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Abstract
Francisella tularensis live vaccine strain (F. tularensis LVS), a promising vaccine candidate for
protection against F. tularensis exposure, is a particularly thermolabile vaccine and difficult to
stabilize sufficiently for storage under refrigerated conditions. Our preliminary data show that F.
tularensis LVS can be stabilized in the dried state using foam drying, a modified freeze drying
method, with sugar-based formulations. The process was conducted under mild drying conditions,
which resulted in a good titer retention following processing. The inclusion of osmolytes in the
growth media resulted in an acceleration of growth kinetics, although no change in osmotolerance
was observed. The optimized F. tularensis formulation, which contained trehalose, gelatin, and
Pluronic F68 demonstrated stability for approximately 1.5 weeks at 37°C (i.e., time required for
the vaccine to decrease in potency by 1 log10 colony forming unit) and for 12 weeks at 25°C. At
refrigerator storage condition (4°C), stabilized F. tularensis LVS vaccine exhibited no activity loss
for at least 12 weeks. This stabilization method utilizes conventional freeze dryers and
pharmaceutically approved stabilizers, and thus can be readily implemented at many
manufacturing sites for large-scale production of stabilized vaccines. The improved heat stability
of the F. tularensis LVS could mitigate risks of vaccine potency loss during long-term storage,
shipping, and distribution.
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INTRODUCTION
Francisella tularensis (F. tularensis), a Gram-negative intracellular bacterium found most
prevalently in the Northern hemisphere, is the causative agent of tularemia, a zoonotic
disease that is highly virulent in ticks, rabbits, rodents, and humans.1 The facultative nature
of F. tularensis suggests that it can persist in protozoa, specific foods, and even as a free-
living bacterium.2 Over 250 species have been identified as being infected by this bacterium,
an indication of its pervasiveness through various ecosystems.3 Potential pathways of
infectious transfer to humans include: direct contact with infected animal products (i.e.,
blood and feces), insect bites (i.e., tick, fly, and mosquito), and aerosolization of infected
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material.4 Recently, increased emphasis has been placed on the possibility of this bacterium
being utilized as a potential bioweapon, as F. tularensis is highly virulent, requires a low
infectious dose, and can be readily aerosolized. Inhalation of the subspecies tularensis has a
50% infectious dose of less than ten colony forming units (CFU) and case fatalities between
30% and 60%.1,5

Therapeutic approaches to treat F. tularensis infections have been met with varying degrees
of success. Streptomycin has been the standard of care for tularemia; however, its adverse
ototoxic effects have stymied the use of this antibiotic, except in severe cases.6,7

Doxycycline and ciprofloxacin have been shown to be efficacious when following a
stringent antibiotic regimen. However, the possibility of a relapse should be anticipated once
the antibiotic regimen is halted, mainly caused by the survival of tularemia in intracellular
sites that are impervious to high pH antibiotics.8 Thus, there is a need for effective vaccines
against F. tularensis. Additionally, a readily available, stockpiled vaccine would facilitate
mass vaccination campaigns under threat conditions.

A live attenuated vaccine, F. tularensis live vaccine strain (LVS), has been used to immunize
laboratory workers at risk from tularemia infection. F. tularensis LVS is the only effective
vaccine against tularemia developed to date.1 This attenuated vaccine can induce long-term
protective humoral and cell-mediated immunity, as evidenced by positive IgA, IgG, and IgM
response after immunization.1,9,10 Although robust immunogenic response can be difficult
to obtain with subunit or inactivated bacteria,11 live attenuated F. tularensis vaccine
candidates have demonstrated potent, long-lasting cytotoxic T-cell response against highly
virulent strains of F. tularensis.11,12 Recent clinical studies on a new lot of LVS confirmed
its immunogenicity.13 Even so, for long-term storage, this liquid vaccine must be stored
frozen at −80°C or below.14

In order to stabilize F. tularensis LVS effectively, it would likely require processing into a
solid dosage presentation. Solid formulations have a marked decrease in molecular motion
and hydrolytic cleavage, thus resulting in a biopharmaceutical product with superior stability
and shelf life. Freeze drying and spray drying are two common methods that have been used
to dehydrate solutions containing biologically active reagents. Few studies have been
performed that have documented the effects of spray drying on bacterial vaccines.15–17

Spray drying subjects the liquid solution to large shear and air–water interfacial stresses,
which are undesirable conditions that could induce deformation and alter the
immunogenicity of the vaccine. Lyophilization as a means to stabilize a vaccine is much
more common.18 In fact, this drying method has proven to be a useful tool for long-term
storage of bacterial vaccines, including Lactobacillus salivarius and Salmonella
typhimurium,19,20 among others.21–23 Even more recently, the long-term stability of F.
tularensis LVS was tested after being freeze-dried in an infant formula24; the vaccine titer
decreased by more than 3 log10 following 12 weeks of storage at ambient condition, which
is an indication that F. tularensis may be more difficult to stabilize than originally presumed.

