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Improved lyophilization conditions 
for long-term storage of 
bacteriophages
Prasanth Manohar & Nachimuthu Ramesh*

Phage therapy is one of the promising alternatives to combat the increasing problem of antibiotic 
resistance. Lyophilization is used for the preparation of pharmaceutical products to improve their 
stability in long-term storage. The aim of this study was to improve the stability of lyophilized 
bacteriophages using different excipients. Three lytic bacteriophages Escherichia phage ECP311, 
Klebsiella phage KPP235 and Enterobacter phage ELP140 were subjected to lyophilization using 
six different excipients: glucose, sucrose, gelatin, mannitol, polyethylene glycol and sorbitol. The 
lyophilized phages were stored at 4 °C and 37 °C and rehydrated using biological saline to test their 
viability at 5 months interval up to 20 months. The results showed that the use of sucrose, gelatin 
and their combination was beneficial in maintaining the viability of phages post-lyophilization. 
When lyophilized phages were stored at 4 °C, their viability was maintained up to 20 months, but at 
37 °C there was a reduction in activity after 10 months. This is one of the few studies to report the 
lyophilization of phage cocktails to have viability for up to 10 months. Our study identified promising 
lyophilization excipients to effectively lyophilize bacteriophages for pharmaceutical applications and 
long-term storage.

Developing resistance among bacteria towards all the available antibiotics makes the clinical treatment of infec-
tions more serious and difficult1. Alternative therapy is required to control the dissemination of antibiotic-resistant 
bacterial infections. Bacteriophage use has potential as alternative therapy to antibiotic treatment, hence the 
renewed scientific interest in its clinical applications2–7. There is a wide range of animal studies and clinical trials 
that could prove and support phage therapy as a good alternative to antibiotics4–8. However, despite evidence of 
therapeutic efficacy, potential pharmaceutical formulations for long-term storage and treatment are lacking2,9,10. 
Bacteriophages are viruses made of proteins and nucleic acids, which can lose their viability during long-term 
storage especially in suspension3. Phages are primarily protein particles (protein capsids); therefore, phage for-
mulations can reasonably have similarities to other protein formulations. Majority of the proteins are more stable 
in the dry state than in solutions11. Lyophilization of proteins can provide more stability through reducing the 
molecular mobility, hydrolysis and contamination but physical and chemical instabilities are not clear. During 
protein lyophilization it is important to consider their conformation (protein structure), and chemical and phys-
ical stability as well as their ability to completely dissolve upon reconstitution. Many therapeutically important 
proteins and vaccines are lyophilized to obtain therapeutic pharmaceutical formulations3,7. Phages can undergo 
physical stresses in aqueous solution (suspensions) such as pH/temperature changes, agitation and exposure to 
denaturants, which can lead to aggregation and phage loss. To maintain stability during long-term storage of 
phages, preparation of lyophilization powders is one of the effective mechanisms that need more exploration. 
Earlier studies showed that the lyophilized phages are stable at −80 °C for up to 10 years, though there was a 
decline in activity of 1 log10/year12.

Additionally, excipients used for lyophilization are one of the important criteria for effective phage lyophili-
zation and also for their viability13,14. Earlier studies showed the use of skimmed milk, gelatin, peptone, sodium 
glutamate, polyethylene glycol, glycerol and other sugars (mannitol, sucrose, and trehalose) as effective excipients 
for phage lyophilization3. Sugars are considered as good excipients for phage lyophilization because they can sta-
bilize phages during lyophilization process and also help in shelf storage of phage products15–18. A recent study by 
Zhang et al., showed the use of trehalose and PEG as potential excipient for phage lyophilization14. The majority 
of the studies on phage lyophilization showed less than 2 log reduction in phage titer when stored at 4 °C but it 
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is important to study the viability of phages at ambient temperatures (35–37 °C) for long-term storage. It should 
also be noted that the order Caudovirales (tailed phages) has three different families (Myoviridae, Siphoviridae 
and Podoviridae), based on different morphology. When phages are lyophilized for therapeutic purpose, the mor-
phology of these phages should be retained in order to achieve the viability. Therefore, the choice of excipients 
used for lyophilization of different families of tailed phages should be taken into consideration.

