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abstract
The aim of this study was to investigate two different processes to produce a stable 
influenza subunit vaccine powder for pulmonary immunization, i.e., spray drying 
(SD) and spray freeze drying (SFD). The formulations were analyzed by proteolytic 
assay, single radial immunodiffusion assay (SRID), cascade impactor analysis, and 
immunization studies in Balb/c mice. Proteolytic assay and SRID analysis showed that 
antigen integrity after SFD was best conserved when the formulation was buffered 
by Hepes buffer saline (HBS). Surprisingly, antigen integrity after SD was better 
conserved when the formulation was buffered by phosphate buffer saline (PBS) rather 
than by HBS. The dispersion from the dry powder inhaler, the Twincer®, resulted in 
a fine particle fraction (aerodynamic particle size < 5 µm) of 37% and 23% for spray 
dried and spray freeze dried powders, respectively. Immunogenicity of both vaccine 
formulations (SFD/HBS and SD/PBS) was similar to conventional liquid formulation 
after i.m. immunization. In addition, compared to i.m. immunizations, the pulmonary 
immunization with the dry powders resulted in significantly higher IgG titers. 
Furthermore, both the formulations remained biochemically and physically stable 
for at least 3 years of storage at 20°C. Our results demonstrate that both optimized 
formulations are stable and have good inhalation characteristics.
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1. iNtroductioN
Since influenza virus enters the body via the respiratory tract, vaccines could ideally be 
delivered by the pulmonary route. The potential benefit of pulmonary immunization 
over the currently marketed parenteral vaccine is that it can elicit improved immune 
response [1]. In addition, pulmonary vaccination is non-invasive, so it will help 
overcome the problems associated with needle-based delivery systems like pain at the 
site of injection, needle stick injuries and needle-phobia [2, 3]. 

In the 1960s, several clinical studies were performed to investigate the potential of 
pulmonary vaccination against the flu [4-6]. The results from these studies showed that 
pulmonary vaccines were as effective as conventional vaccines in preventing illness in 
humans. In addition, the pulmonary immunization induced mucosal immunity which 
is shown to be cross-protective against variant viruses within the same subtype [7]. 
However, liquid aerosols used in these clinical studies were not efficiently targeted to the 
lungs and vaccine deposition was not reproducible. Recently, much emphasis has been 
put on the development of dry powder inhalation, which might have potential benefits 
over the liquid aerosols such as reaching a higher deposition efficiency, no need for an 
external driving force, and being easier for patients to use [8]. A previously published 
pre-clinical study by our research group showed that pulmonary immunization with 
dry powder inhalation resulted in a better immune response compared to conventional 
liquid formulation delivered intramuscularly or by the pulmonary route [1].  

Another potential advantage of the dry powder vaccines is that it can circumvent the 
problem of the cold chain, which is often associated with liquid vaccine formulations. 
Avoiding the need for cold storage would make the transportation and distribution of 
the vaccine easier and cheap [2]. 

Milling is the most commonly used process to generate dry powders for inhalation. 
However, for fragile materials such as the influenza subunit vaccine it is not suitable. 
Besides, it is highly advantageous to combine drying and particle production in one 
process step for these types of materials. Therefore, spray drying (SD) and spray freeze 
drying (SFD) may be suitable alternatives. Moreover, it has been shown in previous 
studies that SFD and SD processes can be used for stabilization and delivery of proteins 
via mucosal and systemic routes [9-14]. Both the techniques can be optimized to 
produce particles within the aerodynamic diameter range of 1-5 µm. Particles should 
be in this size range because particles smaller than 1 µm show poor deposition and are 
likely to be exhaled whereas particles larger than 5 µm cannot pass the oropharynx 
effectively at the flow rates with which dry powder inhalers are operated [8, 15]. During 
both drying processes, the material is subjected to stresses that may be detrimental to 
the antigenicity of the vaccine [2]. During the SD process, liquid feed is atomized into 
hot air to produce dried particles. This process exposes the vaccine to atomization 
(shear) stress, heating stress, and dehydration stress. In the SFD process, liquid feed 
is also atomized and successively snap frozen in liquid nitrogen and lyophilized, 
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resulting in atomization (shear) stress, freezing stress and dehydration stress. In 
several studies, it has been shown that deterioration of proteins by these stresses can 
be prevented by adding sugars to the liquid feed [1, 16-19]. If properly dried, sugars 
can form amorphous (glassy) matrix, protecting the proteins during the processes [17]. 
Furthermore, the incorporation of proteins in sugar glass can also increase the shelf life 
of the final product. Three mechanisms have been described to explain the stabilization 
by sugar glasses: 1) the glassy sugar matrix leads to a decrease in molecular mobility 
of the entrapped biopharmaceuticals [20], 2) sugars act as a physical barrier between 
two biopharmaceutical molecules, preventing aggregation [21], and 3) sugar molecules 
replace water molecules that form hydrogen bonds with the biopharmaceuticals [16]. 
In order to act as a good stabilizer, the sugar should have a low number of reducing 
groups, high glass transition temperature (Tg) and low tendency for crystallization. 
Because inulin meets these requirements, it was chosen as sugar for stabilization in 
this study [19, 22]. Indeed, in previous studies inulin has been shown to protect various 
biopharmaceuticals (eg. influenza subunit vaccine) from drying stresses and to provide 
a stable product at ambient temperatures [17-19, 23, 24]. In addition, inulin is generally 
recognized as safe (GRAS) for use in humans.