Although spray drying can expose the vaccine to high temperatures and freeze drying to low
temperatures, foam drying offers the opportunity to dehydrate sensitive materials at
moderate temperatures. We have previously shown that foam drying is a practical procedure
for the stabilization of Salmonella vaccine, Ty21a.25 Given the need for a more stable F.
tularensis vaccine that could be used in the event of bioterrorism, we optimized the foam
drying procedure to produce a high-temperature-resistant vaccine that minimized bacterial
loss during processing and subsequent storage. This study presents unique formulations that
are used to stabilize F. tularensis LVS, followed by a 12-week stability study conducted at
various temperatures.
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MATERIALS AND METHODS
Materials

Francisella tularensis LVS was kindly provided by Dr. Karen Elkins at the Center for
Biologics Evaluation & Research/Food and Drug Administration (CBER/FDA) and stored at
−70°C with 15% glycerol. Mueller Hinton Broth (MHB) was obtained from Becton
Dickinson Microbiology Systems (Sparks, Maryland) and IsoVitaleX was obtained from
Becton Dickinson (Cockeysville, Maryland). Chemicals were all used as supplied. Sucrose
and trehalose were purchased from Pfanstiehl Laboratories (Waukegan, Illinois). L-
Arginine, glycerol, methionine, sodium L-glutamate, dimethyl sulfoxide (DMSO), hydranal
solution, Pluronic F68, glucose, and ferric pyrophosphate were purchased from Sigma–
Aldrich (St. Louis, Missouri). Potassium phosphate dibasic was purchased from EMD
(Gibbstown, New Jersey). Special LE200 SOL-KKA gelatin was purchased from Gelita
(Sioux City, Iowa). Fetal Bovine Serum (FBS) was obtained from Thermo Fisher Scientific
(Waltham, Massachusetts).

Growth and Drying of F. tularensis LVS
A frozen stock of F. tularensis LVS was thawed at 37°C and then added to fortified MHB
(fMHB), which consists of MHB, 10% glucose, 2.5% ferric pyrophosphate, and IsoVitaleX.
The suspension was then shaken at 225 rpm and incubated overnight at 37°C. F. tularensis
was harvested when the optical density (OD600 nm) reached 0.9 and then centrifuged at 4000
× g for 10 min. The pellet was resuspended using the appropriate concentrated stock solution
of the formulations and the titer was adjusted to approximately 8.5 log10 CFU/mL. All stock
solutions were sterile filtered prior to adjusting the bacterial titer. The solution pH varied
from 5.5 to 8.5, whereas the solids content varied from 10% to 40% (w/v).

Foam Drying—Solutions were foam dried using a Virtis Advantage XL-70 freeze dryer
(Gardiner, New York). Vials (10 mL) with a fill volume of 1 mL were used. The samples
were placed on the freeze dryer shelf at 15°C and allowed to equilibrate for 10 min.
Foaming was initiated by gradually reducing the chamber pressure below the vapor pressure
of the solution to 100 mTorr at 15°C. For a more detailed description of the foam drying
process, refer to Ohtake et al.25 The pressure was maintained at this level for 42 h and then
the temperature was slowly increased to 20°C, which was maintained for at least 20 h. Vials
were sealed under argon gas at the end of the drying cycle prior to being removed from the
chamber. A typical foam dried sample is shown in Figure 1.

Characterization
Residual Water Content Analysis—Residual water content of all foam dried F.
tularensis samples was measured using Aquacounter AQ-300 Karl Fischer titrator
(Hiranuma Sangyo, Ibaraki, Japan). Foam dried samples were dissolved in approximately 2
mL of hydranal solution, and 1 mL of the dissolved solution was injected for analysis.
Hydranal solution was injected prior to sample analysis to determine the amount of water in
the solvent. The average value and standard deviation from three replicate samples are
reported.

Differential Scanning Calorimetry—The glass transition temperature (Tg) of several
formulations was analyzed using a Mettler Toledo DSC 821e (Columbus, Ohio). The Tg was
recorded as the midpoint temperature of the discontinuity in the curve of heat flow versus
temperature. All measurements were made at 10°C/min, using sealed aluminum pans and an
empty pan was used as a reference. The average value and standard deviation of three
replicate samples are reported.
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Viability Assay for F. tularensis LVS
Francisella tularensis LVS was cultured on solid media consisting of MHB, 10% glucose,
2.5% ferric pyrophosphate, IsoViatelX, and FBS to determine the viability following
processing and storage. The cultured plates were incubated for 2 days at 37°C (with 5%
CO2) and the number of colonies was counted. Typically, two vials of foam dried F.
tularensis were reconstituted using nanopure water to assess the titer at each time point.
Each vial was assessed on two plates, and for each plate, several dilution ranges were
examined. Thus, each data point represents the average of two samples, for which, several
dilutions have been examined to ensure accuracy of the plating protocol. The assay-
associated error is typically ±0.2 log10 CFU.

