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Abstract
As a partner of the European Virus Archive (EVA) FP7 project, our laboratory maintains a

large collection of freeze-dried viruses. The distribution of these viruses to academic re-

searchers, public health organizations and industry is one major aim of the EVA consortium.

It is known that lyophilization requires appropriate stabilizers to prevent inactivation of the

virus. However, few studies have investigated the influence of different stabilizers and

lyophilization protocols on the thermostability of different viruses. In order to identify optimal

lyophilization conditions that will deliver maximum retention of viral infectivity titre, different

stabilizer formulations containing trehalose, sorbitol, sucrose or foetal bovine serum were

evaluated for their efficacy in stabilizing a representative panel of freeze dried viruses at dif-

ferent storage temperatures (-20°C, +4°C and +20°C) for one week, the two latter mimicking

suboptimal shipping conditions. The Tissue Culture Infectious Dose 50% (TCID50) assay

was used to compare the titres of infectious virus. The results obtained using four relevant

and model viruses (enveloped/non enveloped RNA/DNA viruses) still serve to improve the

freeze drying conditions needed for the development and the distribution of a large

virus collection.

Introduction
EVA (European virus Archive) is a non-profit organization, funded by the European Commis-
sion through the FP7 CAPACITIES Project GA n° 228292. EVA mobilizes a European network
of scientific laboratories with expertise in virological procedures to collect, characterize and dis-
tribute viruses and virus-derived products such as antibodies, antigens, diagnostic and research
reagents and assay [1]. As the coordinating partner of EVA, we have propagated a large num-
ber of virus strains, for worldwide distribution. Although ultra-low temperature storage at
-80°C appears easy and cost effective, the potential problems involved in long-term
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preservation (i.e. the possibility of power/equipment failure) in the source laboratory, together
with shipping to the customer (such as costs, packaging and cold chain preservation) need to
be developed to the safest, highest, most robust and cost effective standards. Cryopreservation
has been robustly demonstrated as a means of preserving a wide range of microorganisms and
lyophilization in particular is known to preserve viruses for sixty or more years [2] but few
studies have evaluated and compared different lyophilization protocols for the efficient preser-
vation of various categories of viruses (enveloped/non-enveloped, RNA/DNA genome). Prepa-
ration of the infectious virus samples before and during lyophilization is critical for the quality
of the end-product. For example, a controlled rate of freezing of each virus sample and the use
of small volumes of virus in each aliquot can significantly improve survival of virus infectivity.
The use of appropriate stabilizers can also greatly reduce loss of infectivity arising from damage
to virus structural proteins and nucleic acids resulting from temperature changes and stresses
imposed by crystallization and solubilisation, during the lyophilization and recovery protocols
[3–4].

Lyophilization of cells in water or a simple salt solution typically results in poor survival.
Consequently, using the same assumptions, a variety of protective media has been developed
for lyophilization of viruses, including augmented growth media or sugar, and peptide solu-
tions [5]. Most common stabilizer formulations include carbohydrates (sucrose, lactose, malt-
ose, and trehalose) or sugar alcohols (such as sorbitol and mannitol) [6–7]. Carbohydrates are
widely used as cryoprotectants based on pragmatic grounds rather than evidence-based data
but disaccharides are reported to be more effective than monosaccharides when used in con-
ventional freeze-drying protocols since they display higher collapse [8]. Alternatively, reducing
sugars may induce damaging Maillard reactions, thereby compromising stability, and for this
reason non-reducing disaccharides, such as sucrose or trehalose, are preferred to reducing di-
saccharides such as lactose.

The freeze drying protocol can also determine the properties of a specific formulation by
influencing the crystallization of additives and subsequently acting on the collapse tempera-
ture. It is known that significant crystallization of the bulking agent will decrease drying time
but can also reduce stabilizing effects of the amorphous stabilizer especially with proteins. In
fact, different freezing or drying rates can produce vastly different freeze-dried products, both
in appearance and viability of the micro-organism and an optimized lyophilization protocol
will provide excellent drying efficiency while maintaining the virus integrity [9]. Although
lyophilization having been used for decades, the conservation of biological products is affected
by so many factors that it is often necessary empirically to adjust the experimental conditions
for each particular case. However, few experimentally-based data are available in the scientific
literature to be applied easily for the development and the distribution of a large collection of
viruses. In fact, specific protocols are required to reduce the damage induced by preservation
techniques or storage conditions.