In this study, we examined the lyophilization technique using six different excipients for preparing viable 
phage powders. The chosen excipients were mostly sugars because sugars can act as good cryoprotectants which 
have an ability to undergo vitrification during freezing, eventually forming glass matrix that can prevent phages 
from aggregation19. The six excipients chosen for this study were based on the previous reports2,3,7 and the com-
bination of these excipients was tested for the first time in this study. We also evaluated the viability of phages for 
long-term storage up to 20 months at 4 °C and 37 °C, and lytic activity of these phages was determined before and 
after lyophilization. Additionally, a phage cocktail was lyophilized and the viability was evaluated up to 20 months 
at 4 °C and 37 °C.

Results and Discussion
Viability of phages after lyophilization.  In this study, three Caudovirales phages with different morphol-
ogy (Fig. 1) were lyophilized using the two-step process; primary and secondary drying that eventually allows 
the formation of phage powder, and phage activity (plaque assay) was performed using lyophilized phage pow-
der. In the initial stability study, the phage activity was tested using lyophilized phages and compared to phages 
in suspension, and the loss in phage viability during lyophilization was noted (Figs 2, S1). For the three tested 
phages, ECP311 (MG972768), KPP235 (MG983840) and ELP140 (MG999954), sucrose (0.5 M and 1.0 M), gelatin 
(1% and 2%) and the combination sucrose plus gelatin (0.5 M and 1%) were found to be beneficial in restoring 

Figure 1.  Transmission Electron Microscopic (TEM) images of (A) Escherichia phage- ECP311, (B) Klebsiella 
phage- KPP235, (C) Enterobacter phage- ELP140.

Figure 2.  Stability of Escherichia phage- ECP311, Klebsiella phage- KPP235, Enterobacter phage- ELP140 
in different excipients after lyophilization. The results are the mean values obtained from two independent 
replicates. The error bars represent the standard deviation.
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the phage activity post-lyophilization (<1 log reduction in phage activity was observed during lyophilization 
process) (Fig. 2). However, two previous studies showed contrasting results; a study by Puapermpoonsiri et al., 
stated that the higher concentrations of sucrose lead to decrease in phage titer3 and another study by Merabishvili 
et al., showed that phage activity was retained even at higher concentrations of sucrose2. These distinct stabilities 
may be due to different concentrations of stabilizers used during lyophilization and it is also believed that dif-
ferent families of phages having varying morphologies have varying stability and tailed phages are known to be 
most stable during long-term storage. In this study, sucrose at concentrations, 0.5 M and 1.0 M, was found to be 
beneficial (<1 log reduction) for all the three phage types and similar results were observed by Merabishvili et 
al., for Staphylococcus aureus phage ISP2. Sugars, mostly disaccharides, are found to be good excipients for phage 
lyophilization2, and in this study sucrose at both lower (0.5 M) and higher (1.0 M) concentrations was found to be 
beneficial for phage lyophilization process. Disaccharides such as sucrose are found to have more structural flex-
ibility than monosaccharides, which can support the proteins to maintain their native conformation20. Though 
earlier studies showed the use of trehalose as a good excipient for phage lyophilization, the use of trehalose was 
not tested in this study because trehalose was not approved to use in pharmaceutical products either as oral or 
as inhalation powders21. Sucrose can act as an excellent excipient for phage lyophilization because (a) they are 
pharmaceutically acceptable, (b) their exclusion from the proteins during lyophilization22, (c) thermodynamically 
favoring the folded form eventually protecting the phage structure23 and (d) they form hydrogen bonding with 
polar groups on the protein surface24. The stability offered by sugars during lyophilization can be improved by 
using bulk concentrations3. The purity of phages may affect the stability because precipitated phages are free of 
endotoxins (bacterial impurities) that allow easy crystallization of phage proteinaceous particles.

The other excipients such as glucose, mannitol and sorbitol were found to yield reduced titers (Fig. 2). As 
known glucose, sorbitol and mannitol can be crystallized quickly that can result in destabilization of phages, 
though earlier study reported the use of mannitol as a good excipient when combined with other sugars2. 
Polyethylene glycol (PEG) was also found to be detrimental for phage lyophilization (Fig. 2). PEG is a polyhydric 
alcohol that caused greater than 4 log reduction in phage activity post-lyophilization though PEG was considered 
to be an effective cryoprotectant for other proteins2. Usually PEG is found to have hydrophobic interactions with 
non-polar protein residues and they can precipitate phage particles, therefore, PEG alone is not considered as a 
very good excipient for phage lyophilization25. Earlier studies also showed that PEG can be detrimental during 
phage lyophilization process and PEG can act as a good excipient when mixed with sugars such as sucrose or 
mannitol2,3.

