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ABSTRACT  

Sea louse is one of the marine pathogens that cause the greatest impact on the salmon industry. The 

chimeric protein TT-P0-Ls, the active ingredient of a vaccine candidate for the control of this entity, is 

expressed in Escherichia coli, in the form of inclusion bodies. During the protein extraction and refolding 

process, the stage with the greatest losses is solubilization, which affects its overall efficiency. The 

objective of the work was to establish the operating conditions in the solubilization stage to increase the 

yield of the TT-P0-Ls protein. Thus, after establishing the buffer for solubilization, experiments were 

designed and modeled using the Design Expert program, varying the concentration of dead cell debris, 
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the solubilization time, and the pH of the buffer. Decreasing the concentration of the ruptured cream from 

30 to 36 g/L, with a pH of 8 - 9, would achieve an increase in the concentration of the solubilized protein 

of interest of 2.47 times. 

Keywords: sea lice; solubilization; TT-P0-Ls protein; purity; experimental design. 

 

INTRODUCTION

Aquaculture is anticipated to be a key factor in the shift towards healthier and more sustainable diets, 

necessitating changes toward foods that have lower environmental impacts while meeting dietary 

requirements 1.  

Atlantic salmon (Salmo salar), hereafter just salmon, is a particularly interesting species to study for 

several reasons. It ranks as one of the top aquaculture species, exhibiting production growth that 

surpasses that of the overall aquaculture sector. This is to a large extent due to the fact that salmon 

producers are in the forefront in a number of productivity enhancing categories, such as advancements 

in production technology and development of the supply chain 2. 

Farmed Atlantic salmon constitutes 2% of the worldwide aquaculture sector, with factors influencing 

productivity growth, such as investments in research, recognized for transforming it into a high-value, 

global food commodity 1.  

From the early 1970s until 2012, the global production of farmed salmon grew at an annual rate of around 

23%. The remarkable success of salmon farming is primarily due to advancements in technology, 

increasing demand, and immediate globalization 3.  

Salmon is cultivated in a limited number of countries, yet it faces various economic shocks while being 

geographically dispersed and subjected to significant differences in biophysical conditions. In 2015, five 

nations accounted for 95.6% of the production. Norway led the way with a share of 55.3%, followed by 

Scotland (7.6%) and the Faroe Islands (3.3%) within Europe. The second largest producer, Chile, 

contributed 25.4% from South America, while Canada added 6% from North America. The remaining 

4.4% was distributed among eight countries that face significant constraints on their production capacity 

due to the availability of suitable sites 2. 
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Salmon farming faces production risks from biophysical factors such as fluctuations in seawater 

temperature, harmful algae, sea lice, and various salmon diseases, which in turn influence the volatility 

patterns of salmon prices 3.  

The family Caligidae (Crustacea), which encompasses over 450 species spread across more than 30 

genera, includes the salmon louse Lepeophtheirus salmonis, commonly referred to as “salmon lice.” This 

parasite is frequently found among salmonids and is a part of the marine ecosystem in the Northern 

Hemisphere 4.  

The life cycle of Lepeophtheirus spp. is composed of eight stages: two planktonic nauplii, one infective 

copepod, two attached chalimus, two mobile pre-adult, and one adult male and female stage. The 

chalimus stage is particularly crucial for vaccine development, as lice are believed to first engage with 

their host during this phase through the formation of a frontal filament and subsequent blood feeding, 

followed by a transition into the adult stage 5. 

Sea lice parasitize salmon during the marine stages of their life cycle, in both wild and farmed salmon, 

by attaching to their skin near the gills and fins 6 and feeding on skin, mucus, and blood, which leads to 

wounds, stress, and diminished health, potentially causing secondary infections with other pathogens 4.  

In the salmon farming sector, the salmon louse has increasingly become a concern due to the abundance 

of hosts, which promotes ongoing re-infestation and the transfer of lice between farming sites 7.  

Lice infestations in aquaculture have a considerable economic and ecological impact on a global scale 8. 