In this study, the influenza subunit vaccine is used for producing a powder 
for inhalation. The subunit vaccine mainly consists of the surface glycoprotein 
haemagglutinin (HA) [2]. HA is a trimeric protein (225 kD) composed of three identical 
monomers and has a spring-loaded conformation, which is pH sensitive [25-28]. In 
order to maintain the spring-loaded conformation of the HA during the SFD and SD 
process, special attention was given to the buffers. For each process, two buffers were 
evaluated, phosphate buffered saline (PBS) and Hepes buffered saline (HBS). Further, 
the optimized formulations were characterized for their physicochemical properties. 
The suitability of the powders for inhalation with a Twincer® inhaler was determined 
using laser diffraction technique and cascade impactor analysis. The Twincer® is a 
new passive dry powder inhaler developed for high dose drugs [29]. It is a single-use 
disposable inhaler, making it an ideal inhaler for use in mass vaccination campaigns 
for example during a pandemic. The immunogenicity of the powders delivered via 
Penn insufflator was compared to conventional i.m. subunit immunization in Balb/c 
mice. Finally, the storage stability of the formulations was tested for three years. 

2. materials aNd methods

2.1 materials
The influenza monovalent vaccine (A/Panama/2007/99, H3N2) kindly provided 
by Solvay Pharmaceuticals, Weesp, The Netherlands) with an HA concentration of 
550 µg/ml. Inulin 4 kD was purchased from Sensus (Roosendaal, The Netherlands). 
All the other excipents were of analytical grade and purchased from Sigma-Aldrich 
(Zwijndrecht, The Netherlands). Ultra pure water (pH 7, 18.2 MΩ) was used.
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2.2 methods

2.2.1 Dialysis

The vaccine was dialyzed to remove thiomersal and to change the buffer and salts. 
Dialysis was performed using Slide-A-Lyzer cassettes (Pierce). Influenza subunit 
vaccine was dialyzed in two different batches containing two different buffers, i.e., PBS 
(2 mM Na2HPO4.2H2O, 0.4 mM KH2PO4, 125 mM NaCl, 0.9 mM CaCl2.2H2O and 0.5 
mM MgCl2, pH 7.4) and HBS (2 mM Hepes, 125 mM NaCl, 0.9 mM CaCl2.2H2O and 
0.5 mM MgCl2, pH 7.4). The vaccine was dialyzed against PBS or HBS for 24 h at 4°C 
with one buffer change after 12 h. The dialyzed vaccines in two different buffers was 
then stored at 4°C.

2.2.2 Spray drying (SD)

A vaccine solution to be spray dried was prepared by mixing 40 ml of the dialyzed subunit 
vaccine in PBS with 40 ml of 11 % (w/w) inulin solution in PBS (resulting in weight 
ratio 1:200::HA:inulin). Similarly, a vaccine solution was prepared in HBS. The resulting 
two mixtures were then spray dried with a Büchi 190 Mini Spray Dryer (Büchi, Flawil, 
Switzerland) equipped with a two-fluid nozzle (0.5 mm). The setting of the pump was 
5 ml/min, aspirator 20 (−84 mbar), heating 8.5 and the atomizing airflow was 800 ln/h. 
These settings resulted in an inlet and outlet temperature of 130 and 70°C, respectively. 
The obtained powder was stored in vacuum dessicator over silicagel until use.  

