, Allergy 59 (7) (2004) 689-700.

[18] L.G. Presta, S.J. Lahr, R.L. Shields, J.P. Porter, C.M. Gorman, B.M.
Fendly, P.M. Jardieu, Humanization of an antibody directed against
IgE, Journal of Immunology 151 (5) (1993) 2623-2632.

[19] J.D. Andya, Y.F. Maa, H. R Costantino, P.A. Nguyen, N. Dasovich,
T.D. Sweeney, C.C. Hsu, S.J. Shire, The effect of formulation
excipients on protein stability and aerosol performance of spray-dried
powders of a recombinant humanized anti-IgE monoclonal antibody,
Pharmaceutical Research 16 (3) (1999) 350-358.

[20] H.R. Costantino, J.D. Andya, P.A. Nguyen, N. Dasovich, T.D.
Sweeney, S.J. Shire, C.C. Hsu, Y.F. Maa, Effect of mannitol
crystallization on the stability and aerosol performance of a spray-
dried pharmaceutical protein, recombinant humanized anti-IgE
monoclonal antibody, Journal of Pharmaceutical Sciences 87 (11)
(1998) 1406-1411.

[21] Y.F. Maa, P.A. Nguyen, K. Sit, C.C. Hsu, Spray-drying performance
of a bench-top spray dryer for protein aerosol powder preparation,
Biotechnology and Bioengineering 60 (3) (1998) 301-309.

[22] Y.F. Maa, P.A. Nguyen, J.D. Andya, N. Dasovich, T.D. Sweeney,
S.J. Shire, C.C. Hsu, Effect of spray drying and subsequent processing
conditions on residual moisture content and physical/biochemical
stability of protein inhalation powders, Pharmaceutical Research 15
(5) (1998) 768-775.

[23] Y.F. Maa, H.R. Costantino, P.A. Nguyen, C.C. Hsu, The effect of
operating and formulation variables on the morphology of spray-
dried protein particles, Pharmaceutical Development and Technology
2 (3) (1997) 213-223.

[24] J.V. Fahy, D.W. Cockcroft, L.P. Boulet, H.-H. Wong, F. Deschesnes,
E.E. Davis, J. Ruppel, J.Q. Su, D.C. Adelman, Effect of aerosolized
anti-IgE (E25) on airway responses to inhaled allergen in asthmatic
subjects, American Journal of Respiratory and Critical Care Medi-
cine 160 (3) (1999) 1023-1027.

[25]J. Broadhead, S.K.E. Rouan, I. Hau, C.T. Rhodes, The effect of
process and formulation variables on the properties of spray-dried b-
galactosidase, Journal of Pharmacy and Pharmacology 46 (6) (1994)
458-467.

[26] B.S. Chang, R.M. Beauvais, A. Dong, J.F. Carpenter, Physical
factors affecting the storage stability of freeze-dried interleukin-1
receptor antagonist: glass transition and protein conformation,
Archives of Biochemistry and Biophysics 331 (2) (1996) 249-
258.

[27]1 S. Schiile, T. Schultz-Fademrecht, S. Bassarab, K. Bechtold-Peters,
W. Friess, G. Garidel, Determination of the secondary protein
structure of IgG1 antibody formulations for spray drying, Respira-
tory Drug Delivery IX 2 (2004) 377-380.



806 S. Schiile et al. | European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 793-807

[28] S. Schiile, T. Schultz-Fademrecht, S. Bassarab, K. Bechtold-Peters,
W. Friess, P. Garidel, Spray drying of IgG1 protein formulations: a
CD and FTIR investigation with respect to protein secondary
structure, RDD Europe 1 (2005) 185-188.

[29] S. Zimontkowski, P. Garidel, T. Schultz-Fademrecht, K. Bechtold-
Peters, S. Bassarab, K.-J. Steffens, Dispersion characteristics of spray
dried protein powder formulations assessed by laser diffraction and
SEM, RDD Europe 1 (2005) 273-276.