For instance, in 2018, the expenses related to combating the lice L. salmonis in the production of 1.2 

million tons of salmon in Norway were estimated at € 520 million, with a minimum cost of € 0.5 per 

kilogram of fish 9. Other researchers 8 indicate that in Norwegian aquaculture, the loss of biomass growth 

due to lice per production cycle ranges from 3.62% to 16.55%, leading to an annual economic loss 

surpassing US$ 436 million. 

Addressing the costly and growing issue of lice requires a diverse array of initiatives and advancements 

specifically focused on lice control. Innovations can emerge through multiple approaches, which can be 

categorized as medicinal (such as treatments involving hydrogen peroxide and diflubenzuron), biological 

(like the use of cleaner fish that consume lice and breeding programs aimed at developing salmon 

resistant to lice), and mechanical (related to production techniques and equipment). Among these 

possibilities, mechanical and biological innovations are currently viewed as the most promising, but it is 
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only the mechanical approach that has seen significant targeted government support through policy 

measures designed to encourage innovation 9.  

Farmers utilize two primary strategies to address lice pressure: preventive and reactive treatments. 

Preventive measures focus on minimizing exposure between infective copepodids and fish, while 

reactive measures concentrate on eliminating lice that are attached or mobile on the host 8. 

Up until 2015, chemical treatment was the preferred approach; however, the emergence of resistance to 

most chemicals has made this treatment ineffective 4. A significant issue is the resistance developing to 

the pesticides currently approved, leading to increased usage of these chemicals and the consequent 

spread of resistance within louse populations, creating a detrimental cycle 7. In recent years, several non-

medicinal treatments have emerged as alternatives, but these have resulted in new challenges, including 

higher post-treatment mortality rates and ethical dilemmas concerning the use of cleaner fish. 

Consequently, the lice issue has worsened, highlighting the need for innovative control strategies, 

preferably preventative measures like vaccination 4.  

As stated by 10, vaccination is increasingly regarded as an effective and sustainable strategy for 

preventing a variety of bacterial and viral illnesses. Other authors 6 sustain that vaccination against 

salmon lice could serve as a significant alternative, as it is well-established that fish vaccines have 

substantially reduced the reliance on drugs, particularly antibiotics, for treating various fish diseases. 

A paper 4 suggests that when searching for vaccine candidates targeting lice, two key criteria must be 

met for a successful result: (1) the antigens should be essential for the survival, development, or 

interaction of lice with their host, and (2) they must be presented in a mode that stimulates protective 

immune responses in the host.  

Along with 11, a functional vaccine for sea lice would be highly beneficial and would serve as a 

preventative measure rather than a treatment option. Nevertheless, creating vaccines for ectoparasites 

remains a significant technical challenge 12.  

In the case of ectoparasites, the significant physical separation between the pathogen and its host further 

complicates the effectiveness of vaccination. Since the ectoparasite primarily resides externally on the 

host, it is able to conceal a considerable portion of its constituents (i.e., potential antigens) from the host 

immune system, effectively putting these antigens “out of reach” of the host's defense mechanisms 13. If 

these concealed antigens could be made “visible” to the host immune system, it could potentially trigger 

a specific immune response that provides protection against them 12. 
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Numerous studies have been conducted that test or analyze vaccine candidates aimed at controlling sea 

lice infestations in salmon. In one study 14, a novel gene (denoted as my32) from Caligus rogercresseyi 

was characterized, which has the highest identity with the Lepeophtheirus salmonis gene akirin-2. To 

assess the gene's function, an RNA interference experiment was carried out, resulting in a decrease in the 

number of ectoparasites on fish within the my32-dsRNA treated group. The recombinant my32 protein 

was utilized in a vaccination challenge trial to assess its effectiveness in providing protection against sea 

lice infestations. Notable reductions in the parasite count per fish were recorded at 24 days after the 

challenge.  