This study focuses on optimizing both the protocol and the formulation for the lyophiliza-
tion of enveloped and non-enveloped viruses possessing RNA or DNA genomes. One aim was
to select the standardized method allowing optimal recovery of viral infectivity after one week
at +4°C or +20°C, conditions mimicking transportation without cold chain preservation. The
performance of the protocols is evaluated by measurement of the infectivity of the resulting
freeze-dried material. Using a representative panel of viral specimens, several chemical stabiliz-
ers were assayed to evaluate the thermostability of the freeze-dried preparation. Commonly
known cryo/lyoprotectants, including sucrose, trehalose, sorbitol or foetal bovine serum in two
freeze-drying programmes, were compared for their stabilizing property on four representative
viruses. After different temperature storage conditions representing those that may be
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encountered during viral transport and distribution, the recovery of viral infectivity titre was
analyzed to identify the optimal conditions for the lyophilization protocol.

Materials and Methods

1. Cells and viruses
The four virus strains used in this study were isolated from human clinical samples collected
for diagnosis in the Virology laboratory of the University Hospital of Marseille (Table 1).
These strains are available from the EVA collection (European-virus-archive.com).

Human herpesvirus 1 (strain MRS2010 7351047) and Human enterovirus B type Echovirus
13 (strain 142604/2000) were propagated on primary human fibroblast MRC-5 cells (ATCC
number CCL-171) grown in Basal Medium Eagle (BME) supplemented with 10% foetal calf
serum (FCS), 2 mM L-glutamine, 100U/ml Penicillin, 100μg/ml Streptomycin sulfate, under
5% CO2. Chikungunya virus (strain LR2006_OPY1) was propagated on Vero cells (ATCC
number CCL-81) grown in minimal essential medium (MEM) supplemented with 5% FCS,
2 mM L-glutamine,100U/ml Penicillin, 100 μg/ml Streptomycin sulfate, under 5% CO2.
Human Adenovirus type C (strain MRS2012 23910121) was propagated on a Hep-2 cell line
(ATCC number CCL-23) grown in minimal essential medium (MEM) supplemented with 5%
FCS, 2 mM L-glutamine,100U/ml Penicillin, 100 μg/ml Streptomycin sulfate, 1% non essential
amino-acids, under 5% CO2.

2. Stabilizers
Four different stabilizer solutions were tested in this study. For each, two concentrations were
prepared depending on the data found in the literature. Sorbitol, trehalose and sucrose were
obtained from Sigma (France). foetal bovine serum (FBS) was obtained from Invitrogen
(France). For each assay, 100μl of infected cell culture supernatant was mixed with 100μl of sta-
bilizer solution to obtain final concentrations at 5% and 10% with sorbitol and trehalose, at
3.5% and 7% with sucrose, and at 25% and 50% with FBS.

3. Preparation of virus samples
Confluent Vero, MRC-5 and Hep-2 cells in 175-cm2 flasks were respectively infected with Chi-
kungunya virus (CHIKV), Herpesvirus type 1 (HSV-1), Human Echovirus 13 (EV-13) or
Human Adenovirus type C (HAdV-C) with a multiplicity of infection (MOI) between 0.1 and
0.01. When a 50% cytopathic effect (CPE) was observed, cell supernatant media were clarified
using low-speed centrifugation (1500g for 10 min) and supplemented with 25mMHEPES
(Sigma). 200μL aliquots of the appropriate virus, in appropriate stabilizing media, were added
to sterile 2-mL lyophilization vials (Dutsher, France) and the aliquots were stored at -70°C
prior to freeze drying.

Table 1. Representative RNA viruses used in this study.

Genome Family Genus Virus Strain Cell line

Enveloped viruses ssRNA Togaviridae Alphavirus Chikungunya virus LR2006_OPY1 Vero

dsDNA Herpesviridae Simplexvirus Herpesvirus type 1 MRS2010 7351047 MRC-5

Non Enveloped viruses ssRNA Picornaviridae Enterovirus Human Echovirus 13 MRS 142604/2000 MRC-5

dsDNA Adenoviridae Mastadenovirus Human Adenovirus type C MRS2012 23910121 Hep-2

doi:10.1371/journal.pone.0118963.t001
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4. Freeze drying of virus preparation
Lyophilization was carried out in a BSL3 laboratory using a CHRIST alpha 1–4 LSC freeze-
dryer. To avoid cross contamination and to ensure identical conditions, each freeze-dried
batch production was performed on a single virus strain with different stabilizer formulations.
Briefly, as described in section 3, 200μl of viral preparation were dispensed in sterile 2mL vials
partially sealed with vented rubber stoppers before freezing in a dry ice/ethanol cooling bath.

Two lyophilization programs were used for comparison; (i) LP1 "optimized;", this is used
routinely in our laboratory and was previously developed based on a yellow fever 17 D vaccine
virus model (data not shown), which consisted of a 6-hour primary drying step (1.03 mbar,
-20°C for 160 min then -10°C for 135 min) followed by a secondary drying step (0.006 mbar,
+20°C for 360 min), (ii) LP2 "rapid"; this second program consisted of a single 6-hour second-
ary drying step (0.006mbar, +20°C). All the vials were finally sealed under vacuum following
the lyophilization stage.