[30] M. Maury, K. Murphy, S. Kumar, L. Shi, G. Lee, Effects of process
variables on the powder yield of spray-dried trehalose on a laboratory
spray-dryer, European Journal of Pharmaceutics and Biopharmaceu-
tics 59 (3) (2005) 565-573.

[31] H.K. Chan, A.R. Clark, J.C. Feeley, M.C. Kuo, S.R. Lehrman, K.
Pikal-Cleland, D.P. Miller, R. Vehring, D. Lechuga-Ballesteros,
Physical stability of salmon calcitonin spray-dried powders for
inhalation, Journal of Pharmaceutical Sciences 93 (3) (2004) 792—
804.

[32] L.N. Bell, M.J. Hageman, L.M. Muraoka, Thermally induced
denaturation of lyophilized bovine somatotropin and lysozyme as
impacted by moisture and excipients, Journal of Pharmaceutical
Sciences 84 (6) (1995) 707-712.

[33] A. Kim, M. Akers, S. Nail, The physical state of mannitol after
freeze-drying: effect of mannitol concentration freezing rate and a
noncrystallizing cosolute, Journal of Pharmaceutical Sciences 87
(1998) 931-935.

[34] R.H.M. Hatley, J.A. Blair, Stabilization and delivery of labile
materials by amorphous carbohydrates and their derivatives,
Journal of Molecular Catalysis B: Enzymatic 7 (1-4) (1999) 11—
19.

[35] M. Maury, Aggregation and Structural Changes in Spray Dried
Immunoglobulins. Ph.D. Thesis, Friedrich-Alexander University,
Erlangen, Germany, 2005.

[36] E.D. Breen, J.G. Curley, D.E. Overcashier, C.C. Hsu, S.J. Shire,
Effect of moisture on the stability of a lyophilized humanized
monoclonal antibody formulation, Pharmaceutical Research 18 (9)
(2001) 1345-1353.

[37] E. Verdonck, K. Schaap, L.C. Thomas, A discussion of the principles
and applications of modulated temperature DSC (MTDSC), Inter-
national Journal of Pharmaceutics 192 (1) (1999) 3-20.

[38] R. Fuhrherr, Spray-dried antibody powders for pulmonary applica-
tion. Ph.D. Thesis, Ludwig-Maximilian University, Munich, Ger-
many, 2005.

[39] P. Labrude, M. Rasolomanana, C. Vigneron, C. Thirion, B. Chaillot,
Protective effect of sucrose in spray drying of oxyhemoglobin, Journal
of Pharmaceutical Sciences 78 (3) (1989) 223-229.

[40] K. Stahl, M. Claesson, P. Lillichorn, H. Linden, K. Backstrom, The
effect of process variables on the degradation and physical properties
of spray dried insulin intended for inhalation, International Journal
of Pharmaceutics 233 (1-2) (2002) 227-237.

[41] Y.F. Maa, S.J. Prestrelski, Biopharmaceutical powders: particle
formation and formulation considerations, Current Pharmaceutical
Biotechnology 1 (3) (2000) 283-302.

[42] L. Kreilgaard, S. Frokjaer, J.M. Flink, T.W. Randolph, J.F.
Carpenter, Effects of additives on the stability of recombinant
human factor XIII during freeze-drying and storage in the dried
solid, Archives of Biochemistry and Biophysics 360 (1) (1998) 121—
134.

[43] E. Cornicchi, G. Onori, A. Paciaroni, Picosecond-time-scale fluctu-
ations of proteins in glassy matrices: the role of viscosity, Physical
Review Letters 95 (15) (2005) 1-4.

[44] A. Paciaroni, S. Cinelli, E. Cornicchi, A. De Francesco, G. Onori,
Fast fluctuations in protein powders: the role of hydration, Chemical
Physics Letters 410 (4-6) (2005) 400—403.

[45] D.E. Walton, The morphology of spray-dried particles a qualitative
view, Drying Technology 18 (2000) 1943-1986.

[46] J. Broadhead, S.K.E. Rouan, C.T. Rhodes, The spray drying of
pharmaceuticals, Drug Development and Industrial Pharmacy 18
(11-12) (1992) 1169-1206.