In another study 15, the effectiveness of three sea lice vaccines was investigated against the initial stages 

of infestation, focusing on the transcriptome changes of immunized Atlantic salmon. In this research, 

three experimental groups of S. salar (Atlantic salmon) received vaccinations with recombinant proteins: 

Peritrophin (prototype A), Cathepsin (prototype B), and a combination of both (prototype C). The sea 

lice infestation was assessed during the chalimus I-II stages, which are the early infective phases, 7 days 

post-infestation. The results indicated that vaccine prototypes A, B, and C led to reductions in parasite 

burden of 24%, 44%, and 52%, respectively, compared to the control group. 

In a recent study 4, the roles of two heme peroxidases from salmon louse (LsPxtl-1 and LsPxtl-2) were 

evaluated regarding their significance for the parasite's development and their potential as vaccine 

candidates. LsPxtl-1 possesses two heme peroxidase domains and is expressed in ovaries and gut, 

whereas LsPxtl-2 encodes one domain and contains N-terminal signal peptide and an Eph receptor 

ligand-binding domain. The results of this investigation indicate that LsPxtl-1 is crucial for the 

development of the parasite; however, the vaccination formulations and methods tested did not markedly 

decrease lice infestations.  

Similarly 6, a vaccine candidate composed of a peptide derived from ribosomal protein P0 was assessed 

for its effectiveness after L. salmonis infestation in a laboratory environment. The sampling results 

demonstrated the vaccine candidate's promising potential when administered intraperitoneally to the host, 

as it led to a reduction in ectoparasite numbers, lower counts of adult female lice, diminished fecundity, 

and with greater presumptive effect in F1 lice generation. 

Likewise, 11 compared the chimeric P0-my32 protein with the P0 peptide fused to the molecular adjuvant 

TT regarding immunogenicity and the ability to reduce lice infestation in Atlantic salmon after the 

experimental challenge. Both P0-my32 and TT-P0 proteins were expressed in E. coli, purified, and 
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formulated with Montanide® ISA50 V2 as an adjuvant. A prime-boost vaccination strategy was 

implemented, and challenges were conducted at 2, 5, and 11 months following vaccination to examine 

the onset of immunity and the duration of protection. The findings indicate that vaccination may help 

diminish lice infestations in Atlantic salmon; however, further studies are necessary to validate 

effectiveness under field conditions.  

The immunogenic properties and protective effects of a vaccine formulation based on a recombinant 

protein from the salmon lice gut (P33) against L. salmonis infestation in Atlantic salmon was investigated 

through a laboratory trial 12. The results of this research indicated that the P33 vaccine can offer some 

degree of protection against both immature and adult salmon lice infestations, with the degree of 

protection appearing to be dependent on the vaccine dosage, where higher doses led to lower rates of 

parasitic infestation. 

Another study 5 demonstrated the possibility of developing a cost-effective synthetic peptide vaccine 

based on the secretions injected into the host by the parasite. The protein peroxiredoxin-2, obtained from 

the blood of Atlantic salmon affected by lice, was believed to contribute to antioxidative processes that 

aid the parasite's feeding. In this study, vaccinating Atlantic salmon with an experimental vaccine 

(peptide purity of 70%) provided superior protection against C. rogercresseyi (92%) compared to L. 

salmonis (60-70%).  

Other examined approaches for controlling sea lice include the application of fine calcium oxide (CaO) 

particles on the planktonic stages of salmon lice under controlled lab conditions. The findings of this 

research showed that exposure to CaO (for 10 minutes at 0.2 g/L) decreased the number of nauplii 

progressing to the copepodid stage by 60-70% by reducing both survival and molting, while treatment 

with CaO (for 10 minutes at 0.6 g/L) resulted in up to 90% mortality of free-living copepodids 8. 

In the study by 16, an identified non-host semiochemical, 2-aminoacetophenone (2-AA), isolated from 

turbot (Scophthalmus maximus) was used in the field to reduce sea lice prevalence and infective 

capability. Field experiments took place at a research fish farm located in north-west Scotland to assess 

the impact of 2-AA on the population of L. salmonis on Atlantic salmon (S. salar) hosts.  