2.2.3 Spray freeze drying (SFD)

The vaccine was spray freeze dried as described previously [1]. Briefly, the vaccine 
solutions were prepared in the weight ratio of 1:200::HA: inulin w/w similar to the 
solution used for spray drying. The solution was sprayed into a stainless steel vessel 
containing liquid nitrogen with the 0.5 mm two-fluid nozzle placed approximately 5 
cm above the surface of the liquid nitrogen. The liquid feed was sprayed at 5 ml/min 
using an atomized air flow of 700 ln/h. The resulting suspension composed of frozen 
droplets of the vaccine solution in liquid nitrogen was transferred to a freeze dryer 
(Christ model Alpha 2–4, Salm & Kipp, Breukelen, The Netherlands), precooled at a 
shelf temperature of −80°C. After evaporation of the liquid nitrogen, primary drying 
was performed for 32 h by gradually increasing the temperature from -40°C to 5°C at 
0.220 mbar pressure. Secondary drying was done for 12 h at 0.055 mbar pressure with 
a gradual increase of temperature from 5°C to 20 °C The obtained powder was stored 
in vacuum dessicator over silicagel until use. 

2.3 biochemical characterization 

2.3.1 Potency Measurement

To determine the potency and antigenic properties of the subunit vaccine, single radial 
immunodiffusion assay (SRID) measurements were performed as reported earlier [23]. 
Briefly, the powder samples were reconstituted in pure water. Then SRID assay was 
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performed according to the European Pharmacopoeia guidelines. The data reported 
are expressed as the average potency of three independent measurements. 

2.3.2 Proteolytic Assay

To determine whether a spring-loaded conformational change occurred during drying, 
proteolytic assay was performed as reported earlier [23]. Briefly, samples for SDS PAGE 
were prepared by dissolving the powder in water. Samples were then incubated at 
37°C for 90 min with 2 mg/ml trypsin from Sigma. The reaction was stopped using 
trypsin inhibitor (Roche Diagnostics). Subsequently, the samples were mixed with the 
sample buffer (Mirador DNA Design Inc., Montreal, Canada). The resulting solution 
was then heated to 95°C for 5 min and vortexed. Each sample was then loaded on 
pre-cast 10% polyacrylamide gels from Mirador and separated at 140 V for 110 min 
(Power-Pac Basic, BioRad) under non-reducing conditions. The gel was stained using 
the Coomassie brilliant blue (Page Blue, Fermentas) and photographed using an HP 
Scanner. Samples were compared using a molecular weight marker (Pre-stained SDS-
PAGE Standards, BioRad).

2.3.3 RP-HPLC

In order to measure the HA content and its integrity the powder samples were 
reconstituted in water and the measurements were performed as reported earlier 
[30]. Briefly, the reconstituted samples were diluted in 0.15 M Tris-HCl buffer, pH 
8.0 and incubated with 1% (w/v) Zwittergent 3-14 for 10 min at room temperature. 
Subsequently, these samples (100 µL) were reduced by 25 mM dithiothreitol for 5 
min at 90°C, and alkylated by incubation with 50 mM iodoacetamide at 37°C for 10 
min in the dark. The remaining iodoacetamide was neutralized by re-adding 25 mM 
dithiothreitol. After these preparation steps, samples were analyzed on a Waters Alliance 
2695 HPLC system coupled to a Waters 2475 multichannel fluorescence detector, using 
a polystyrene POROS® R1/10 (2.1 mm x 100 mm) column (Perseptive Biosystems, 
Inc.) as described (23). A SRID calibrated, inactivated concentrate of influenza virus 
A/Wisconsin/67/2005 (NYMC X-161B) (H3N2) was used as a reference.

2.4 physical characterization of the powders 

2.4.1 Differential scanning colorimetry (DSC)

The glass transition temperature (Tg) of the powders were determined with a 
temperature modulated differential scanning calorimeter (DSC2920, TA instruments, 
Ghent, Belgium). The samples were place in open aluminum sample pans and 
preheated to 50°C to remove residual moisture. The samples were then ramped from 
0°C to 250°C at modulation amplitude of 0.318°C/min and a heating rate of 2°C/min. 
The Tg of the samples was defined as the midpoint deflection of reversing heat flow 
versus temperature curve.
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2.4.2 Dynamic Vapour Sorption (DVS)

Hygroscopicity of the vaccine powders was determined using a gravimetric sorption 
analyzer (DVS-1000 Water Sorption Instrument, Surface Measurement Systems 
Limited, London, UK) as described previously [19]. The water uptake by the powders 
was measured from 0 to 90% relative humidity (RH) with steps of 10% RH.