Storage Stability of Foam Dried F. tularensis LVS
All foam dried F. tularensis LVS was stored at 37°C for up to 6 weeks and the viability of
the bacteria was measured by the culturing assay as described above. Additionally, some
formulations were stored at 4°C and 25°C for up to 12 weeks.

Intracellular Replication Assay
The intracellular replication of F. tularensis LVS was evaluated in the murine macrophage
cell line, J774 (American Type Culture Collection, Manassas, Virginia). Briefly, wells
containing 3 × 105 J774 cells were infected with LVS samples at a multiplicity of infection
of 100 for 2 h. Following this period, cells were washed three times with PBS and incubated
in Dulbecco’s Modified Eagle Medium (DMEM) containing 50 μg/mL of gentamicin
(Gibco Invitrogen, Carlsbad, California) for 1 h to kill extracellular bacteria. After
gentamicin treatment, cells were washed and maintained in DMEM medium with 2 μg/mL
gentamicin at 37°C in humidified air containing 5% CO2 throughout the assay. Intracellular
bacterial replication was evaluated at 0, 24, 48, and 72 h after gentamicin treatment. At each
time point, cells were washed with PBS and lysed with a 0.02% sodium dodecyl sulfate-
phosphate buffered saline (SDS-PBS) solution, and the number of bacteria present in the
infected cells was determined by plating serial 10-fold dilutions on Mueller Hinton Agar
(MHA-B) (Becton Dickinson Microbiology Systems) containing 10% defibrinated sheep
blood, 1% IsoVitaleX (Becton Dickinson), 0.1% glucose, and 0.025% ferric pyrophosphate
(Sigma Chemical Co., St. Louis, Missouri). Doublings were calculated as follows: log10
CFU (time 2)–log10 CFU (time 1) × 3.32.

Evaluation of LVS Activity in Mice
The virulence of the LVS samples was evaluated in mice. Groups of four BALB/c mice,
each 6–8 weeks old (Charles River, New York), were housed in microisolator cages in a
barrier environment at the School of Medicine Animal Facility, University of Maryland. All
experiments were performed according to the protocols approved by the UMB Institutional
Animal Care and Use Committee. Animals were inoculated with 1 mL of inocula by the
intraperitoneal (i.p.) route. The inocula consisted of: (1) a control sample of LVS, which was
grown in MHB broth and frozen at −80°C; (2) samples of formulated and vialed LVS that
were re-suspended in a solution containing 1% gelatin in PBS; or (3) a control solution of
1% gelatin in PBS. The groups of mice were inoculated with escalating doses of
approximately 80–95, 800–950, or 8000–9500 CFU. The actual number of bacteria in each
sample was confirmed by plate counts of the inocula on MHA-B. Mice were monitored
daily for signs of disease for 28 days. Clinical signs include hunched posture, ruffled or
ungroomed fur, lethargy, and closed eyes. Moribundity is defined as a clinical score of “3,”
which includes exhibition of any three of these signs. Mice that reach a clinical score of 3
are euthanized as predicated by the IACUC approved protocol.
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RESULTS
Effect of Media Composition on the Growth Kinetics of F. tularensis

Prior to commencing formulation and processing screen, optimization of growth condition
and harvest time of F. tularensis LVS was conducted. Fermentation and media conditions, as
well as the growth stage have all been demonstrated to impact the stability of bacteria.26–28

Figure 2 shows the growth curve for F. tularensis grown in fMHB at 37°C at 225 rpm shaker
speed. Under such condition, the vaccine required approximately 12 h of incubation for
detectable growth. The growth kinetics of F. tularensis can be accelerated considerably with
the addition of osmolytes. The growth curve of F. tularensis grown in fMHB containing
either 29 mM trehalose (equivalent to 1%, w/v) or 250 mM NaCl is shown in Figure 2. In
the presence of trehalose, 0.6 OD600 nm can be reached after approximately 18 h, whereas in
the presence of NaCl, the same titer was obtained after 16 h. In comparison, more than 20 h
was required to reach the same OD600 nm value in the absence of osmolytes.

Effect of F. tularensis Growth Media and Maturity on Process Recovery
The presence of osmolytes during bacterial fermentation may also influence their
desiccation tolerance. F. tularensis, grown in various media (Table 1), were formulated with
either formulation 1 (Fr 1) or formulation 2 (Fr 2) and then foam dried. The foam drying
process recovery, shown in Table 1, is influenced by the presence of osmolytes. In the
presence of either NaCl or trehalose, the process recovery decreased, and this loss was not
dependent on the concentration of osmolytes present in the growth media (29 mM and 250
mM for trehalose and NaCl, respectively). The degree of increased process-associated loss,
however, was dependent on the formulation used for foam drying (i.e., Fr 1 or Fr 2).

There are reports citing the dependence of desiccation tolerance on the maturation level of
bacteria (i.e., bacteria harvested during stationary phase are more resistant to osmotic
stress).25,26 To examine the impact of growth phase on resistance to activity loss from
desiccation, F. tularensis LVS was grown in fMHB and harvested at various time points
during its growth phases. Samples collected at various OD were formulated (see Fig. 3 for
formulation composition) and half was subjected to foam drying, followed by enumeration
of bacterial colony to compare the titer to that of the predried material (i.e., the other half).
The process-associated loss was typically greater than 2 log10, however, F. tularensis
harvested later during its growth (i.e., 0.957 OD600 nm, corresponding to late stationary
phase) resulted in higher recovery of titer (Fig. 3).