The creation of a vaccine candidate that targets conserved proteins shared between the pathogen and the 

host has a significant drawback: the high similarity can lead to the development of tolerance or the 

production of autoantibodies in the host. To address this issue, peptide-based vaccines have been 

formulated that demonstrate notable efficacy 17; for example, a vaccine developed targeting ticks that 
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features a 20-amino acid peptide derived from the acidic ribosomal protein P0 of Rhipicephalus sp. ticks 

18,19. 

With respect to the implementation and evaluation of downstream processes conducted in Cuban research 

facilities for antigen purification aimed at developing vaccine candidates against sea lice, two studies are 

reported.  

In the first study 20, a compact purification method was developed to isolate the MY32/Ls protein, 

analyzing various alternatives to define the steps for rupture, chromatography, and renaturation, in order 

to obtain the production of the active pharmaceutical ingredient (API). Due to techno-economic 

advantages, a chemical rupture process was established using 8 mol/L urea for 1 hour, which was 20 % 

cheaper than mechanical rupture with glass beads. For washing and elution of the protein in the 

chromatographic step, pH and imidazole were evaluated. The specifications for the API produced in this 

study met the necessary standards for formulating the new vaccine against sea lice.  

In the second study 21, the purification procedures for the MY32/Ls protein were designed and optimized 

to obtain the API against sea lice. This investigation utilized non-chromatographic purification 

methodologies based from existing literature to establish conditions for rupture, washing, solubilization, 

and refolding. The API yielded in this research demonstrated a superior immune response (IgG) 

compared to the positive control and exhibited higher purity. 

In 17 the chimeric protein TT-P0-Ls (TT- The promiscuous T cell epitopes of tetanus toxin. P0- A 35 

aminoacids peptide between aminoacids 267 and 301 of the sequence of P0 of L. salmonis. Ls- L. 

salmonis) was obtained, with high immunogenicity, by recombinant DNA methods, and expressed in the 

form of inclusion bodies in the E. coli strain (BL21, DE3). The objective of the present work is to increase 

the purity and recovery of the TT-P0-Ls protein in the solubilization stage. 

MATERIALS AND METHODS 

E. coli propagation stage  

A plate was streaked containing solid LB medium with the E. coli strain BL21 (DE3) transformed with 

the PET28aTT-P0-Ls plasmid 17. The streaked plate was incubated for 24 h at 37 °C in a thermostated 

shaker (RETOMED, Cuba). From the grown colonies, a sample was taken to inoculate a 2 L Erlenmeyer 

flask containing 500 mL of non-inducible culture medium. Also, 15 mL of 40% glucose and 500 µL of 



Bionatura 
International Journal of Biotechnology and Life Sciences 

ISSN 1390-9355 

Vol. 11 No. 1, 2026 

https://revistabionatura.org/ 

 

8 

kanamycin was added to each Erlenmeyer at a final concentration of 50 µg/mL and then incubated in a 

thermostated shaker (RETOMED) for 16 h at 37 °C with constant stirring at 250 rpm.  

Fermentation Stage  

Fermentations were carried out in a fermentor (Marubishi) with 50 L of autoinduction medium with 

lactose, to which 3 L of the previously prepared inoculum was added. Fermentations last for 24 h. A 

temperature of 37 °C is maintained throughout the fermentative process while the pH is controlled in 7.0 

by adding 25% ammonia or 20% orthophosphoric acid. During the fermentation process, the foam was 

controlled with Glanapon DG-158 antifoam prepared at 20%. Constant agitation was maintained in 500 

rpm and aeration in 75 L/min.  

Harvest Stage  

The culture was centrifuged for 30 min at 3,000 rpm using batch centrifuges (CEPA) to eliminate the 

remains of culture medium and ensure that in the subsequent stages there are no traces of the antibiotic 

used during the preceding stages. The culture was kept at a temperature of - 20 °C in a refrigerated room.  