2.4.3 Specific surface area measurement

The specific surface area of the vaccine powders was determined using a Tristar 
surface analyzer (Micrometrics Instrument Corp., USA). The powders were purged 
with nitrogen overnight at 25°C. Afterwards samples were loaded in the analyzer and 
the surface area was determined using the multipoint BET method from nitrogen 
adsorption isotherm at 77 K.   

2.4.4 Scanning Electron Microscopy (SEM)

The powder was dispersed on a metal disk and the particles were held in place using double 
sided sticky carbon tape. Then the particles were coated with 150 nm of gold/palladium 
using a Balzers 120B sputtering device (BlazerUNION, Liechtenstein). Micrographs were 
recorded using JEOL JSM 6301-F microscope (JEOL, Japan) at a magnification of 5000x.

2.4.5 Particle size distribution

The particle size distributions of the dried vaccine powders were determined using the 
HELOS compact model KA laser diffraction apparatus (100 mm lens). The powders 
were dispersed into the laser beam using a RODOS dispersing system at 0.5 bar 
(Sympatec, Clausthal-Zellerfeld, Germany) and a home constructed inhaler adapter 
(similar to INHALER 2000, Sympatec) for the Twincer® dry powder inhaler operated 
at 4 kPa for 3 s. The data reported are the mean of three measurements.  

2.4.6 Cascade Impactor analysis

The aerodynamic particle size distributions of the dried vaccine powders from the 
Twincer® were determined using the cascade impactor analysis. A four stage liquid 
impinger (MSLI, Erweka, Heusenstamm, Germany) attached with the standard USP 
induction port was used with the Twincer®. All the experiments were performed in 
controlled ambient conditions (20°C/50% RH). The flow rate was set to 4 kPa and was 
controlled using the solenoid valve with a timer for 3 s as per the procedure described 
in the European Pharmacopeia 4th Ed. 2002. Stages of the cascade impactor were filled 
with 25 ml of water and in the final stage a glass filter (Pall Corp., Michigan, US) was 
used for the retention of the particles passing the fourth stage. The cut-off values at 
a flow rate of 53.7 l/min (corresponding with 4 kPa across the Twincer®) for stage 2, 
3 and 4 are 7.19 µm, 3.28 µm and 1.80 µm respectively. Each analysis was performed 
with one inhalation of 3 mg dose per inhalation for spray freeze dried powder. For 
each inhalation with spray dried powder, 6 mg of SD powder was mixed with 3 mg of 
mannitol sweeper crystal (size fraction; 150-200 µm). The sweeper crystals were used 
to decrease the retention in the inhaler. The losses in the inhaler and the induction port 
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were also determined. The fine particle fractions smaller than 5 µm were calculated 
from the cumulative mass distribution curves as function of the impactor stage 
cutpoints. At each stage, the inulin concentration was determined using the anthrone 
assay as described earlier [18]. All the experiments were performed in triplicate.

2.5 In vivo immunogenicity 
All the animal experiment protocols were approved by the Committee for Animal 
Experimentation (DEC) of the University of Groningen, The Netherlands. Female 
Balb/c mice (6-8 weeks old) were obtained from Harlan (Ziest, The Netherlands). 
All the animals were anaesthetized using Fentanyl, fluanisone-midazolam mixture 
(10 ml/kg; intraperitoneal injection) and injected with atropine (0.04 mg/kg; s.c) in 
order to reduce the mucus secretions before immunization. The SD and SFD powders 
were prepared with a concentration of 5 µg HA/3 mg powder. The pulmonary 
immunizations were performed as described previously [1]. Briefly, animals were 
inserted with an oropharyngeal tube under anesthesia. For the pulmonary delivery of 
the powder, an insufflator (Model DP-4M, Penn-Century Inc., USA) was inserted into 
the oropharyngeal tube. For each administration the insufflator was filled with 1 mg of 
powder and at least 3 amounts of 1 mg were given to the animals. For the administration 
of each mg, ten puffs of 200 µl were used. After each 1 mg dose, the insufflator was 
taken out and refilled for the subsequent doses. The device was weighed before and 
after the administration for accurate calculation of the dosing to the animals. The data 
reported are the mean of 4 and 8 animals for SD and SFD powders, respectively. 

The liquid aerosol immunization (l.a.i.) was performed using a microsprayer (Model 
FMJ-250, Penn-Century Inc., USA). The microsprayer was inserted in the oropharyngeal 
tube under anesthesia. Then the animals were immunized with 50 µl of influenza subunit 
vaccine solution containing 5 µg HA. The data reported is the mean of 6 animals.