Effect of Solution pH on Process Recovery and Storage Stability of Foam Dried F.
tularensis

The effect of solution pH, ranging from 5.5 to 8.5, on the process recovery and storage
stability of foam-dried F. tularensis was examined (Table 2). Foam drying process loss
ranged from 2.2 to 2.8 log10, with the lowest process loss (2.2 log10) observed at pH 7.5. In
terms of storage stability, the vaccine dried at pH 7.5 lost the most titer following 1 week of
storage at 37°C. However, when both process loss and storage stability are factored together,
the formulation at pH 8.5 exhibited the lowest loss. Nevertheless, given the large standard
deviation in the slope of titer loss, statistical significance has not been established.

Effect of Surfactant on Process Recovery of Foam Dried F. tularensis
Surfactants are useful in enhancing the foaming capacity of formulations as well as in
improving the storage stability of labile biologicals. These effects occur by modulating the
surface tension of the solution and by accumulating at various interfaces, at which biological
molecules are prone to denature or deactivate. At too high a concentration, however, the
surfactant may destabilize the bacterial membrane of F. tularensis, leading to decreased
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activity of the bacteria. The level of surfactant in the foam drying formulation was varied
from 0 to 1 wt % in order to determine the optimum level. At the lowest concentration
examined, the foam drying process loss was 2.1 log10 and increased to 2.6 log10 at higher
concentrations (Table 3), all of which are higher than the process-associated loss observed in
the absence of surfactants (1.0 log10). These results indicate that for the formulation
examined (i.e., trehalose in phosphate buffer), Pluronic F68 addition did not improve
stability. In cases where several other components are present, as will be described in the
section Effect of Gelatin on Process Recovery and Storage Stability of Foam-Dried F.
tularensis, its inclusion may be beneficial.

Effect of Amino Acids on Process Recovery and Storage Stability of Foam Dried F.
tularensis

Several amino acids were incorporated into the formulation that comprised 30% (w/v)
trehalose and 25 mM potassium phosphate at pH 8.0. Methionine was incorporated at either
0.5% or 2% (w/v), whereas arginine was incorporated at 0.5%, 2%, and 4% (w/v). The
inclusion of either amino acid significantly reduced the foam drying process loss (e.g., from
1.0 to less than 0.6 log10). For example, process loss was decreased from 1.0 log10 (without
arginine) to 0.3 log10 (with 0.5% arginine) (Table 4). The protection against process loss
was higher at low arginine concentrations. Methionine was marginally less protective than
arginine in process loss but improved the storage stability significantly better than arginine.
For example, methionine addition at 0.5% improved the storage stability by reducing the
titer loss from 3.1 to 2.3 log10 (Table 4). It should be noted that the moisture contents of the
formulations tested were relatively high (>3.8%), which could have curtailed the positive
impact of these amino acid-based stabilizers on storage stability.

Effect of DMSO on Process Recovery and Storage Stability of Foam Dried F. tularensis
Dimethyl sulfoxide, a plasticizer, was screened to determine its efficacy in improving the
stability of F. tularensis. The addition of 0.5 wt % DMSO to the base formulation, composed
of 30% (w/v) trehalose and 25 mM potassium phosphate at pH 8.0, had no significant effect
on process loss, although the storage stability was improved in a dose-dependent manner
(>0.3 log10, Table 5). It should be noted that the addition of DMSO decreased the residual
water content from 5.2% to less than 4.8% (Table 5). However, it is unclear whether such
modest reduction in water content had a significant impact on the observed improvement in
stability.

Effect of Gelatin on Process Recovery and Storage Stability of Foam Dried F. tularensis
Polymers, such as gelatin, were incorporated into the solution to evaluate their effectiveness
in stabilizing F. tularensis (Table 6). Inclusion of 5% (w/v) gelatin to the base formulation,
comprised 30% (w/v) trehalose and 25 mM potassium phosphate at pH 8.0, significantly
improved the stability of foam dried F. tularensis stored at 37°C (Fig. 4a); the rate constant
of degradation has been reduced from −3.5 log10/week0.5 to −0.9 log10/week0.5 (Table 7).
Furthermore, the inclusion of gelatin decreased the residual water content from 5.2% to
2.5% and increased the Tg from 57.6°C to 99°C.