Recovery Stage  

The washed and concentrated cream was thawed and homogenized for 20 min using a dispersing agitator 

(Polytron) in a disruption buffer (300mM NaCl, 100mM sodium phosphate buffer, pH 6). The rupture 

was performed with the ball mill (DynoMill) carrying out a total of 5 passes. After the rupture operation, 

the washing solution (300 mM NaCl, 10 mM Tris, pH 6) and the ruptured biomass are added. The 

resulting mixture is homogenized for 10 min using a dispersing agitator (Polytron) at 10,000 rpm. After 

homogenization, the solid and liquid phases are separated in a batch centrifuge (CEPA), where the sample 

is centrifuged at 12,000 rpm for 1 h at 4 °C.  

Experimental design for TT-P0Ls solubilization 

A factorial design was developed using the Design Expert 8.0.6 program (Stat-Ease, Inc.). Three 

independent variables that influence protein solubility were taken into account: time (1, 6.5, 12 and 15 

h); pH of the medium (pH of the solubilization solution) (6; 7; 8.5; 10 and 11) and concentration of the 

ruptured cells (1; 19.77; 30; 45; 60 and 70.23 g/L), resulting in 15 experimental runs (Table 1).  

Table 1. Factorial design of the experiments obtained using the Design Expert software. 

Run Factor A: Factor B: Factor C: 
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Solubilization time 

(h) 

pH of the solubilization 

solution 

Concentration of 

ruptured cells (g/L) 

1 6.50 8.50 70.23 

2 6.50 8.50 19.77 

3 1.00 7.00 60.00 

4 12.00 10.00 60.00 

5 1.00 10.00 30.00 

6 6.50 11.00 45.00 

7 15.75 8.50 45.00 

8 12.00 10.00 30.00 

9 6.50 8.50 45.00 

10 0.00 8.50 45.00 

11 6.50 5.98 45.00 

12 12.00 7.00 60.00 

13 1.00 10.00 1.00 

14 12.00 7.00 30.00 

15 1.00 7.00 30.00 

Variants of the solubilization solution (10 mM Tris, 10 mM Imidazole, 8 M Urea) were prepared at 

different pH values according to the experimental design described in Table 1, using hydrochloric acid 

1M to decrease the pH, and Tris 1M to increase the pH, and employing a dispersing homogenizer (IKA 

T25). Then, the solution was mixed with the washed cream containing the different concentrations of 

broken cells (Table 1). The mixtures were homogenized with the help of a magnetic stirrer (Heidolph 

MR) and incubated at 37 C in a thermostated shaker (RETOMED) operating at 150 rpm for 15 h. 

Samples were taken at different solubilization times according to the experimental design (Table 1). After 

the solubilization time had elapsed, the samples were centrifuged at 10,000 rpm for 30 min at 4 C. 

Determination of total protein concentration and percentage of purity of the TT-P0-Ls protein  
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Once the centrifugation was completed, 1 mL of the extraction supernatant was taken and the total protein 

concentration was determined by the bicinchoninic acid method 22. The clarified protein was also 

analyzed by the SDS-PAGE electrophoresis method 23 in a 15% acrylamide/bisacrylamide gel, with the 

aim of observing the purity and the presence of the band at the height of 7 - 15 kDa. The remaining 

supernatant containing the solubilized protein was aliquoted and stored at 4 C until use. 

From the values of the response variables considered in this study (Concentration of total proteins), an 

ANOVA analysis was carried out using the Design Expert program to know the independent variables 

that influence the most in the solubilization of the TT-P0-Ls protein. 

 

RESULTS 

Figure 1 shows the numerical values of the response variable considered in this study, that is, 

concentration of total proteins (in mg of total proteins/g of biomass) for each of the experimental runs 

included in the design of experiments. 

 

 

Figure 1. Results of total protein concentration according to the experimental design. 

 

Table 2 presents the results of the ANOVA analysis performed by the Design Expert program.  

Table 2. ANOVA analysis performed in the Design Expert program. 