Gelatin was also found to be a good excipient for all the three phage types (accepting <2 log reduction) 
studied, and another study3 showed that gelatin had better stabilization properties for Staphylococcus phage 
(Siphoviridae) and Pseudomonas phage (Myoviridae). The role of gelatin as an excipient during lyophilization 
was not clear but we believe that gelatin can form polymers which support to maintain phage morphology during 
lyophilization. The combination of sucrose (disaccharide) plus gelatin (polymer) at 0.5 M and 1% respectively 
were tested for the first time in this study, and it was proved to be beneficial (<1 log reduction). Here, the use of 
disaccharide, sucrose, is believed to stabilize phages during lyophilization by forming a hydrogen bond to the 
protein surface, and polymers such as gelatin can reduce water retention, thereby, stabilize the effect of sucrose. 
Polymers can protect proteins and can stabilize the multi-subunit protein structures through preferential hydra-
tion of protein from water during lyophilization process26. Though earlier studies showed the use of polymer such 
as PEG as a good excipient2,3, this study showed the use of gelatin (alone and in combination) to have a more 
improved activity as an excipient. This study reports the use of gelatin alone (resuspended in biological saline) as 
an excipient at concentrations of 1% and 2% that could stabilize the phage titer during the lyophilization process. 
Earlier, a study by Puapermpoonsiri et al., reported the use of SM buffer with gelatin as a good excipient for phage 
lyophilization3 and another study by Shapira and Kohn reported the use of gelatin as an excipient for T4 phage 
lyophilization27.

Lyophilization is a two-step process: in a primary drying step the samples are frozen to −30 °C for 12 hours 
resulting in the sublimation of phage particles and secondary drying step results in the desorption of remain-
ing water molecules (from −30 °C to 25 °C for 10 hours), leaving the dry lyophilized powder. Residual moisture 
content was found to be one of the important parameters to obtain a stable lyophilization product (final prod-
uct). From previous studies, it was observed that the lytic activity of lyophilized bacteriophage depends on the 
lyophilization process and there was a correlation observed between moisture content in lyophilized powder and 
lytic activity of phages3. Taking this into account, the moisture content in the lyophilized powder was reduced by 
extending the primary drying step (up to 12 hours), resulting in sublimation of bulk water and also by elevating 
the temperature (up to 25 °C) during secondary step, to remove water molecules adsorbed to the product sur-
face28. To be noted that the moisture content was not studied separately in this study.

Rehydration and viability of lyophilized phages for long-term storage.  Further, long-term stabil-
ity studies were performed using the phages (ECP311, KPP235 and ELP140) that were lyophilized using sucrose, 
gelatin and the combination of sucrose plus gelatin. The lyophilized phages were stored at 4 °C and 37 °C and 
their viability was tested at every 5 months interval up to 20 months, and rehydration was performed using 
biological saline. In the case of ECP311, the lyophilized phages were viable up to 20 months (with <2 log reduc-
tion in activity) when stored at 4 °C (Figs 3, S1). But at 37 °C, the ECP311 was found to lose their activity after 
10 months of storage. Similarly, KPP235 and ELP140 had minimal activity when stored at 37 °C for 20 months 
(Figs 4 and 5, S1) but at 4 °C phages were found to be viable up to 20 months. The negligible loss in phage titer 
after long-term storage of lyophilized phages showed that sucrose, gelatin and sucrose plus gelatin are beneficial 
for phage lyophilization. An earlier study by Puapermpoonsiri et al., showed the beneficial effect of sucrose in 
SM buffer to have viable phage titer post-lyophilization3, and in our study, the phages that are lyophilized using 
sucrose as an excipient were found to be viable up to 20 months at 4 °C. Additionally, in this study, the phages 
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were found to be maintaining the high titer up to 10 months when stored at 37 °C which is very important for 
phage therapy because there are controversies about the stability of phages during long-term storage at ambient 
conditions i.e. 37 °C7. Another study by Merabishvili et al., showed that LB broth has a strong influence in main-
taining phage viability2.

Rehydration is one of the important processes that should have more attention in phage lyophilization studies. 
In this study, the lyophilized phages were carefully rehydrated (before testing) using biological saline and phage 
activity was evaluated. A study by Cox et al., explained the importance of phage rehydration post-lyophilization, 
the study detailed that rapid rehydration may cause detachment of head and tail particles leading to reduced 
phage viability29. A study by Cox et al., concluded that slow rehydration (gradual addition of diluent) with the 
controlled humid environment can protect the viability of phages for long-term storage29. As this study deals only 
with the slow rehydration process, we could not explain the difference in phage viability during slow and rapid 
rehydration. But slow rehydration and storage at 4 °C and 37 °C did not make any difference in this study because 
phages were found to be viable at both the conditions (Figs 3, 4, 5 and 6).