To examine the potential additive effect of other stabilizers with the gelatin-containing
formulation, methionine, DMSO, and Pluronic F68 were incorporated individually (Table 6)
and then foam dried. All of the formulations retained less than 3% residual water content
and demonstrated Tg greater than 90°C. Although the methionine-containing formulation
demonstrated a slightly higher degradation rate constant at 37°C (−1.1 log10/week0.5), the
other three formulations demonstrated similar values (−0.9 log10/week0.5, Table 7). It is
interesting to note that the enhanced titer loss previously reported with Pluronic usage was
not observed in the presence of gelatin; whereas 0.02 wt % Pluronic F68 addition enhanced
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the process-associated loss from 1.0 to 2.1 log10 (Table 3), no change was observed in the
presence of gelatin (Fr 4 and Fr 7, Table 6). The relative effectiveness of the gelatin-
containing formulations became clearer upon comparing their storage stability at lower
temperatures. At 25°C, it is evident that the formulation containing methionine
demonstrated the poorest storage stability (−0.56 compared with ≤ −0.33 log10/week0.5 for
the others), and the difference became more evident at 4°C. The storage stability of trehalose
formulation lacking gelatin (Fr 3) was not evaluated at the lower temperatures as it
demonstrated significantly high loss in titer when stored at 37°C.

Formulated LV Maintains Biological Activity
The potential effects of the formulation process on the biological activity of LVS were
evaluated in the macrophage intracellular replication assay and in the mouse virulence
model. The ability of F. tularensis to survive and replicate within macrophages is a hallmark
of its pathogenic process. In a typical assay, F. tularensis LVS were efficiently taken up by
macrophages following a 2 h incubation period and proceeded to replicate to high levels
over the following 72 h. During the first 24 h, LVS underwent approximately six doublings.
At subsequent 48 and 72 h time points, the number of bacteria increased slightly as F.
tularensis began to damage the macrophages. Two formulations of LVS (Fr 6 and Fr 7) were
tested for their ability to survive and replicate within macrophages. As shown in Figure 5,
both foam-dried materials behaved comparably to the control LVS. All samples were taken
up by macrophages to equally high number and proceeded to replicate with 5.7–6.7
doublings within the first 24 h. Intracellular bacterial numbers were slightly increased at the
48 and 72 h time points for all samples.

The foam drying process did not affect the virulence of LVS in the mouse model. Although
LVS is safe for use in humans, it is highly virulent in mice where the Lethal Dose, 50%
(LD50) following an i.p. inoculation is approximately 15 CFU. Three different doses of each
strain were tested for virulence in the mouse model. As shown in Table 8, all LVS inocula,
including control and foam dried samples, were highly virulent. An inoculum containing
80–95 CFU resulted in moribundity in 50%–100% of mice, and doses containing 10× or
100× higher numbers of bacteria caused all mice to reach a moribund state within 4 days.

DISCUSSION
Foam drying is a desiccation process whereby the solution is converted in a single step to a
dried foam structure (Fig. 1). Compared with the other conventional drying processes, that
is, spray drying and freeze drying, foam drying may have an advantage in processing labile
biologicals because desiccation is conducted at near ambient conditions (i.e., 15°C–25°C),
and therefore spare the organism’s exposure to extreme temperature regimes and process
stresses, such as those involved with freeze drying and spray drying (e.g., ice crystals, shear,
etc.).29,30

The foaming process was originally described by Annear31 in the 1960s as a method for
preservation of bacteria. Briefly, the suspension of bacteria was contained in a glass
ampoule and dried over phosphorous pentoxide, while controlling the sample temperature
using a water bath to avoid freezing. The key aspect of the foam drying process is the
boiling, or foaming, of the solution under low vapor pressure condition followed by rapid
evaporation. Unlike the original foam drying method described by Annear,31 the current
method employs improved temperature and pressure control with the use of a conventional
lyophilizer. The foam drying method used for the current study has been described in more
detail elsewhere.25 In addition to the processing variables, the formulation composition has a
significant effect on the foaming efficiency as well as on the resulting storage stability of the
labile biologicals. The formulation may consist of sugars, polyols, polymers, and
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surfactants. These excipients are included alone or in combination to vary the solids content,
viscosity, and surface tension (to affect the foaming process) as well as strength of water
binding (to modulate the residual water content). Foam drying does introduce its own unique
set of stresses not encountered in other processes, namely the surface tension stress
associated with cavitation. However, the detrimental impact conferred on labile biologicals
appears to be reduced30; for parainfluenza virus stored at 25°C for 20 weeks, foam drying
outperformed spray drying and freeze drying by demonstrating 0.73 log/week0.5 loss in titer,
whereas the other two processes demonstrated greater than 1 log/week0.5 decrease in titer.30

This has been attributed to the lower specific surface area of the foam dried samples and the
avoidance of ice formation achieved by drying at intermediate temperatures.19,25,30 It should
be noted that similar process comparison was not conducted for the current work and foam
drying was chosen due to its superiority over the other processing methods based on prior
publications.

Both the growth condition and the harvesting time have been reported to have an effect on
the physical properties of microorganisms.26 In particular, the addition of osmolytes to the
growth media has been reported to affect the growth rate and the osmotolerance of various
bacteria and fungi.26–28 In fact, the growth kinetics of F. tularensis LVS was accelerated
upon the addition of osmolytess (Fig. 2), and the degree of acceleration appeared to be
correlated to the amount of osmolyte present in the growth media. However, F. tularensis
grown in high-osmolality growth media did not develop desiccation tolerance (Table 1),
contrary to reports for Ty21a.25 The formulation used to subsequently stabilize the bacteria,
however, appears to mask the effect to differing degrees.