Source Sum of 

squares 

Degree of 

freedom 

Mean of variables F Value P Value  

(Prob  F) 

Model 12,497.94 9 1,388.66 2.72 0.14 



Bionatura 
International Journal of Biotechnology and Life Sciences 

ISSN 1390-9355 

Vol. 11 No. 1, 2026 

https://revistabionatura.org/ 

 

11 

A-Time 2.10 1 2.10 4.11E-003 0.95 

B-pH 288.80 1 288.80 0.56 0.48 

C-Conc. 459.57 1 459.57 0.90 0.38 

AB 279.76 1 279.76 0.55 0.49 

AC 355.99 1 355.99 0.70 0.44 

BC 258.15 1 258.15 0.51 0.50 

A2 429.27 1 429.27 0.84 0.40 

B2 1,129.16 1 1,129.16 2.21 0.19 

C2 598.09 1 598.09 1.17 0.32 

Residue 2,555.82 5 511.16   

Cor Total 15,053.76 14    

Figure 2 graphically shows the result of the ANOVA analysis.  

 

 

Figure 2. Result of ANOVA analysis in 3D coordinates. X axis: concentration of dead cells in 

solubilization. Y axis: pH of solubilization. Z axis: Protein concentration in the solubilization 

supernatant. The time to elaborate the graph was set at 6 h and 30 min (6.50 h).  

 

Figure 3 presents in the image on the left the SDS-Page 15% of the proteins used according to the design 

of the experiment, containing in the first lane the positive control of the protein TT-P0-Ls (C+), and in 
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the lanes of the 1 to 10 the different experimental runs. Likewise, the image on the right shows the results 

of the purity (%) of the solubilized protein for each of the experiments carried out. 

 

  

(a) (b) 

Figure 3. Graphics related to:  

a) SDS-PAGE 15% under reducing conditions.  

b) Percent purity of the TT-P0-Ls protein in the solubilization supernatant at the different 

experimental points.  

 

Table 3 exhibits the results of the concentration of total proteins in the solubilization stage in three 

different batches.  

Table 3. Results of the concentration of total proteins in the solubilization stage in three different batches. 

Batch code Concentration 

(mg total proteins/g cell debris) 

68N.2107 44.33 

68N.2108 12.89 

68N.2109 20.36 

 

Figure 4 displays the SDS-PAGE 15% under reducing conditions of the samples generated in the rupture 

stage. 
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Figure 4. SDS-PAGE 15% under reducing conditions of the samples generated in the rupture stage. 

From left to right 1: Molecular weight standard (PPM), 2: TT-P0-Ls protein positive control (C+), 3: 

Sample from the last rupture pass (R1), 4: Wash supernatant (R2), 5: Remains of dead cells (R3), 6: TT-

P0-Ls protein after solubilization process (R4). 

 

Figure 5 shows the graphics related to SDS-PAGE 15% under reducing conditions and the percent purity 

of the TT-P0-Ls protein in the cellular debris. 

 

  

(a) (b) 

Figure 5. Graphics related to:  
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a) SDS-PAGE 15% under reducing conditions.  

b) Percent purity of the TT-P0-Ls protein in the cellular debris.  

 

DISCUSSION 

The inclusion bodies produced in E. coli consist of a dense packing of denatured protein molecules in 

the form of particles. The renaturalization process, after they are extracted from the inclusion bodies, is 

arduous and usually has poor recovery and increases the production costs 24.  

The use of factorial design assisted by computer programs allows optimizing the number of experiments 

to be carried out, by proposing the best test variants considering the variables that most affect the 

processes 25. 

According to the results of Table 2 (ANOVA analysis), time is the parameter that least influences in the 

increment in the concentration of solubilized protein due to its high value (p = 0.95), therefore it is 

concluded that time does not affect the solubilization process of total proteins.  

In this study, the concentration of ruptured cells is the variable that most influences the concentration of 

solubilized proteins, although there are no significant differences with the other variables (p=0.38) 

It can be observed from Figure 2 that the pH and the concentration of dead cell residues are the parameters 

that most influence the concentration of solubilized proteins. This figure was elaborated for a time of 6 

h and 30 min (6.50 h). Figure 2 also exposes that the optimal conditions of the pH parameter are in the 

range of 8-9, while the best results of the parameter concentration of broken cells are in the range of 30-

36 mg total proteins/g biomass. This is because the TT-P0Ls protein is more stable at pH 8 to 9 and does 

not precipitate when separating the dead cells from the protein suspension.  