This study showed the use of sucrose, gelatin and sucrose plus gelatin as a good excipient during phage 
lyophilization with <1 log reduction in activity post-lyophilization. But sucrose should be favored as an excipient 

Figure 3.  Stability of Escherichia phage- ECP311 in two different excipients and their combinations after 
lyophilization and storage at, (A) at 4 °C, (B) at 37 °C. The results are the mean values obtained from two 
independent replicates. The error bars represent the standard deviation. *Represents the results obtained for 
lyophilized phage.
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for phages that are to be used for therapeutic purpose and gelatin (also the combination of gelatin) can be cho-
sen for long-term storage because gelatin is of animal origin hence there is a potential risk of contamination 
and transmitting animal diseases, therefore, cannot be considered as a good therapeutic agent2. After long-term 
storage of lyophilized phages up to 20 months, the use of biological saline was found to be a good rehydra-
tion solution for recovery of phages and their viability. This study showed that the lyophilized phages can be 
stored at 4 °C and 37 °C in their lyophilized state and can be rehydrated using biological saline to retain 80–90% 
activity. Morphological analysis report showed that the phages ECP311, KPP235 and ELP140 were belonging to 
Phieco32likevirus, Podoviridae and Myoviridae respectively. Post-lyophilization, the activity of the phages was 
retained, eventually; there was no change in morphology (data not shown) which confirmed that the excipients 
used for lyophilization were not detrimental. This concluded that sucrose and gelatin can be used as excipient 
during two-step lyophilization process to retain the phage activity during long-term storage at 4 °C and 37 °C.

Viability of lyophilized phage cocktails.  Phage cocktails can be used to cure infections caused by mul-
tiple bacteria. Therefore, preparation of phage cocktails is considered as one of the important pharmacological 
aspects of phage therapy. Phage cocktails are found to show promising activity in animal models30,31. Earlier  

Figure 4.  Stability of Klebsiella phage- KPP235 in two different excipients and their combinations after 
lyophilization and storage at, (A) at 4 °C, (B) at 37 °C. The results are the mean values obtained from two 
independent replicates. The error bars represent the standard deviation. *Represents the results obtained for 
lyophilized phage.
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in vitro studies showed that all the three phages in cocktail have promising activity against multiple bacterial 
infections32,33. This is one of the few studies to report the preparation of lyophilized cocktail of phages and to study 
their viability in long-term storage. The three phages (ECP311, KPP235 and ELP140) were mixed together at 1:1:1 
ratio and lyophilized using 0.5 M/1.0 M sucrose, 1%/2% gelatin and 0.5 M sucrose plus 1% gelatin as excipients 
which showed <2 log reduction in phage cocktail activity after lyophilization (Figs 6, S1). After long-term storage, 
the lyophilized phage cocktail was rehydrated using biological saline that showed stable activity up to 10 months 
but a gradual decrease in phage viability was observed after 10 months of storage at 4 °C and 37 °C. Importantly, 
preparation of lyophilized phage cocktails involved the same lyophilization conditions, excipients and rehydration 
solution used for lyophilization of phages alone that showed promising outcomes and found to be sufficient for 
storage up to 5–8 months. In comparison with lyophilized phage cocktails, individual phages showed improved 
viability through long-term storage. At this point, it could be suggested that the therapeutic phage cocktails can be 
prepared by mixing individual phage powders rather than preparing lyophilized phage cocktails. In future, studies 
focusing on phage cocktail lyophilization should use different lyophilization conditions to retain the viability of 
phage cocktails, which needs further investigation.