5. Storage and thermostability of freeze dried viruses
Separate freeze dried virus vials were exposed to different storage temperatures (-20°C, +4°C
and +20°C) in a light-protected environment for 7 days. Vials were then rehydrated with
200μL of sterile distilled water before virus titration as described below.

To summarize and to simplify the comparison of the different freeze dried batches, the fol-
lowing abbreviation was adopted: LP1/2 (-20/+4/+20°C) for all samples freeze dried using the
LP1 or LP2 protocol and stored for one week at -20, +4 or +20°C. Storage at -20°C represents
the laboratory standard for EVA collection preservation of freeze dried viruses. A storage at
+4°C or +20°C for one week mimics conditions which can be encountered during sample
transportation from the EVA to the customer laboratory.

6. Virus titration and titre comparison
Virus infectivity was quantified by estimating the 50% tissue culture infectivity dose (TCID50)
using standard cell culture procedures. Briefly, when cells reached 80% confluence in 96-well
microtitre plates, six replicates were infected with 150μL of tenfold serial dilutions of the virus
sample, and then incubated for 7 days at 37°C in a humidified atmosphere of 5% CO2. CPE
was monitored using an inverted microscope, and infectivity titres were expressed as TCID50/ml
based on the Karber formula. The virus infectivity was then compared and analyzed to determine
the optimal sample formulation under the different conditions of preparation and storage. More-
over, to evaluate the program and temperature influence on viral infectivity independently of
sample formulation, t-tests were used to estimate the difference between groups of data which
were expressed as mean virus titres ± standard deviations (Table 2).

Results
Table 1 identifies the four representative viruses used in this study. Following the procedures
described above, comparative infectivity levels were assessed for each of these viruses, under
the different freeze drying protocols (LP1, LP2) identified in Table 2 and after storage for one
week at the different temperatures.

Chikungunya virus
Fig 1 describes TCID50 data obtained for CHIKV.

Independently of sample formulation, recovered virus infectivity levels were significantly
higher (p<0.004) for LP1 (+4°C) (mean viral titre of 107.8±1.3 TCID50/ml) and LP1 (-20°C)
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freeze dried samples (mean viral titre of 108±0.9 TCID50/ml), when compared with LP1
(+20°C). Also, LP2 (+20°C) produced similar yields of virus. (p = 0.07).

Moreover, independently of sample formulation, there were no significant differences for
recovered virus infectivity in the LP2 freeze dried samples in relation to the storage tempera-
ture and only slight differences in viral infectivity were observed between the various stabilizers
by comparison with the mean viral titres for each storage temperature (106.6±0.3 TCID50/ml at
+20°C, 107.2±0.6 TCID50/ml at +4°C and 106.9±0.2 TCID50/ml at -20°C). However, for LP1
(-20°C) freeze dried samples, the used of FBS 50% significantly increased the mean viral titre
by about 2 log10 TCID50 (10

8±0.9 TCID50/ml versus 1010.1 TCID50/ml). For LP1 (+4°C) freeze
dried samples, formulated with sorbitol 10% resulted in recovery of the highest virus infectivity
(more than 2 log10 TCID50 higher when compared with the mean viral titre 107.8±1.3 TCID50/ml
in the absence of sorbitol).

To summarize, a comparison of the results obtained for chikungunya virus, under all of the
conditions described, revealed that the highest viral titres were obtained for LP1 (+4°C/-20°C)
freeze dried samples, with 10% sorbitol or 50% FBS as stabilizers whereas the lowest viral
titres were obtained for both LP1 and LP2 (+20°C) freeze dried samples with no significant dif-
ference between the stabilizers. The LP2 (-20°C) is not significantly different from the LP2
(+20°C) result.

Table 2. Mean and standard deviations of viral formulation titres obtained for each protocol and each storage temperature.

Virus Process Strorage temperature Average of viral titers (Log10 TCID50/ml) ± Standard deviation

Chikungunya virus LP1 +20°C 6.20 0.36

+4°C 7.80 1.30

-20°C 8.00 0.86

LP2 +20°C 6.60 0.30

+4°C 7.20 0.60

-20°C 6.86 0.20

Herpesvirus type 1 LP1 +20°C 7.20 0.90

+4°C 6.70 0.50

-20°C 6.90 0.20

LP2 +20°C 7.20 1.50

+4°C 6.70 0.40

-20°C 9.20 1.30

Human Echovirus 13 LP1 +20°C 2.00 1.70

+4°C 3.30 1.00

-20°C 3.60 0.70

LP2 +20°C 2.00 1.50

+4°C 3.10 1.00

-20°C 3.40 0.90

Human Adenovirus type C LP1 +20°C 3.00 1.00

+4°C 3.80 0.34

-20°C 4.10 0.30

LP2 +20°C 2.60 1.10

+4°C 3.60 0.20

-20°C 3.40 0.90

Independent of the sample formulation, t-tests were used to estimate the difference between groups of data which were expressed as mean virus

titres ± standard deviations.

doi:10.1371/journal.pone.0118963.t002
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Herpesvirus type 1
Fig 1 describes the TCID50 data obtained for HSV-1.