A study 24 reports that pure recombinant human growth hormone (r-hGH) inclusion bodies were 

solubilized at different pHs in 100 mM Tris buffer (pH 3–13) and percent solubilization of r-hGH was 

monitored. The paper also indicated that the solubilization of r-hGH from inclusion bodies was observed 

by increasing the pH from 6 to 12.5. Higher solubilization of r-hGH from inclusion bodies was observed 

by incorporating 2M urea in 100 mM Tris buffer at pH 12.5. Further addition of urea in 100 mM Tris 

buffer at pH 12.5 did not further increase solubilization of r-hGH from the inclusion bodies. In 100 mM 

Tris buffer at pH 12.5 containing 2M urea, a maximum of 6 mg/ml of r-hGH were solubilized from the 

inclusion bodies. Use of 2M urea did not unfold the protein completely and preserved the native-like 

secondary structure. Finally, these authors stated that a combination of alkaline pH and 2M urea 
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destabilized both the ionic and hydrophobic interactions which are the major cause of protein aggregation 

in inclusion bodies of human growth hormone. 

Also, another study 26 indicates that the preparation of good conditions for forming secondary structure 

of inclusion bodies during the solubilization step is momentous to decrease aggregation. Ionic and 

hydrophobic interactions are the 2 major factors to induce aggregation, while the presence of urea at the 

low concentration or the change of pH, particularly alkaline pH, in the solubilization step help to restore 

the secondary structures of inclusion bodies following with a better refolding of protein along with high 

levels of bioactivity. Therefore, using the mild process to solubilize the inclusion body and also select 

the protocol to dilute the concentration of proteins and remove impurity could be helpful to decrease the 

aggregation and enhance the yield of bioactive recombinant proteins.  

Likewise, a research was carried out 27 to investigate whether altering the pH might improve inclusion 

body resolution at lower urea concentrations as milder concentrations of denaturants ensure preservation 

of the proteins’ secondary structure during the solubilization process. The results indicated that 

increasing the pH value of the 2 M urea buffer from 8.5 to 10.5 significantly improved the solubilization, 

indicating that solubility of TrxmGH inclusion bodies was pH-dependent with optimal solubilization 

observed at a pH value of 10.5. This study also specifies that developing an efficient method to extract 

biologically active proteins from inclusion bodies is often inevitable for certain proteins. For effective 

inclusion body solubilization and recovery, optimization of multiple parameters is required, such as the 

denaturant concentration, pH values, and the refolding method. However, ‘mild’ solubilization 

conditions, such as lower denaturant concentrations and alkaline pH, ensure better recovery of the 

proteins in its conserved native structure, but also help to avoid protein aggregations during the refolding 

process.  

Singh et al. 28 denotes that non-classical inclusion bodies (inclusion body aggregates which are 

biologically active) have been reported to be very sensitive to pH at which they are purified, as use of 

high pH can lead to solubilization of protein molecules during purification. It also declared that mild 

solubilization processes using alkaline pH, high pressure, detergents, organic solvents and low 

concentration of chaotropes have been used for recovery of bioactive proteins from inclusion bodies. In 

most of the cases, improvements in inclusion body isolation and use of modern refolding methods in 

combination with mild solubilization improved the overall recovery of bioactive proteins. Likewise, the 

use of buffers with extreme pH has also been reported as a mild solubilization method. High pH (>12) 

buffer in combination with 2 M urea has been used successfully for solubilization of inclusion bodies. 
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High pH buffer has been described to improve refolding yield by retaining native-like secondary 

structures in solubilized state. 