Figure 5.  Stability of Enterobacter phage- ELP140 in two different excipients and their combinations after 
lyophilization and storage at, (A) at 4 °C, (B) at 37 °C. The results are the mean values obtained from two 
independent replicates. The error bars represent the standard deviation. *Represents the results obtained for 
lyophilized phage.
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Conclusion
Phage therapy is one of the promising therapeutic alternatives to combat the problem of antibiotic resistance. 
Developing phage formulations with improved stability under physical and chemical stresses, and for long-term 
storage will broaden the therapeutic application of bacteriophages. This study proved that lyophilization with 
suitable excipients improves the viability of bacteriophages for long-term storage. We found that sucrose, gelatin 
and sucrose plus gelatin are beneficial for phage lyophilization. The combination of 0.5 M sucrose and 1% gelatin 
could maintain the phage viability with <1 log reduction in phage activity during the lyophilization process. A 
lyophilized cocktail preparation of the same phages using 0.5 M sucrose and 1% gelatin as excipient was found 
to also maintain the viability of phage cocktail up to 10 months, and further studies are needed to standardize 
the lyophilization conditions for preparation of phage cocktails. The studies on bacteriophage lyophilization are 
important for the development of novel phage formulations, for example, dry powders for inhalation and also for 
storage of phages at non-refrigerated conditions, during transport. More research on bacteriophage lyophilization 
could move phage therapy a step forward as an alternative to antibiotics.

Figure 6.  Stability of lyophilized phage cocktail using two different excipients and their combinations and 
storage at, (A) at 4 °C and (B) 37 °C. The phage cocktail contains Escherichia phage- ECP311, Klebsiella 
phage- KPP235, Enterobacter phage- ELP140. The results are the mean values obtained from two independent 
replicates. The error bars represent the standard deviation. *Represents the results obtained for lyophilized 
phage.
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Materials and Methods
Chemicals.  Glucose, Sucrose, Mannitol, Gelatin, Sorbitol, Sodium chloride, Tris hydrochloride and 
MgSO4.7H2O were purchased from HiMedia Laboratories (chemicals), India. Polyethylene glycol MW6000 (PEG 
6000) was supplied by Sigma-Aldrich chemicals. All the chemicals chosen as an excipient for phage lyophilization 
were previously been proven to maintain the protein viability. All the other chemicals and solvents were obtained 
at analytic grade from HiMedia Laboratories, India.

Bacterial strains and bacteriophages.  The bacterial strains and bacteriophages used for the study were 
collected from Antibiotic Resistance and Phage Therapy Laboratory, VIT, Vellore, India. The bacterial strains used 
for this study were E. coli ec311, K. pneumoniae kp235 and E. cloacae el14032,33. In total, three bacteriophages used 
in this study were Escherichia phage- ECP311, Klebsiella phage- KPP235 and Enterobacter phage- ELP14033,34.

Phage preparation and plaque assay.  The host bacterial strains were grown in Luria-Bertani (LB) broth 
(HiMedia Laboratories, India) medium for three hours at 37 °C and were used as a host for phage propagation. 
To the 10 mL of bacterial culture, 200 µL of phage lysate was added and incubated at 37 °C for 16 hrs. The mixture 
was centrifuged at 6,000 × g for 15 min and the supernatant was filtered through 0.22-micron pore sized syringe 
filters. The obtained phage filtrate was assayed. Briefly, to the 400 µL bacterial culture, 200 µL of phage filtrate 
was added and the mixture was incubated for 15 min. To the mixture, 3 mL of molten soft agar (0.75% agar) was 
added and poured onto a prepared LB agar plate (1.5% agar). The plates were incubated at 37 °C for 12 h and the 
appearance of plaques indicated the presence of phages. The plaque assay was performed for each dilution of bac-
teriophages, numbers of plaques were counted and PFU (Plaque Forming Units) was determined34. In the case of 
phage purification, the plaque plates were flooded with SM buffer (5.8 g NaCl; 50 mL 1 M Tris-HCl [pH 7.5]; 2 g 
MgSO4.7H2O; 5 mL for 1000 mL) and incubated for 4 hrs without shaking at room temperature. The buffer was 
collected from the plate and centrifuged at 6,000 × g for 15 min and filtered through a 0.22-micron filter34. The 
filtrate was tested using a plaque assay (as explained earlier). The phages in the filtrate were precipitated using 
10% Poly-(ethylene) glycol (PEG 8000) and 1% NaCl, and allowed to precipitate at 4 °C overnight and centrifuged 
at 13,000 × g for 30 min. The pellet was resuspended in SM buffer or biological saline (0.85%). To evaluate the 
stability of bacteriophages in suspension, the purified phages in biological saline were stored at 4 °C and 37 °C 
and their activity was assayed for every 5 months up to 20 months2. All the experiments were repeated in two 
independent experiments.