The results show that independently of sample formulation and storage temperature, there
were no significant differences between the mean viral infectivity observed using the LP1 pro-
tocol (p>0.2). However, infectivity recovered was significantly higher (p<0.0001) when the
LP2 freeze drying protocol was used and the samples were stored at -20°C (mean viral titre of

Fig 1. Enveloped virus infectivity recovery after lyophilization.Chikungunya virus and Herpesvirus type 1 were freeze dried with/without different
stabilizers using two different protocols (LP1 and LP2). After seven days at different temperature storage (-20°C, +4°C, +20°C), infectivity of each virus
formulation were determinate by TCID50 assays. Chikungunya virus infectivity after storage at -20°C, +4°C, +20°C. Herpesvirus type 1 infectivity after
storage at -20°C, +4°C, +20°C.* TCID50/ml >108.

doi:10.1371/journal.pone.0118963.g001
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109.2±1.3 TCID50/ml). Virus infectivity recovered was also statistically higher (p = 0.004) for the
LP2 freeze-drying protocol when samples were stored at -20°C (mean viral titre of about 107.8±1.3

TCID50/ml). These results were independent of the sample formulation and they refer to com-
parison with the mean viral titre obtained following storage at +20°C (107.2±1.5 TCID50/ml) or
+4°C (106.7±0.4 TCID50/ml). Moreover for the same samples, the most efficient stabilizers were
10% sorbitol and 5–10% trehalose with a gain in viral infectivity of about 1–2 log10 TCID50/ml by
comparison with the mean viral titre (109.2±1.3 TCID50/ml).

To summarize, the highest mean viral titres were obtained using the LP2 (-20°C) conditions
(109.2±1.3 TCID50/ml). Inversely, the lowest virus infectivity was obtained for LP2 (+20°C)
freeze dried samples without stabilizer. However, under sub-optimal storage conditions (i.e.
after one week at +20°C), 10% sorbitol combined with the LP2 protocol and 3.5% sucrose com-
bined with the LP1 protocol were the more efficient stabilizers, increasing recovered viral titres
by about 2 log10 TCID50 when compared with other freeze drying formulations.

Human Echovirus 13
Fig 2 describes the TCID50 data obtained for EV-13.

Freeze dried human echovirus 13 appeared to be very unstable at +20°C, as virus viability
was reduced to a very low level after one week at +20°C regardless of the freeze drying protocols
and formulations. However, at +4°C and -20°C, 5–10% sorbitol proved to be an efficient stabi-
lizer by preserving viral infectivity independent of the freeze-drying protocol.

The two lyophilization protocols (LP1 and LP2) produced closely similar results with no sig-
nificant difference of mean virus titres recovered (p>0.05) at each storage temperature (ie
+20°C, +4°C, -20°C). Independently the sample formulation and by comparison with the mean
viral titres obtained at +20°C (102±1.5 TCID50/ml), the recovery of virus infectivity was signifi-
cantly higher (p = 0.03) for LP2 (-20°C) freeze dried samples (mean viral titre of about 103.4±0.9

TCID50/ml). Similarly and by comparison with the mean viral titres obtained at +20°C (102±1.7

TCID50/ml), the recovery of virus infectivity was significantly higher (p = 0.02) for LP1 (-20°C)
freeze dried virus (mean viral titre 103.6±0.7 TCID50/ml).

To summarize, the highest mean viral titres were obtained using either the LP1 or LP2 pro-
tocol following storage at low temperatures +4°C/-20°C. Moreover, the highest infectivity re-
covered was obtained for LP1 or LP2 (+4°C) freeze dried samples with formulations containing
5–10% sorbitol (increase of about 2 log10 TCID50 by comparison with other freeze dried formu-
lations). Accordingly, the lowest mean virus infectivities were obtained for both LP1 and LP2
(+20°C) freeze-dried samples. Under sub-optimal storage conditions (i.e. after one week at
+20°C), 5–10% sorbitol with the LP1 or LP2 protocol was also the more efficient stabilizer by
increasing the viral titre recovery of about 2 log10 TCID50 by comparison with other freeze
drying formulations.

Human Adenovirus type C
Fig 2 describes the TCID50 data obtained for HAdV-C.