Next, the optimum harvesting time for F. tularensis was examined to improve the process
recovery following foam drying. This study was based on previous reports, which
demonstrated the dependence of desiccation tolerance of bacteria on their maturation
level.25,26 Although the process loss was rather high, irrespective of the harvesting time, F.
tularensis harvested later during its growth cycle (i.e., 0.957 OD600 nm) resulted in higher
recovery (Fig. 3). This may be related to the strength or “durability” of the bacterial
membrane or simply to the amount of internal osmolytes (i.e., proteins, carbohydrates, etc.)
that may have accumulated during growth.

The effect of pH on the stability of various bacteria has been studied extensively, however
most reports are either in solution or complex growth media.32–37 For example, the effect of
pH on the storage stability of Ty21a was compared in solution to that in the dried state, but
there appeared to be no direct correlation.25,33 Our examination of pH effects also suggested
no clear pH optimum. However, based on process loss from foam drying, F. tularensis LVS
prepared in neutral-to-alkaline condition demonstrated the lowest process-associated loss.

Several amino acids have been successfully employed to stabilize a wide variety of complex
biomolecules.38–42 In the current study, methionine and arginine were examined. Arginine
addition was effective in reducing the process-associated loss, in particular at 0.5%
concentration, although the storage stability was worsened in comparison to the trehalose-
only formulation (Table 4). In comparison to the base formulation, only the 0.5%
methionine addition appeared to increase the stability of F. tularensis. Interestingly, similar
improvement in stability using the same concentration of methionine was reported for foam
dried Ty21a,25, with the antioxidant property of the amino acid being cited as one possible
mechanism of stabilization. In all cases examined, except for 2% methionine, the addition of
amino acid improved the drying efficiency, as evidenced by the decreased water content in
comparison to that of the base trehalose formulation.
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Surfactants are typically incorporated into the formulation to reduce the accumulation of
labile biologicals, such as proteins and viruses, at various interfaces (i.e., air–liquid, liquid–
enclosure, etc.). This has been demonstrated to reduce the degree of denaturation and
subsequent aggregation for a number of systems,30,43–45 thereby leading to enhanced
stability. In the present study, surfactant was also incorporated to enhance the foaming
capacity due to the lowered surface tension. Visually, it was noted that the surfactant-
containing formulations foamed quicker and more effectively than those lacking surfactant.
The inclusion of surfactant may be beneficial only for certain formulations, as evidenced by
the negative impact of Pluronic F68 addition on the storage stability of the trehalose
formulation lacking gelatin (Table 3), whereas a stabilizing effect was observed in the
presence of gelatin (Table 7).

Plasticizers are well known for their propensity to enhance the mobility of solids, which may
correlate with the lowered Tg, and thus are typically avoided in formulation design.46,47

Mobility examined on a large scale (i.e., translational motion) suggests that plasticizers are
detrimental to the storage stability of labile biologicals that are effectively encased in a
glassy matrix. However, on the local scale (i.e., vibrational and rotational motion),
plasticizers have been demonstrated to dampen the high frequency motions, leading to
enhanced storage stability.48,49 Thus, the effects of plasticizers are profound in the local
environment of the labile biologicals, and not in the bulk, which is the property readily
evaluated using techniques such as differential scanning calorimetry. Accurate evaluation of
the role of plasticizers requires the use of instruments such as neutron scattering and
dielectric spectroscopy.49,50 In the present study, DMSO inclusion resulted in improved
storage stability and reduced residual water content (Table 5).

As mentioned above, the viscosity of the formulation is an important parameter that can
influence the foaming process and can be modulated by varying the solids content of the
formulation. Another viable approach is to include large molecular weight proteins or
polymers, which on its own may have other stabilizing effects such as high Tg and hydrogen
bonding capability (upon drying). Gelatin was evaluated in the current study and was
observed to have positive effects in enhancing the storage stability of foam dried F.
tularensis (Fig. 4). Inclusion of 5% gelatin to the trehalose formulation improved the storage
stability, reducing the rate constant of degradation from −3.5 log10/week0.5 to −0.9 log10/
week0.5 at 37°C (Table 7). Furthermore, the inclusion of gelatin resulted in the reduction of
residual water content and Tg increase (Table 6). Next, several other components (examined
previously) were incorporated into the gelatin–trehalose formulation to determine their
compatibility. Methionine-containing formulation demonstrated the highest rate constant of
degradation (−1.1 log10/week0.5), whereas the other formulations demonstrated similar
values (−0.9 log10/week0.5). The observed differences became clearer upon comparing their
rate constants at lower temperatures (Table 7). At 4°C, the stability of foam-dried F.
tularensis follows the order:

All of the formulations also contain trehalose. It should be noted that the storage stability of
formulations lacking gelatin was inferior to any of those listed above. It is also interesting to
note that the difference in the effectiveness of the formulations became clearer at the lower
storage temperatures, whereas such differences are typically observed at high temperatures.
Stability data presented in Figure 4c (and water content data in Table 6) also shows that the
residual water content is likely not the driving force for the difference in the observed
stability because Fr 7 and Fr 4 both retained higher water content (~2.5% H2O) compared
with Fr 6 (~1.2% H2O), yet the storage stability for those two formulations were greater and
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worse, respectively, than that for Fr 6. Thus, the formulation composition appears to play a
greater role in the stability of the foam dried vaccine than the residual water content. And
finally, in the presence of gelatin, the incorporation of Pluronic F68 had no destabilizing
effect, as was observed in its absence (Tables 6 and 3, respectively). Surfactants have both
positive and negative effects on the stability of bacterial membrane (depending on the
concentration used), and the observed effect is the sum of all factors involved, that is,
membrane disruption, surface adsorption, surface tension reduction, and so on. The
trehalose–gelatin-based formulation may be broadly applicable to stabilizing other bacterial
vaccine strains, as evidenced by the optimal formulation for Ty21a, which also contained
trehalose and gelatin.25

Finally, the two foam dried materials (Fr 6 and Fr7) were shown to survive and replicate
within macrophages (Fig. 5) and demonstrated virulence comparable to the unprocessed
LVS (Table 8).

CONCLUSION
A foam drying processing method coupled with growth conditions and formulation
components were developed that stabilized F. tularensis LVS. Improved desiccation
tolerance was observed for F. tularensis harvested in the late stationary growth phase.
Various pharmaceutically acceptable stabilizers were examined, including sugars,
plasticizers, polymers, amino acids, and surfactants. The optimized formulation for foam
dried F. tularensis consisted of trehalose and gelatin with Pluronic F68. The storage stability
of trehalose–gelatin–Pluronic F68 formulation was 1.5 weeks at 37°C (i.e., time required for
the vaccine to decrease in potency by 1 log10 CFU) and the formulation demonstrated less
than 1 log10 decrease in titer following 12 weeks of storage at 25°C. Under refrigerated
condition (4°C), no loss in activity was observed for at least 12 weeks. In comparison,
lyophilized F. tularensis LVS demonstrated 3 log10 or more decrease in titer following 12
weeks of storage under ambient condition.24 The improved stability of the F. tularensis LVS
could mitigate risks of vaccine potency loss during long-term storage, shipping, and delivery
to geographical areas with warmer climates. Furthermore, in preparation for biological
threat, the improved storage stability of the current vaccine would allow for stockpiling and
immediate use, if needed.
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Figure 1.
Typical appearance of a foam dried sample. The structure, which occupies a larger volume
than a lyophilized cake, is translucent and brittle.
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Figure 2.
Growth curve for Francisella tularensis grown in fMHB (◀), fMHB+1% (w/v) trehalose
(○), and fMHB+250 mM NaCl (●). During incubation at 37°C, F. tularensis was shaken at
225 rpm.
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Figure 3.
Process-associated titer loss for foam dried Francisella tularensis harvested at various time
points during its growth. F. tularensis was grown in fMHB while being shaken at 225 rpm at
an incubation temperature of 37°C. The formulation contained 40% (w/v) sucrose, 4.17%
(w/v) gelatin, 0.19% (w/v) methionine, 0.2 wt % Pluronic F68, and 1.75 wt % glycerol in 10
mM potassium phosphate buffer at pH 6.5.
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Figure 4.
Storage stability of foam dried Francisella tularensis stabilized in formulation Fr 3 (■), Fr 4
(●), Fr 5 (○), Fr 6 (◀), and Fr 7 (△). The formulation components are given in Table 6.
The storage temperatures are 37°C (a), 25 °C (b), and 4°C (c).
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Figure 5.
Comparison of intracellular replication of Francisella tularensis live vaccine strain (LVS)
evaluated at various incubation times after gentamicin treatment. The examined samples
included fresh LVS as well as foam dried LVS (Fr 6 and Fr 7).
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Table 1

Effect of Growth Media on the Foam Drying Process Recovery of F. tularensis. Formulation 1 (Fr 1)
contained 30% (w/v) trehalose and 0.2 wt % Pluronic F68 at pH 6.5, and formulation 2 (Fr 2) further
contained 1% (w/v) cysteine and 10 mM potassium phosphate buffer (n = 2 replicates per data point or # of
experiment).

Formulation Growth Media Foam Drying Process Loss (log10 CFU ± s.d.)