Lyophilization.  For preparation of bacteriophages for lyophilization, six excipients and their combinations 
were used as follows; glucose (0.5 M and 1.0 M), sucrose (0.5 M and 1.0 M), Mannitol (0.5 M and 1.0 M), Gelatin 
(1% and 2%), PEG 6000 (0.1 M and 0.5 M), sorbitol (0.5 M and 1.0 M), 1.0 M glucose plus 1% gelatin and 0.5 M 
sucrose plus 1% gelatin. The concentrations of the excipients were based on the preliminary studies. For phage 
cocktail preparation, all the phage solution was mixed in an equal ratio to obtain 108 PFU/mL. Two milliliters of 
phage solution (5.0 × 108 PFU/mL) was prepared using 1500 µL of excipient and 500 µL of phage stock solution 
in a 10 mL vials (lyophilization bottles with stoppers) and lyophilized using a Benchtop K freeze dryer (VirTis, 
USA). The lyophilization cycles were used as described by Merabishvili et al., with small modifications2. Briefly, 
the sample holding shelves were cooled to 5 °C and the samples were precooled at −20 °C. After the samples were 
loaded, vials containing shelves were cooled to −30 °C (1 °C/min) and maintained for 90 min. The complete solid-
ification of the phage solution was ensured within 90 min at −30 °C. Primary drying was maintained at −30 °C for 
12 h at 100 millitorr. During secondary drying, the temperature was increased from −30 °C to 25 °C (0.1 °C/min) 
for 10 h at 100 millitorr. After lyophilization, the vials were tightly sealed and stored at 4 °C2,3. For each sample, 
six replicates were prepared in this study and all the experiments were repeated in two independent experiments. 
The standard mean for each individual experiment was compared.

Phage stability studies.  The lyophilized phage was stored at 4 °C and at 37 °C up to 20 months to deter-
mine the phage stability and the purified phage suspension was used as a control. The number of viable phages 
was determined using double agar overlay method and a number of plaques represent viable phages, and the 
lyophilized powder was assayed using 10 mg/mL that was serially diluted to ten different concentrations14. Phage 
cocktail was prepared using all the three phages at an equal concentration (108 PFU/mL) and tested before and 
after lyophilization. The stability of phages was tested at 5 months intervals and the lyophilized phage particles 
were resuspended in biological saline (rehydrating solution) and the lytic activity was tested using plaque assay14. 
The initial active phage concentration (PFU/mL) and final active phage concentration (after lyophilization) were 
calculated using plaque assay to find out the loss in phage activity during lyophilization.

Morphological characterization.  Phage morphology was determined using Transmission Electron 
Microscopic (TEM) analysis34. The purified phage particles at 108 PFU/mL were negatively stained using phos-
photungstic acid [PTA; 2%; pH 7.0). Briefly, the copper grid was loaded with 10 µL of phage lysate and the liquid 
was allowed to absorb for 10–15 min. The remaining liquid was removed using filter paper and the prepared 2% 
PTA solution (staining solution) was added. The staining solution was allowed to absorb for 5 min and the excess 
stain was removed and the grid was washed twice with sterile water. The stained phage particles in the copper grid 
were allowed to dry at room temperature for 20–30 min and visualized under Transmission Electron Microscopy 
(FEI-TECNAI G2-20 TWIN, VIT, Vellore).

Statistical analysis.  The experiments performed to evaluate the stability of lyophilized bacteriophages were 
repeated in two independent experiments. The standard mean for each individual experiment was compared and 
the results were represented as bar graphs.

https://doi.org/10.1038/s41598-019-51742-4


9Scientific Reports |         (2019) 9:15242  | https://doi.org/10.1038/s41598-019-51742-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

Received: 27 June 2018; Accepted: 3 October 2019;
Published: xx xx xxxx

References
	 1.	 Manohar, P. et al. The distribution of carbapenem-and colistin-resistance in Gram-negative bacteria from the Tamil Nadu region in 

India. J. Med. Microbiol. 66(7), 874–83 (2017).
	 2.	 Merabishvili, M. et al. Stability of Staphylococcus aureus phage ISP after freeze-drying (lyophilization). PloS one. 8(7), e68797 (2013).
	 3.	 Puapermpoonsiri, U., Ford, S. J. & van der Walle, C. F. Stabilization of bacteriophage during freeze drying. Int. J. Pharm. 389(1), 

168–75 (2010).
	 4.	 Weber-Dabrowska, B., Mulczyk, M. & Gorski, A. Bacteriophages as an efficient therapy for antibiotic-resistant septicemia in man. 

Transplant. Proc. 35, 1385–1386 (2003).
	 5.	 Bruttin, A. & Brussow, H. Human volunteers receiving Escherichia coli phage T4 orally: a safety test of phage therapy. Antimicrob. 