Independently of freeze drying formulations and lyophilization protocols, no significant dif-
ferences were observed by comparing the mean viral infectivity for samples stored at +4°C or
+20°C (p>0.05 in all cases). On the other hand, the virus recovery infectivity was statistically
higher (p<0.05) for LP1 (-20°C) freeze dried samples (mean viral titre of 104.1±0.3 TCID50/ml).

Under optimal storage conditions at +4°C/-20°C, no significant differences in viral infectivi-
ty recovery were observed from all the samples formulation (p>0.05). However, under sub-op-
timal conditions (one week at +20°C), sucrose 3.5 or 7% in combination with the LP1
lyophilization protocol was the more efficient stabilizer by comparison with other freeze dried
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formulations. This formulation produced a viral titre recovery as high as those obtained under
optimal storage conditions.

Discussion and Conclusion
A fundamental problem in preservation of freezed-dried live viruses is the possible loss of in-
fectivity (i) either during the process of lyophilization (ii) or because of improper observation

Fig 2. Non enveloped virus infectivity recovery after lyophilization.Human Echovirus 13 and Human Adenovirus type C were freeze dried with/without
different stabilizers using two different protocols (LP1 and LP2). After seven days at different temperature storage (-20°C, +4°C, +20°C), infectivity of each
virus formulation were determinate by TCID50 assays. Human Echovirus 13 infectivity after storage at -20°C, +4°C, +20°C. Human Adenovirus type C
infectivity after storage at -20°C, +4°C, +20°C.

doi:10.1371/journal.pone.0118963.g002
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of the cold chain integrity often encountered during the transportation of viruses between labo-
ratories [10]. There are unlimited parameters to consider during the freeze drying protocol
that can affect the quality of the end product. Included among the many variables affecting the
recovery of live virus from freeze-dried preparation: virus type and concentration; use of cryo-
protectant; rates of freezing; volume, size and type of storage container; temperature; pH; and
osmolality [11]. These factors interact interdependently to influence viral infectivity, which is
best preserved when they are carefully controlled. The optimal changes are not only confined
to the different material suspensions which all have varying collapse or eutectic points to be ob-
served, but also to the lyophilization protocol. In fact, different freezing or drying rates can pro-
duce vastly different freeze-dried products, both in appearance and viability of the virus [9].

In this study, we have considered that -20°C was the optimal temperature for long-term
storage. Experiments conducted after one-week storage at either +4°C or +20°C were assayed
to simulate failure due to the breakdown in cold-chain maintenance possibly encountered dur-
ing the shipping of vials containing freeze-dried viruses, and to test whether the type of freeze-
drying protocol, and the nature of stabilizers might improve the stability of end products and
their ability to resist to uncontrolled conditions.

Two different lyophilization protocols were tested in this study: (i) LP1 (12 hours with pri-
mary and secondary drying steps) which was the "reference" protocol usually described [2, 5,
9]; (ii) the rapid LP2 protocol (6 hours with only the secondary drying step) was well-adapted
to high-throughput workflow required in the framework of a virus collection. For most of the
virus and conditions, no obvious difference could be observed between LP1 and LP2 in terms
of preservation of virus viability using our experimental conditions. The major differences
were observed in the absence of stabilizer for ADV (+20°C) and HSV (+20°C) where the infec-
tiveness with LP2 was lost or clearly reduced, respectively. In contrast, in the absence of stabi-
lizer, LP2 appeared more prone to maintain infectiveness of the freeze-dried Echovirus 13 at
-20°C and +4°C. Clearly, both LP1 and LP2 protocols beneficiated from the addition of stabiliz-
ers, most particularly in the +20°C storage conditions, obviously the most deleterious for virus
titres and infectiveness. A global analysis shows that there are limited differences of the perfor-
mances of LP1 and LP2 when storage is done at -20°C; moreover supplementation with the
most efficient stabilizers help to further limit the differences observed between LP1 and LP2.
This suggests that, in the context of an active collection of viruses that requires to prepare
freeze-dried material daily, it would be recommended to use LP1 for proper long-term storage
(-20°C), and that LP2 may be more adapted to vials prepared in the intention of shipping.

It is known that the level of virus viability after freeze drying varies according to the virus
family, and the efficacy of the protective agent (stabilizer). For 20 years sugars such as trehalose
and sucrose were reported to enhance the tolerance to desiccation through stabilization of
membranes and proteins [9]. Sucrose and trehalose have improved the stability of PPR virus,
camelpox virus or live-attenuated mumps vaccines during freeze drying [12–17]. Similarly, su-
crose [0.2M] was already identified as a powerful stabilizer for lyophilized viruses leading to a
better stability during long-term storage and transportation [6,11, 18]. Gelatin [0.5%] com-
bined with 10%-lactose or 10%-trehalose was also commonly used for lyophilization of poultry
vaccines in Korea [19]. In our study, the supplementation of freeze-dried formulations with su-
crose or trehalose demonstrated higher virus titres for herpes simplex virus and adenovirus.
FBS is commonly used for cryopreservation of cells, but is rarely reported for viruses. Even
though 50%-FBS provided satisfactory results in our study, we do not recommend to use it be-
cause of potential contamination with microorganisms (due to its biological origin) and be-
cause its composition may vary greatly depending on the supplier [20].