For i.m. (n=3) immunization with conventional subunit vaccine 5 µg HA/50 µl of 
PBS was injected in posterior thigh muscles. Other two groups of animals (each n=8) 
were intra muscularly administered with reconstituted SD and SFD powders (3 mg 
powder equivalent to 5 µg HA, dissolved in 50 µl water for injection). The animals were 
administered with 50 µl of the reconstituted powder by i.m. injection.

All the animals were immunized 2 times i.e. on day 0 and 14 with same amount of 
dose i.e. 5 µg HA. Blood was withdrawn on day 28 by orbita punction under anesthesia. 
To separate the serum, blood samples were separated by centrifugation at 1200 x g 
for 5 min and were stored at -20°C until the antibody assay. Serum IgG titers were 
determined using ELISA as described previously [1].

2.6 statistical analysis
The statistical analyses were performed using Student’s t test with p<0.05 as the minimal 
level of significance. The results are presented as mean ± standard mean error unless 
indicated otherwise.
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3 results aNd discussioN

3.1 stabilization during drying
Two processes, SD and SFD were investigated as drying method for the influenza 
subunit vaccine. Furthermore, for each process, two buffers, PBS and HBS, were tested. 
Inulin 4 kD was used as stabilizer. 

In order to evaluate the conformational stability of the dried vaccine, the proteolytic 
assay was performed. As previously reported, the conformation of HA can change 
with altered pH [26, 28]. When the spring-loaded conformation of HA changes, 
the molecule becomes susceptible to trypsin cleavage. Thus exposure to trypsin in a 
proteolytic assay results in smaller HA fragments, which can be separated using SDS 
PAGE [23]. In addition, the antigenic potency of the vaccine was determined using the 
standard pharmacopoeial SRID assay. 

The spray freeze dried vaccine formulated using PBS was susceptible to trypsin 
cleavage (Fig. 1A), indicating a conformational change in the HA. Furthermore, the 
SRID assay indicated (Fig. 1B) that the vaccine lost 17.5% of its antigenic potency. 

In contrast, spray freeze dried vaccine formulated using HBS was not susceptible 
to trypsin cleavage, as shown in Fig. 1A. In addition, the SRID results showed (Fig. 
1B) that the antigenic potency of the dried vaccine was fully maintained. Thus, the 
potency of the vaccine could be maintained by changing the buffer from PBS to 
HBS during the SFD process. As previously reported, the disodium and dipotassium 
monohydrogen phosphate salts present in the PBS buffer tend to crystallize during the 
freezing process earlier than sodium and potassium dihydrogen phosphate salt, which 
causes the pH of the freeze concentrate to decrease from 7.4 to a pH in the range of 

Import the TABLE

1 2 3 4 5 6 7 8

HBS

PBS

A

B

Figure 1. The effect of spray drying and spray freeze drying using two buffers, PBS and HBS, on 
HA determined by proteolytic assay (A) and SRID (B).During proteolytic assay HA was analyzed 
by non-reducing SDS-PAGE. The HA monomer bands (75 kD) is shown with following treatments 
; (1) lane 1 is marker, (2) lane 2 is native HA as a control, (3) lane 3 is trypsin digested native HA 
as a negative control for trypsin digest, (4) lane 4 is acid-treated HA as a positive control for trypsin 
digest, (5) lane 5 and 6 is spray freeze dried HA without and with trypsin digest, respectively, and 
(6) lane 7 and 8 is spray dried HA without and with trypsin digest, respectively.

SRID Potency (%)

Vaccine formulation Liquid vaccine Spray dried Spray freeze dried

HBS buffer 100 89 100

PBS buffer 100 100 82.5
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4-5 [31, 32]. This decrease in pH is detrimental to the spring-loaded conformation of 
HA. However, the decrease in pH of the HBS buffer is less pronounced in comparison 
to PBS [23]. Therefore, the use of HBS as the buffer and inulin as the stabilizing agent 
[1, 2, 23] maintained the biochemical integrity of the influenza subunit vaccine during 
SFD process. These results agree with previous study showing that spring-loaded 
conformation of HA is better maintained in HBS buffer than in PBS buffer [23].

Surprisingly, the spray dried vaccine formulation using HBS was susceptible to 
trypsin cleavage (Fig. 1A). This indicates that the spring-loaded conformation of the 
protein was lost during the drying process. In addition, the SRID assay showed (Fig. 
1B) that 11% of the antigenic potency of the vaccine was lost during the spray drying 
process. These results indicate that HBS was not able to maintain the antigenic potency 
and conformation of HA during the SD process. 