Fr 1 fMHB 2.8 ± 0.6

fMHB + 250 mM NaCl 2.9 ± 0.0

fMHB + 29 mM trehalose 3.0 ± 0.2

Fr 2 fMHB 2.3 ± 0.1

fMHB + 250 mM NaCl 2.8 ± 0.2

fMHB + 29 mM trehalose 3.0 ± 0.2
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Table 2

Effect of Solution pH on the Process-Associated Loss and Storage Stability of F. tularensis Following Foam
Drying. Formulation contained 30% (w/v) trehalose and 0.2 wt % Pluronic F68 in 10 mM potassium
phosphate at the indicated pH (n = 2 replicates per data point or # of experiment).

pH
Foam Drying Process Loss

(log10 CFU ± s.d.)
Titer Loss After 1 Week at 37°C (log10

CFU ± s.d.)
Total Titer Loss from Drying and After 1 Week of

Storage at 37°C (log10 CFU ± s.d.)

5.5 2.8 ± 0.3 3.1 ± 0.5 5.9 ± 0.7

7.5 2.2 ± 0.1 4.0 ± 0.1 6.2 ± 0.2

8.5 2.5 ± 0.2 2.8 ± 0.8 5.3 ± 1.0
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Table 3

Effect of Surfactant (Pluronic F68) Concentration on the Foam Drying Process Loss of F. tularensis. With
increasing surfactant concentration, process loss from foam drying increased (n = 2 replicates per data point or
# of experiment).

Surfactant Concentration (wt %) Process Loss (log10 CFU ± s.d.)

0 1.0 ± 0.1

0.02 2.1 ± 0.3

0.2 2.2 ± 0.2

1 2.6 ± 0.2
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Table 4

Effect of Amino Acid Addition on the Process-Associated Loss, Storage Stability, and Residual Water
Content of F. tularensis Following Foam Drying. The formulation further comprised 30% (w/v) trehalose and
25 mM potassium phosphate at pH 8.0 (n = 2 replicates per data point or # of experiment, except for residual
water content analysis, for which n = 3)

Amino Acid Process Loss (log10 CFU ± s.d.) Stability Loss, 1 Week at 37°C (log10 CFU ± s.d.) Residual Water (%)

None 1.0 ± 0.2 3.1 ± 0.1 5.2 ± 0.1

Methionine, 0.5% (w/v) 0.6 ± 0.2 2.3 ± 0.3 4.2 ± 0.2

2% (w/v) 0.5 ± 0.2 3.5 ± 0.2 5.5 ± 0.4

Arginine, 0.5% (w/v) 0.3 ± 0.2 4.9 ± 0.1 3.8 ± 0.4

2% (w/v) 0.4 ± 0.2 ND 4.5 ± 0.8

4% (w/v) 0.6 ± 0.2 3.8 ± 0.9 4.1 ± 0.3
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Table 5

Effect of DMSO Addition on the Process-Associated Loss, Storage Stability, and Residual Water Content of
F. tularensis Following Foam Drying. The formulation further contained 30% (w/v) trehalose and 25 mm
potassium phosphate at pH 8.0 (n = 2 replicates per data point or # of experiment, except for residual water
content analysis, for which n = 3).

DMSO Process Loss (log10 CFU ± s.d.) Stability Loss, 1 Week at 37°C (log10 CFU ± s.d.) Residual Water (%)

None 1.0 ± 0.1 3.0 ± 0.1 5.2 ± 0.1

0.5 (wt %) 0.9 ± 0.1 2.7 ± 0.5 4.9 ± 0.3

2.4 (wt %) 0.9 ± 0.2 2.4 ± 0.6 4.7 ± 0.3
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Table 7

Calculated Rate Constant of Degradation for the Five Formulations, Fr 3–Fr 7, at Three Storage Temperatures

Rate Constant of Degradation (log/week0.5 ± s.d.)

Formulation T = 37°C T = 25°C T = 4°C

Fr 3 −3.45 ± 0.02 ND ND

Fr 4 −0.93 ± 0.03 −0.33 ± 0.09 −0.11 ± 0.10

Fr 5 −1.07 ± 0.08 −0.56 ± 0.05 −0.25 ± 0.04

Fr 6 −0.87 ± 0.08 −0.33 ± 0.02 −0.04 ± 0.02

Fr 7 −0.91 ± 0.07 −0.27 ± 0.01 −0.01 ± 0.02

ND, Not determined.
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Table 8

Virulence of Live Vaccine Strain LVS Samples Administered Intraperitoneally in Mice. Samples included
freshly prepared LVS, foam-dried LVS (Fr6 and Fr7), and control (1% gelatin in PBS), administered at
several dose levels. Mice were monitored daily for signs of disease for 28 days.

Strain Dose (CFU) # Moribunda/Total Time to Moribundity (days)

LVS 95 4/4 4, 4, 5, 5

950 4/4 4, 4, 4, 4

9500 4/4 4, 4, 4, 4

Fr 6 90 3/4 4, 4, 5

900 4/4 4, 4, 4, 4

9000 4/4 4, 4, 4, 4

Fr 7 80 2/4 4, 4

800 4/4 4, 4, 4, 4

8000 4/4 4, 4, 4, 4

PBS – 0/3 –

a
Moribundity was determined by the exhibition of any three of the following clinical signs: lack of grooming (ruffled fur), hunched gait, lethargy,

and closed eyes.
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