Finally, a study 29 indicates that it has been widely reported that growth hormone inclusion bodies of 

different species expressed in E. coli can be solubilized by alkaline pH. These authors report that the 

solubilization of the recombinant human growth hormone r-hGH from inclusion bodies was observed by 

increasing the pH from 8 to 12.5. High alkaline pH (> 12.5), even though it helped in solubilizing r-hGH 

from inclusion bodies, resulted in extensive degradation of r-hGH. A maximum of 2 mg/ml of r-hGH 

was solubilized in 100 mM Tris buffer at pH 12.5 without the addition of urea or guanidine 

hydrochloride. These authors also declare that charge distribution provided by high alkaline pH, along 

the protein chain, was responsible for higher solubilization of r-hGH from inclusion bodies. This 

suggested that pH has a crucial role in destabilizing the inclusion body aggregation. Changing the charge 

distribution along the protein molecule by changing the pH generally affects the protein stability and may 

lead to an unfolding of the native protein. Finally, they indicate that the use of 2 M urea at alkaline pH 

improved r-hGH solubilization from inclusion bodies without disturbing the existing native-like 

secondary structure of the proteins.  

The concentration of dead cells in the cell suspension is the parameter that has the most influence because 

the denaturing agents achieve total or partial rupture of the inclusion bodies. Solubilization must be able 

to break the protein packaging of the inclusion bodies and solubilize the proteins to their minimum 

structural state or a state that allows their subsequent purification. Most reports in the literature used high 

concentrations of the denaturing agent (between 6 and 8 mol/L) and protein concentrations in the 

solubilization step between 1 and 10 mg/mL 30-36.  

Singh et al. 28 state that the process of protein recovery from inclusion bodies involves four steps: 

1) Purification of inclusion bodies to homogeneity (careful lysis of cells, purify inclusion bodies by 

detergent washing/ultracentrifugation),  

2) Solubilization of inclusion bodies using mild solubilization agent (alkaline pH/hydrostatic 

pressure/organic solvent based buffers/2-3 M urea),  

3) Refolding of the solubilized proteins (refolding at high protein concentration by pulsatile 

renaturation/on column refolding/urease mediated refolding) with optimal refolding buffer, and 

4) Purification of the refolded protein. These steps can be optimized to recover high amount of 

bioactive protein from the inclusion bodies of E. coli. 
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It’s worth mentioning that in the case of our research, detergents were not used in the solubilization step 

due to regulations issued by the International Cooperation on Harmonisation of Technical Requirements 

for the Registration of Veterinary Medicinal Products (VICH). 

In Figure 3a the presence of the TT-P0-Ls protein can be observed in the supernatant obtained in the 

solubilization stage (indicated in the box with red borders), while in Figure 3b it is observed that the 

greatest protein purity is achieved at pH 8.5, with a decrease in purity occurring at a pH greater than 10.  

In the three batches previously produced the concentration of total proteins in the solubilization stage did 

not have a stable behavior (Table 3), obtaining a low purity (14%) and the protein TT-P0-Ls was present 

in the cellular debris resulting from solubilization (Figure 4).  

Figure 5 shows that there is a decrease in the TT-P0-Ls protein band in the cellular debris starting at a 

pH value of 8.5. Also, the purity of the TT-P0-Ls protein band in the cellular debris (and therefore the 

amount of this protein) increases at the extreme values of pH (6-7 and 11), while decreases at pH 8.5. 

The subsequent execution of three experimental batches allowed more than 38 mg of total proteins per g 

of cellular debris to be obtained, with 31% purity at 25  3 ºC.  

With the new process established in this work, the solubilization time would be reduced from 3 h to 1 

h, obtaining an average concentration of total proteins of 95.55 mg/g of cellular debris and a purity of 

40-50% at a pH of 8.5-9. 

CONCLUSIONS 

In the current study, up to 50% purity of the protein of interest in the supernatant and an increase in 

protein of interest of 2.47 times was achieved using a concentration of ruptured biomass in the range 30 

- 36 g/L, at pH between 8 and 9, for 1 h at room temperature, while the amount of the protein of interest 

in the precipitate is reduced, after the solubilization was carried out. These results set a good start point 

for the development of an efficient biotechnological process to obtain TT-P0-Ls antigen for further use 

as therapeutic vaccine against sea lice. 
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