Sorbitol is recommended as cryoprotectant during freezing and lyophilization of several vi-
ruses such as cytomegalovirus, varicella-zoster virus, herpes simplex virus, respiratory syncytial
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virus, and 17D Yellow fever vaccine) [10]. Others studies have demonstrated that only stabiliz-
er formulations containing sorbitol, were able to stabilize the lyophilized live attenuated duck
viral hepatitis virus vaccine or increase the thermal stability of some viruses, such as measles
virus [19, 21]. Similarly, sorbitol-gelatin was described as an effective stabilizer in the prepara-
tion of freeze-dried suspensions of measles virus [21] and rinderpest virus [22]. Our results
confirm that sorbitol was the most efficient stabilizers for the 4 model viruses, particularly in
sub-optimal storage temperatures. Although there is no clear advantage conferred by any of
the stabilizer when the sample is maintained at -20°C, it is obvious that most of them play a
major role in virus viability preservation when storage temperature increases. Regarding this
point, we would recommend to use the sorbitol in our experimental conditions because (i) it
provides excellent results using indistinctly LP1 or LP2 protocols, (ii) it allows stabilization of
our four model viruses.

Usually, enveloped viruses demonstrate greater lability during storage than those lacking
envelopes. In fact, decreases in viral titre correlate with demonstrable changes since the viral
envelope is assumed to be associated with viral infectivity [11]. Lyophilization of a heat-labile
lipid-enveloped virus such as Herpes simplex virus pointed out that high concentration (27%
w/v) of stabilizers could achieve up to 80% recovery of the viral titre [23]. In our study, similar
results were observed with HSV. The 2 non enveloped virus models (enterovirus and adenovi-
rus) were also very heat sensitive, which manifested through deleterious effects when stored at
+20°C for one week. Interestingly, this phenomenon was not observed with CHIKV.

This study focused on optimizing both the protocol and formulation for the lyophilization
of selected model viruses under routine collection production and distribution conditions. Ref-
erence (LP1) and “rapid” (LP2) lyophilization protocols were conducted with a variety of
sugar-based excipients and under different temperatures storage for one week. Although there
is the need for more detailed analysis specifically dedicated for each virus species, the aim of
this study was to evaluate a rapid protocol applicable to a broad range of viruses. Regarding
this objective we recommend to use the combination of LP2 protocol together with 10%-sorbi-
tol supplementation when aiming at high throughput workflow for preparing material in the
intention to distribution. For long-term storage, the LP1 reference protocol can be associated
with 10%-sorbitol supplementation.

Finally, due to few data available, the results obtained using four relevant and model viruses
(enveloped/non enveloped RNA/DNA viruses) would improve the freeze drying conditions
needed for the development and the distribution of a large virus collection. Future develop-
ments would concern optimization of these methods for different virus families and evaluation
of these protocols for perennial virus conservation at the -20°C reference temperature storage.

Acknowledgments
The work of RNC was done under the frame of EurNegVec COST Action TD1303. The au-
thors thank Magali Gilles for excellent technical assistance.

Author Contributions
Conceived and designed the experiments: BP CB EAG RC XDL. Performed the experiments:
BP CB. Analyzed the data: BP CB EAG RC XDL. Contributed reagents/materials/analysis
tools: BP CB EAG RC XDL. Wrote the paper: BP CB EAG RC XDL.

Virus Freeze Drying Improvement Using Specific Stabilizers

PLOS ONE | DOI:10.1371/journal.pone.0118963 April 29, 2015 10 / 12



References
1. Gould EA, de Lamballerie X, Coutard B, Fooks AR, Outlaw M, Drosten C, et al. The European Virus Ar-

chive: a new resource for virology research. Antiviral Res. 2012; 95(2):167–71. Epub 2012/05/26. doi:
S0166-3542(12)00110-6 [pii] doi: 10.1016/j.antiviral.2012.05.005 PMID: 22626637.

2. Adams G. The principles of freeze-drying. Methods Mol Biol. 2007; 368:15–38. Epub 2007/12/18. doi:
10.1007/978-1-59745-362-2_2 PMID: 18080460.