Agents. Chemother. 49, 2874–2878 (2005).
	 6.	 Cao, F. et al. Evaluation of the efficacy of a bacteriophage in the treatment of pneumonia induced by multidrug resistance Klebsiella 

pneumoniae in mice. BioMed. Res. Int. (2015).
	 7.	 Malik, D. J. et al. Formulation, stabilisation and encapsulation of bacteriophage for phage therapy. Adv. Colloid Interface Sci. 249, 

100–133 (2017).
	 8.	 Sarker, S. A. et al. Oral phage therapy of acute bacterial diarrhea with two coliphage preparations: a randomized trial in children 

from Bangladesh. EBioMed. 4, 124–37 (2016).
	 9.	 Golshahi, L., Seed, K. D., Dennis, J. J. & Finlay, W. H. Toward modern inhalational bacteriophage therapy: nebulization of 

bacteriophages of Burkholderia cepacia complex. J. Aerosol. Med. Pulm. Drug. Deliv. 21, 351–360 (2008).
	10.	 Abedon, S. T., Kuhl, S. J., Blasdel, B. G. & Kutter, E. M. Phage treatment of human infections. Bacteriophage. 1, 66–85 (2011).
	11.	 Ohtake, S., Kita, Y. & Arakawa, T. Interactions of formulation excipients with proteins in solution and in the dried state. Adv. Drug 

Deliv. Rev. 63, 1053–1073 (2011).
	12.	 Ackermann, H. W., Tremblay, D. & Moineau, S. Long-term bacteriophage preservation. World. Fed. Cult. Collect. Newslett. 38, 35–40 

(2004).
	13.	 Malenovská, H. The influence of stabilizers and rates of freezing on preserving of structurally different animal viruses during 

lyophilization and subsequent storage. J. Appl. Microbiol. 117(6), 1810–9 (2014).
	14.	 Zhang, Y., Peng, X., Zhang, H., Watts, A. B. & Ghosh, D. Manufacturing and ambient stability of shelf freeze dried bacteriophage 

powder formulations. Int. J. Pharma. 542(1-2), 1–7 (2018).
	15.	 Cao, E., Chen, Y., Cui, Z. & Foster, P. R. Effect of freezing and thawing rates on denaturation of proteins in aqueous solutions. 

Biotechnol. Bioeng. 82, 684–690 (2003).
	16.	 Puapermpoonsiri, U., Spencer, J. & van der Walle, C. F. A freeze-dried formulation of bacteriophage encapsulated in biodegradable 

microspheres. Eur. J. Pharm. Biopharm. 72(1), 26–33 (2009).
	17.	 Leung, S. S. et al. Production of inhalation phage powders using spray freeze drying and spray drying techniques for treatment of 

respiratory infections. Pharm. Res. 33(6), 1486–96 (2016).
	18.	 Dini, C. & de Urraza, P. J. Effect of buffer systems and disaccharides concentration on Podoviridae coliphage stability during freeze 

drying and storage. Cryobiol. 66(3), 339–42 (2013).
	19.	 Abdelwahed, W., Degobert, G., Stainmesse, S. & Fessi, H. Freeze-drying of nanoparticles: formulation, process and storage 

considerations. Adv. Drug. Delivery. Rev. 58(15), 1688–713 (2006).
	20.	 Ken-ichi, I., Sumie, Y. & Yasushi, T. The effects of additives on the stability of freezedried β-galactosidase stored at elevated 

temperature. Int. J. Pharm. 71, 137–146 (1991).
	21.	 FDA. Inactive Ingredient Search for Approved Drug Products, https://www.accessdata.fda.gov/scripts/cder/iig/index.cfm (2017).
	22.	 Kendrick, B. S. et al. Preferential exclusion of sucrose from recombinant interleukin-1 receptor antagonist: role in restricted 

conformational mobility and compaction of native state. Proc. Natl. Acad. Sci. 94, 11917–11922 (1997).
	23.	 Lee, J. C. & Timasheff, S. N. The stabilization of proteins by sucrose. J. Biol. Chem. 256, 7193–7201 (1981).
	24.	 Allison, S. D., Chang, B., Randolph, T. W. & Carpenter, J. F. Hydrogen bonding between sugar and protein is responsible for 

inhibition of dehydration-induced protein unfolding. Arch. Biochem. Biophys. 365, 289–298 (1999).
	25.	 Lee, J. C. & Lee, L. L. Preferential solvent interactions between proteins and polyethylene glycols. J. Biol. Chem. 256, 625–631 (1981).
	26.	 Anchordoquy, T. J. & Carpenter, J. F. Polymers protect lactate dehydrogenase during freeze-drying by inhibiting dissociation in the 