On the other hand, the vaccine formulation using PBS was able to maintain the 
spring-loaded conformation of the HA, during SD process (Fig. 1A). Moreover, there 
was no loss in the antigenic potency of the formulation (Fig. 1B). 

The results obtained with the two buffers during SD are contrary to the results of 
the SFD process. Therefore, we hypothesized that the high temperature used in the 
process may have induced a decrease in pH, thereby causing a change in the spring-
loaded conformation of HA. To check this hypothesis, both the buffers were slowly 
heated to 90°C in a conical flask attached to a condenser and pH meter. The pH of 
the PBS solution remained constant until 70°C and then slightly decreased from 
pH 7.4 to 7 (Fig. 2). Thus, the pH of the PBS buffer hardly changed during heating 
which lead to full recovery of active HA, during SD process. In contrast, the pH of 
the HBS buffer decreased linearly with increasing temperature (Fig. 2). In addition, 
during SD, the solute concentration of the solution is increased due to solvent 
evaporation leading to further decrease in pH [33]. Thus, it can be concluded that 
a decrease in pH of HBS caused a change in spring-loaded conformation of HA 
during the SD process.

Temperature (0C) 
20 30 40 50 60 70 80 90 100

6.6

6.8

7.0

7.2

7.4 HBS 
PBS 

pH

Figure 2. The effect of heating on the 
pH of two buffers, i.e., PBS (open 
triangles) and HBS (black triangles).
The buffers were heated slowly in a 
conical flask fitted with a condenser 
and a pH meter.
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Our results indicate that different drying techniques require different buffers. 
Thus, the HBS is preferred during SFD, whereas PBS is preferred during SD. The two 
optimized formulations (SD/PBS and SFD/HBS) were further studied for physical 
characterization, in vivo immunogenicity and storage stability studies. 

3.2 physical characterization
The Tg of the dried vaccine powders was determined using temperature-modulated 
DSC. The determination of Tg is important as, at temperatures above the Tg, the 
product changes from a glassy matrix to a rubbery state. In the rubbery state, 
crystallization can occur, which is deleterious to the entrapped protein [19]. Moreover, 
at temperatures above the Tg the particles tend to stick, making them unsuitable for 
inhalation. In contrast, when the temperatures are below the Tg, the dried sugar is in 
a glassy (amorphous) state. The glassy state decreases the mobility of the entrapped 
protein, preventing physical and chemical degradation. In addition, glassy state makes 
storage and handling of the final product easy. The Tg of pure inulin (4 kD) used in 
these experiments was 152 ± 2°C. As reported previously, HBS [24] and PBS [34] can 
decrease the Tg of the sugars and thus decrease the stability of the product. However, 
our results showed that the Tg of both the vaccine powders, SD/PBS (154°C) and SFD/
HBS (152°C), was in the range of that of pure inulin. Obviously, the buffers used in 
both formulations, PBS in SD and HBS in SFD, do not significantly affect the Tg of 
inulin. This absence in Tg reduction can be explained by the lower buffer/inulin ratio 
used in this study as compared to those of previous studies. 

Absorption of water by sugar glasses strongly decreases their Tg [35]. Therefore, 
the hygroscopicity of the powders was determined by DVS (Fig. 3). The powders 
were subjected to 0-70% RH at 25°C, and the weight change was determined. SD/
PBS and SFD/HBS powders showed a roughly linear relationship between change in 
mass and RH. The results from DVS measurement show that the powders are equally 
hygroscopic. Since the plots do not show a sudden change, it can be concluded that 

Relative humidity (%)
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Figure 3. Water-sorption isotherms 
of the powders, spray dried/PBS 
(black circles) and spray freeze 
dried/HBS (grey circles). 
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the powders do not crystallize up to 70% RH at 25°C within the time frame of the 
experiment [36].

As expected, the specific surface area of the spray freeze dried particles (76.33 m2/g) 
was much larger than those of the spray dried particles (1.87 m2/g) [37, 38]. A large 
difference in specific surface area is also observed in the SEM graphs (Fig. 4). The 
spray freeze dried powder was shown to consist of large particles with a huge porosity 
and an interconnected pore structure throughout the whole particle, while the spray 
dried powder was shown to consist of smaller particle and a non-porous surface. The 
differences in size and morphology can be explained by the production process. During 
the SFD process, droplets are frozen in liquid nitrogen, which leads to formation of ice 
crystals throughout the frozen particle. These ice crystals are removed by sublimation 
during the freeze drying, leading to an interconnected porous structure of the particle 
[23, 37]. However, during the SD process, liquid feed is sprayed in a stream of hot air 
which removes the water rapidly by evaporation. The evaporation causes the shrinkage 
of droplets and the outer surface solidifies, resulting in a particle with a non-porous 
surface [23, 39]. 