3. Monath TP. Stability of yellow fever vaccine. Dev Biol Stand. 1996; 87:219–25. Epub 1996/01/01.
PMID: 8854020.

4. Hubalek Z. Protectants used in the cryopreservation of microorganisms. Cryobiology. 2003; 46(3):205–
29. Epub 2003/06/24. doi: S0011224003000464 [pii]. PMID: 12818211.

5. John G. Day GNS. Cryopreservation and Freeze-drying protocols second edition. Methods Mol Biol.
2007; 368.

6. Bovarnick MR, Miller JC, Snyder JC. The influence of certain salts, amino acids, sugars, and proteins
on the stability of rickettsiae. J Bacteriol. 1950; 59(4):509–22. Epub 1950/04/01. PMID: 15436424;
PubMed Central PMCID: PMC385791.

7. Bedu-Addo FK, Johnson C, Jeyarajah S, Henderson I, Advant SJ. Use of biophysical characterization
in preformulation development of a heavy-chain fragment of botulinum serotype B: evaluation of suit-
able purification process conditions. Pharm Res. 2004; 21(8):1353–61. Epub 2004/09/14. PMID:
15359569.

8. Adams GD. Lyophilization of vaccines. Methods Mol Med. 1996; 4:167–85. Epub 1996/01/01. doi: 10.
1385/0-89603-334-1:167 PMID: 21359704.

9. Morgan CA, Herman N, White PA, Vesey G. Preservation of micro-organisms by drying; a review. J
Microbiol Methods. 2006; 66(2):183–93. Epub 2006/04/25. doi: S0167-7012(06)00058-3 [pii] doi: 10.
1016/j.mimet.2006.02.017 PMID: 16632005.

10. Adebayo AA, Sim-Brandenburg JW, Emmel H, Olaleye DO, Niedrig M. Stability of 17D yellow fever
virus vaccine using different stabilizers. Biologicals. 1998; 26(4):309–16. Epub 1999/07/14. doi: S1045-
1056(98)90157-9 [pii] doi: 10.1006/biol.1998.0157 PMID: 10403034.

11. Howell CL, Miller MJ. Effect of sucrose phosphate and sorbitol on infectivity of enveloped viruses during
storage. J Clin Microbiol. 1983; 18(3):658–62. Epub 1983/09/01. PMID: 6313747; PubMed Central
PMCID: PMC270870.

12. Silva AC, Carrondo MJ, Alves PM. Strategies for improved stability of Peste des Petits Ruminants Vac-
cine. Vaccine. 2011; 29(31):4983–91. Epub 2011/05/17. doi: S0264-410X(11)00657-8 [pii] doi: 10.
1016/j.vaccine.2011.04.102 PMID: 21570436.

13. Silva AC, Yami M, Libeau G, Carrondo MJ, Alves PM. Testing a new formulation for Peste des Petits
Ruminants vaccine in Ethiopia. Vaccine. 2014; 32(24):2878–81. Epub 2014/03/19. doi: S0264-410X
(14)00212-6 [pii] doi: 10.1016/j.vaccine.2014.02.039 PMID: 24631085.

14. Prabhu M, Bhanuprakash V, Venkatesan G, Yogisharadhya R, Bora DP, Balamurugan V. Evaluation of
stability of live attenuated camelpox vaccine stabilized with different stabilizers and reconstituted with
various diluents. Biologicals. 2014; 42(3):169–75. Epub 2014/03/25. doi: S1045-1056(14)00005-0 [pii]
doi: 10.1016/j.biologicals.2014.02.001 PMID: 24657207.

15. Jamil RK, Taqavian M, Sadigh ZA, Shahkarami MK, Esna-Ashari F, Hamkar R, et al. Evaluation of the
thermal stability of a novel strain of live-attenuated mumps vaccine (RS-12 strain) lyophilized in different
stabilizers. J Virol Methods. 2014; 199:35–8. Epub 2014/01/28. doi: S0166-0934(13)00522-3 [pii] doi:
10.1016/j.jviromet.2013.12.020 PMID: 24462846.

16. Riyesh T, Balamurugan V, Sen A, Bhanuprakash V, Venkatesan G, Yadav V, et al. Evaluation of effica-
cy of stabilizers on the thermostability of live attenuated thermo-adapted Peste des petits ruminants
vaccines. Virol Sin. 2011; 26(5):324–37. Epub 2011/10/08. doi: 10.1007/s12250-011-3205-x PMID:
21979572.

17. Sarkar J, Sreenivasa BP, Singh RP, Dhar P, Bandyopadhyay SK. Comparative efficacy of various
chemical stabilizers on the thermostability of a live-attenuated peste des petits ruminants (PPR) vac-
cine. Vaccine. 2003; 21(32):4728–35. Epub 2003/10/31. doi: S0264410X03005127 [pii]. PMID:
14585683.