frozen state. Arch. Biochem. Biophys. 332, 231–238 (1996).
	27.	 Shapira, A. & Kohn, A. The effects of freeze-drying on bacteriophage T4. Cryobiol. 11(5), 452–64 (1974).
	28.	 Pikal, M. J., Shah, S., Roy, M. L. & Putman, R. The secondary drying stage of freezedrying—drying kinetics as a function of 

temperature and chamber pressure. Int. J. Pharm. 60, 203–217 (1990).
	29.	 Cox, C. S., Harris, W. J. & Lee, J. Viability and electron microscope studies of phages T3 and T7 subjected to freeze-drying, freeze-

thawing and aerosolization. Microbiol. 81(1), 207–15 (1974).
	30.	 Mendes, J. J. et al. In vitro design of a novel lytic bacteriophage cocktail with therapeutic potential against organisms causing diabetic 

foot infections. J. Med. Microbiol. 63(8), 1055–65 (2014).
	31.	 Yen, M., Cairns, L. S. & Camilli, A. A cocktail of three virulent bacteriophages prevents Vibrio cholerae infection in animal models. 

Nat. Comm. 8, 14187 (2017).
	32.	 Manohar, P., Nachimuthu, R. & Lopes, B. S. The therapeutic potential of bacteriophages targeting gram-negative bacteria using 

Galleria mellonella infection model. BMC Microbiol. 18(1), 97 (2018).
	33.	 Manohar, P., Stalsby Lundborg, C., Tamhankar, A. J. & Nachimuthu, R. Therapeutic Characterization and Efficacy of Bacteriophage 

Cocktails Infecting Escherichia coli, Klebsiella pneumoniae and Enterobacter species. Front. Microbiol. 10, 574 (2019).
	34.	 Manohar, P., Tamhankar, A. J., Lundborg, C. S. & Ramesh, N. Isolation, characterization and in vivo efficacy of Escherichia phage 

myPSH1131. PloS one 13(10), e0206278 (2018).

Acknowledgements
The authors would like to thank Vellore Institute of Technology for funding support in the form of University 
Research Seed Grant, and Council of Scientific and Industrial Research (CSIR) for providing financial assistance 
to P.M. in the form of senior research fellowship (SRF) to support this research.

Author contributions
This research work was designed and executed by P.M. and N.R. All the experiment works were performed by 
P.M. and manuscript draft was written by P.M. Final manuscript evaluation was done by N.R.

https://doi.org/10.1038/s41598-019-51742-4
https://www.accessdata.fda.gov/scripts/cder/iig/index.cfm


1 0Scientific Reports |         (2019) 9:15242  | https://doi.org/10.1038/s41598-019-51742-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51742-4.
Correspondence and requests for materials should be addressed to N.R.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-51742-4
https://doi.org/10.1038/s41598-019-51742-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improved lyophilization conditions for long-term storage of bacteriophages

	Results and Discussion

	Viability of phages after lyophilization. 
	Rehydration and viability of lyophilized phages for long-term storage. 
	Viability of lyophilized phage cocktails. 

	Conclusion

	Materials and Methods

	Chemicals. 
	Bacterial strains and bacteriophages. 
	Phage preparation and plaque assay. 
	Lyophilization. 
	Phage stability studies. 
	Morphological characterization. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Transmission Electron Microscopic (TEM) images of (A) Escherichia phage- ECP311, (B) Klebsiella phage- KPP235, (C) Enterobacter phage- ELP140.
	Figure 2 Stability of Escherichia phage- ECP311, Klebsiella phage- KPP235, Enterobacter phage- ELP140 in different excipients after lyophilization.
	Figure 3 Stability of Escherichia phage- ECP311 in two different excipients and their combinations after lyophilization and storage at, (A) at 4 °C, (B) at 37 °C.
	Figure 4 Stability of Klebsiella phage- KPP235 in two different excipients and their combinations after lyophilization and storage at, (A) at 4 °C, (B) at 37 °C.
	Figure 5 Stability of Enterobacter phage- ELP140 in two different excipients and their combinations after lyophilization and storage at, (A) at 4 °C, (B) at 37 °C.
	Figure 6 Stability of lyophilized phage cocktail using two different excipients and their combinations and storage at, (A) at 4 °C and (B) 37 °C.