The particle size distributions were determined using the laser diffraction with 
RODOS. To test the suitability of the powder for inhalation with the Twincer®, the 
laser diffraction equipment was mounted to a home constructed inhaler adapter 
similar to the INHALER 2000 (Sympatec, Clausthal-Zellerfeld) [40]. The experiments 
with the Twincer® and laser diffraction were performed at conditions corresponding 
to the cascade impactor analysis. Shown in Table 1 are the 10, 50 and 90% values 
from the cumulative undersize curves and the relative span of the size distribution 
(expressed as (X85-X15)/X50). The volume median diameters of the SD and SFD powders 
were comparable to the median diameters to be estimated from the SEM pictures. The 
particle size distribution of the aerosol generated by the Twincer® is nearly the same 
as the primary particle size distribution determined with RODOS. This result shows 

A B

Figure 4. Analysis of powders, spray freeze dried/HBS (A) and spray dried/PBS (B) by scanning 
electron microscopy. Magnification 5000 X.
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the high dispersion efficacy of the Twincer® inhaler. The primary particle distribution 
from the powder produced by spray drying resulted in particles with a smaller volume 
median diameter (<5 µm) and a narrower size distribution (expressed as relative span). 
In comparison, SFD generated particles with larger volume median diameter (approx. 
10 µm) and higher porosity (Fig. 4). As a bench mark the aerodynamic particle size 
between 1 and 5 µm is considered optimal for inhalation [8, 15]. On the basis of their 
high porosity, it may be expected that the large volume median diameter of SFD 
particles is also within this range.

3.3 In vitro deposition of the dried vaccine powders
The cascade impactor analysis was performed using the Twincer®. The particle size 
distribution in the aerosol was measured at 4 kPa to investigate whether the produced 
powders are able to generate the fine particle fractions required for administration to 
the human respiratory tract. 

As shown in Fig. 5 both the powders showed very acceptable fine particle fractions 
smaller than 5 µm, considering the relative large volume median diameters obtained 
from laser diffraction technique (Table 1). The fine particle fractions (FPF< 5 µm) were 
37% and 23%, for spray dried and spray freeze dried powders, respectively. These fine 
particle fractions suggest that the powders produced are suitable for inhalation when 
administered with Twincer®. 

3.4 In vivo immunogenicity of the dried vaccine 
Next, the in-vivo potency of the dried powders was assessed in Balb/c mice. All the 
animals were immunized two times, i.e., on day 0 and day 14 with 5 µg HA, and the 
IgG titers were determined on day 28. The IgG titers induced by i.m. immunization 
with conventional liquid subunit vaccine were compared to those induced by i.m. 
reconstituted powders and pulmonary immunization with liquid vaccine and 
dried powders. The antigen-specific IgG responses elicited by the i.m. SD and SFD 
reconstituted vaccine powders were equivalent to the response of i.m. conventional 

table 1. Characteristic values from the cumulative volume distributions as function of the diameter for 
the powders (SD/PBS and SFD/HBS) using laser diffraction with RODOS dispersion at 0.5 bar and with 
Twincer at 60 l/min for 3 s.

Powder X10 (µm ± SD) X50 (µm ± SD) X90 (µm ± SD) Spana

SD/PBS RODOS 0.91 ± 0.04 2.69 ± 0.04 5.68 ± 0.05 1.39 ± 0.07

TWINCER 1.44 ± 0.05 2.61 ± 0.05 4.41 ± 0.09 0.93 ± 0.02

SFD/HBS RODOS 4.44 ± 0.03 10.36 ± 0.04 23.9 ± 0.30 1.44 ± 0.003

TWINCER 3.84 ± 0.07 10.87 ± 0.30 26.4 ± 0.30 1.69 ± 0.05

a Span = (X85-X15)/X50
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liquid vaccine (Fig. 6). The liquid aerosol immunization induced IgG titers lower as 
compared to i.m. immunization (p<0.05) and pulmonary immunization (p<0.001) 
with powders. In contrast, the pulmonary immunization with dried powders induced 
significantly (p<0.05) higher IgG titers than the control i.m. immunization (Fig. 6). 
Both the powders induced similar (p=0.08) IgG titers after pulmonary immunization 
as the immunization tests were performed using dry powder insufflators, which are 
inserted till the trachea of the mice. Thus, the distance between the end of the capillary 
tube of insufflator to the first bifurcation of lung is very short. In addition, the particles 
are released from the capillary tube of the insufflator with a high velocity, whereas 