18. Tannock GA, Hierholzer JC, Bryce DA, Chee CF, Paul JA. Freeze-drying of respiratory syncytial virus-
es for transportation and storage. J Clin Microbiol. 1987; 25(9):1769–71. Epub 1987/09/01. PMID:
3654949; PubMed Central PMCID: PMC269325.

19. Kang MS, Jang H, Kim MC, KimMJ, Joh SJ, Kwon JH, et al. Development of a stabilizer for lyophiliza-
tion of an attenuated duck viral hepatitis vaccine. Poult Sci. 2010; 89(6):1167–70. Epub 2010/05/13.
doi: 89/6/1167 [pii] doi: 10.3382/ps.2009-00620 PMID: 20460663.

Virus Freeze Drying Improvement Using Specific Stabilizers

PLOS ONE | DOI:10.1371/journal.pone.0118963 April 29, 2015 11 / 12

http://dx.doi.org/10.1016/j.antiviral.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22626637
http://dx.doi.org/10.1007/978-1-59745-362-2_2
http://www.ncbi.nlm.nih.gov/pubmed/18080460
http://www.ncbi.nlm.nih.gov/pubmed/8854020
http://www.ncbi.nlm.nih.gov/pubmed/12818211
http://www.ncbi.nlm.nih.gov/pubmed/15436424
http://www.ncbi.nlm.nih.gov/pubmed/15359569
http://dx.doi.org/10.1385/0-89603-334-1:167
http://dx.doi.org/10.1385/0-89603-334-1:167
http://www.ncbi.nlm.nih.gov/pubmed/21359704
http://dx.doi.org/10.1016/j.mimet.2006.02.017
http://dx.doi.org/10.1016/j.mimet.2006.02.017
http://www.ncbi.nlm.nih.gov/pubmed/16632005
http://dx.doi.org/10.1006/biol.1998.0157
http://www.ncbi.nlm.nih.gov/pubmed/10403034
http://www.ncbi.nlm.nih.gov/pubmed/6313747
http://dx.doi.org/10.1016/j.vaccine.2011.04.102
http://dx.doi.org/10.1016/j.vaccine.2011.04.102
http://www.ncbi.nlm.nih.gov/pubmed/21570436
http://dx.doi.org/10.1016/j.vaccine.2014.02.039
http://www.ncbi.nlm.nih.gov/pubmed/24631085
http://dx.doi.org/10.1016/j.biologicals.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24657207
http://dx.doi.org/10.1016/j.jviromet.2013.12.020
http://www.ncbi.nlm.nih.gov/pubmed/24462846
http://dx.doi.org/10.1007/s12250-011-3205-x
http://www.ncbi.nlm.nih.gov/pubmed/21979572
http://www.ncbi.nlm.nih.gov/pubmed/14585683
http://www.ncbi.nlm.nih.gov/pubmed/3654949
http://dx.doi.org/10.3382/ps.2009-00620
http://www.ncbi.nlm.nih.gov/pubmed/20460663


20. Terada SM S., Fukumoto K., Okada Y., Yamauchi R., Suzuki Y., Taniguchi M., Moriyama S. and Tsuno
T. Culture supplement extracted from rice bran for better serum-free culture. BMC Proceedings. 2013;
7((Suppl 6)):P104.

21. de Rizzo E, Tenorio EC, Mendes IF, Fang FL, Pral MM, Takata CS, et al. Sorbitol-gelatin and glutamic
acid-lactose solutions for stabilization of reference preparations of measles virus. Bull Pan Am Health
Organ. 1989; 23(3):299–305. Epub 1989/01/01. PMID: 2571379.

22. Mariner JC, House JA, Sollod AE, Stem C, van den Ende M, Mebus CA. Comparison of the effect of
various chemical stabilizers and lyophilization cycles on the thermostability of a Vero cell-adapted rin-
derpest vaccine. Vet Microbiol. 1990; 21(3):195–209. Epub 1990/01/01. doi: 0378-1135(90)90032-Q
[pii]. PMID: 2305545.

23. Zhai S, Hansen RK, Taylor R, Skepper JN, Sanches R, Slater NK. Effect of freezing rates and excipi-
ents on the infectivity of a live viral vaccine during lyophilization. Biotechnol Prog. 2004; 20(4):1113–20.
Epub 2004/08/07. doi: 10.1021/bp034362x PMID: 15296437.

Virus Freeze Drying Improvement Using Specific Stabilizers

PLOS ONE | DOI:10.1371/journal.pone.0118963 April 29, 2015 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/2571379
http://www.ncbi.nlm.nih.gov/pubmed/2305545
http://dx.doi.org/10.1021/bp034362x
http://www.ncbi.nlm.nih.gov/pubmed/15296437


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