[47] D.A. Edwards, A. Ben-Jebria, R. Langer, Recent advances in
pulmonary drug delivery using large, porous inhaled particles,
Journal of Applied Physiology 85 (2) (1998) 379-385.

[48] G. Lee, Spray-drying of proteins, Pharmaceutical Biotechnology 13
(2002) 135-158.

[49] Y.F. Maa, C.C. Hsu, Protein denaturation by combined effect of
shear and air-liquid interface, Biotechnology and Bioengineering 54
(6) (1997) 503-512.

[50] M. Fitzner, Chemical and Physicochemical Stability of Spray-dried
rhIL-11 Formulations. Ph.D. Thesis, Friedrich-Alexander University,
Erlangen, Germany, 2003.

[51] K. Bechtold-Peters, W. Friess, S. Schiile, S. Bassarab, P. Garidel, T.
Schulz-Fademrecht, Spray-dried amorphous powder with a low
residual moisture and excellent storage stability, PCT International
Application, 2005, 2004-EP9333.

[52] M.J. Hageman, The role of moisture in protein stability, Drug
Development and Industrial Pharmacy 14 (14) (1988) 2047-2070.

[53] C. Ahlneck, G. Zografi, The molecular basis of moisture effects on the
physical and chemical stability of drugs in the solid state, Interna-
tional Journal of Pharmaceutics 62 (2-3) (1990) 87-95.

[54] H.R. Costantino, K.G. Carrasquillo, R.A. Cordero, M. Mumenthal-
er, C.C. Hsu, K. Griebenow, Effect of excipients on the stability and
structure of lyophilized recombinant human growth hormone, Jour-
nal of Pharmaceutical Sciences 87 (11) (1998) 1412-1420.

[55] M.C. Lai, E.M. Topp, Solid-state chemical stability of proteins and
peptides, Journal of Pharmaceutical Sciences 88 (5) (1999) 489-500.

[56] S. Yoshioka, Y. Aso, S. Kojima, Dependence of the molecular
mobility and protein stability of freeze-dried y-globulin formulations
on the molecular weight of dextran, Pharmaceutical Research 14 (6)
(1997) 736-741.

[57] M. Adler, G. Lee, Stability and surface activity of lactate dehydro-
genase in spray-dried trehalose, Journal of Pharmaceutical Sciences
88 (2) (1999) 199-208.

[58] P. Garidel, H. Schott, Fourier-transform midinfrared spectroscopy
for analysis and screening of liquid protein formulations. Part 1:
Understanding infrared spectroscopy of proteins, BioProcess Inter-
national 4 (5) (2006) 40-46.

[59] P. Garidel, H. Schott, Fourier-transform midinfrared spectroscopy
for analysis and screening of liquid protein formulations. Part 2:
Detailed analysis and applications, BioProcess International 4 (6)
(2006) 48-55.

[60] J.L. Cleland, X. Lam, B. Kendric, J. Yang, T.H. Yang, D.E.
Overcashier, D. Brooks, C.C. Hsu, J.F. Carpenter, A specific molar
ratio of stabilizer to protein is required for storage stability of a
lyophilized monoclonal antibody, Journal of Pharmaceutical Science
90 (3) (2002) 310-321.

[61] T. Higashiyama, Novel functions and applications of trehalose, Pure
and Applied Chemistry 74 (7) (2002) 1263-1269.

[62] V. Naini, P.R. Byron, E.M. Phillips, Physicochemical stability of
crystalline sugars and their spray-dried forms: dependence upon
relative humidity and suitability for use in powder inhalers, Drug
Development and Industrial Pharmacy 24 (10) (1998) 895-909.

[63] J.F. Carpenter, M.J. Pikal, B.S. Chang, T.W. Randolph, Rational
design of stable lyophilized protein formulations: some practical
advice, Pharmaceutical Research 14 (8) (1997) 969-975.

[64] C.A. Dunbar, A.J. Hickey, P. Holzner, Dispersion and characteriza-
tion of pharmaceutical dry powder aerosols, Kona 16 (1998) 7-45.