Figure 5. Casacade impactor 
analysis obtained with spray 
dried/PBS (black bars) and spray 
freeze dried powders/HBS (grey 
bars). The error bars indicate the 
standard deviation.
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Figure 6. Antibody responses induced by liquid and dried vaccine formulation. Serum specific IgG 
titers are represented as geometric mean titers with standard error mean with following groups: 
i.m.; liquid conventional vaccine administered intra-muscularly, i.m. (SD); reconstituted spray 
dried powder administered intramuscularly, i.m. (SFD); reconstituted spray freeze dried powder 
administered intramuscularly, l.a.i.; liquid aerosol immunization with conventional liquid vaccine 
administered via pulmonary route using microsprayer, p.i. (SD) ; spray dried powder administered 
via pulmonary route using insufflator, and p.i. (SFD) ; spray freeze dried powder administered via 
pulmonary route using insufflator. * indicates i.m. vs. p.i. (SD) p<0.05 , i.m. vs. p.i. (SFD) p<0.05 
and # indicates i.m. vs. l.a.i p < 0.05.
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their mass median diameters are near the upper limit of the favorable size class (1-5 
µm) for inhalation. Therefore, both types of particles have a high momentum upon 
release from the insufflator and thus, a long stopping distance. Hence, there will be no 
significant difference in the site of deposition for both types of particles in spite of their 
difference in aerodynamic diameter. The liquid aerosol induced lower IgG titers which 
might be due to faster clearance of the antigen by the mucociliary clearance. 

The pulmonary immunization with vaccine powder (SFD and SD) might have 
resulted in increased local viscosity due to the dissolution of the powders containing 
high concentration of inulin. Thus, reducing mucociliary clearance and increasing the 
antigen uptake. Moreover, it has been shown previously that liquid aerosols are less 
immunogenic compared to parenteral immunization [4, 41, 42]. Altogether, the results 
indicate that the immunogenicity of the powder was maintained after the drying 
processes, and pulmonary immunization resulted in higher IgG titers. 

3.5 storage stability
The stability of the powders was determined for three years at 20°C/10% RH (Table 2). 
The powders were subjected to low humidity as they are intended to be packed in blisters 
and administered with Twincer® as an inhaler. The storage stability was determined at 0 
day and at 3 months using SRID analysis, which revealed that potency of the optimized 
SD and SFD dried vaccine powders was fully maintained after 3 months of storage. 
The potency at the third time point, 3 years, was determined using the SRID analysis 
and with a RP-HPLC method recently published by Kapteyn et al [30]. This RP-HPLC 
method was chosen as it is accurate, and highly sensitive in detecting degradation. 
The HA titers of the vaccine powder formulation were maintained for 3 years (Table 
2). However, the conventional liquid subunit vaccine stored at 4°C lost its antigenic 
potency after 3 years. 

The difference in the potency of the HPLC and SRID for the control can be explained 
by the fact that HPLC measures total amount of HA present, while SRID measures the 
HA which is folded correctly to form a complex with specific antiserum. The physical 
properties of the powders like particle size and glass transition temperature showed no 
change even after 3 years of storage. In conclusion, stability studies showed that both 

table 2. Effect of storage on different vaccine formulations. The potency determined 
by SRID after 0 day and 3 months, and by HPLC and SRID after 3 years.

Vaccine 0 day 3 months 3 years

Assay SRID SRID SRID HPLC

Liquid vaccine (4°C) 100 % 100 % b.d.l 58 %

Powder SD (20°C) 100 % 100 % 100 % 100 %

Powder SFD (20°C) 100 % 100 % 100 % 94.2 %

b.d.l; below detection limit
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the biochemical integrity of the incorporated antigens and physical properties of the 
powder are maintained for three years at room temperature.

4. coNclusioNs
Our results demonstrate that HBS provide better stabilization of influenza subunit 
vaccine during SFD whereas PBS is preferred during SD process. The powders produced 
by both techniques with proper buffers resulted in a product that was suitable for dry 
powder inhalation. The dispersion of both the powders with Twincer® yielded an aerosol 
with an aerodynamic particle size distribution suitable for pulmonary administration. 
Immunogenicity of vaccines, either spray dried with PBS or spray freeze dried 
with HBS, were similar to the immunogenicity of conventional liquid formulation. 
Moreover, pulmonary immunization with dry powder induced higher IgG titers than 
i.m. immunization. Finally, the powders were stable at ambient temperature for 3 years.
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