[65] H.K. Chan, I. Gonda, Solid state characterization of spray-dried
powders of recombinant human deoxyribonuclease (RhDNase),
Journal of Pharmaceutical Sciences 87 (5) (1998) 647-654.

[66] R.T. Forbes, K.G. Davis, M. Hindle, J.G. Clarke, J. Maas, Water
vapor sorption studies on the physical stability of a series of spray-
dried protein/sugar powders for inhalation, Journal of Pharmaceu-
tical Sciences 87 (11) (1998) 1316-1321.

[67] M.J. Pikal, K.M. Dellerman, M.I. Roy, R.M. Riggin, The
effects of formulation variables on the stability of freeze-dried
human growth hormone, Pharmaceutical Research 8 (4) (1991)
427-436.



S. Schiile et al. | European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 793-807 807

[68] T.J. Anchordoquy, K.I. Izutsu, T.W. Randolph, J.F. Carpenter,
Maintenance of quaternary structure in the frozen state stabilizes
lactate dehydrogenase during freeze-drying, Archives of Biochemistry
and Biophysics 390 (1) (2001) 35-41.

[69] Y.H. Liao, M.B. Brown, T. Nazir, A. Quader, G.P. Martin, Effects of
sucrose and trehalose on the preservation of the native structure of
spray-dried lysozyme, Pharmaceutical Research 19 (12) (2002) 1847—
1853.

[70] L. Yu, K. Ng, Glycine crystallization during spray drying: the pH
effect on salt and polymorphic forms, Journal of Pharmaceutical
Sciences 91 (11) (2002) 2367-2375.

[71] M. Mattern, G. Winter, U. Kohnert, G. Lee, Formulation of proteins
in vacuum-dried glasses. II. Process and storage stability in sugar-free

amino acid systems, Pharmaceutical Development and Technology 4
(2) (1999) 199-208.

[72] P. Lucas, K. Anderson, U.J. Potter, J.N. Staniforth, Enhancement of
small particle size dry powder aerosol formulations using an ultra low
density additive, Pharmaceutical Research 16 (10) (1999) 1643-1647.

[73] A.R. Najafabadi, K. Gilani, M. Barghi, M. Rafiee-Tehrani, The effect
of vehicle on physical properties and aerosolization behaviour of
disodium chromoglycate microparticles spray dried alone or with L-
leucine, International Journal of Pharmaceutics 285 (1-2) (2004) 97—
108.

[74] L. Xiong, J. Zhu, Preparation and pharmaceutical properties of
salmon calcitonin dry powder inhalations, Acta Pharmaceutica Sinica
38 (3) (2003) 218-222.



	Stabilization of IgG1 in spray-dried powders for inhalation
	Introduction
	Materials and methods
	Materials
	Methods
	Preparation of solutions for spray-drying
	Spray-drying
	Vacuum-drying
	Size exclusion high-performance liquid chromatography (SE-HPLC)
	Differential scanning calorimetry (DSC)
	Modulated differential scanning calorimetry (MDSC)
	Scanning electron microscopy (SEM)
	X-ray powder diffraction (XRD)
	Time-of-flight measurement (TOF) measurements
	Andersen Cascade Impactor (ACI) analysis
	Dynamic vapour sorption (DVS) measurements
	Karl-Fischer titration
	Determination of the powder flowability
	Storage stability


	Results and discussion
	Characteristics of antibody 1/mannitol formulations after spray-drying
	Storage stability of IgG1/mannitol powders
	Storage stability of pre-treated IgG1/mannitol powders
	Storage stability of powders spray-dried at Tin/Tout of 130/75 deg C
	Storage stability of IgG1/mannitol powders at 25 deg C/30% RH and 25 deg C/60% RH open storage

	Variations based on the 70/30 IgG1/mannitol formulation
	Physicochemical characteristics of variations based on the 70/30 IgG1/mannitol
	Storage stability of antibody 1/mannitol/second excipient powders based on the 70/30 IgG1/mannitol

	Variations based on the 80/20 IgG1/mannitol formulation

	Conclusions
	Acknowledgments
	References


