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Abstract

:

A liposome-based artificial cell (LBAC) consists of a liposome encapsulating a cell-free protein expression system (CFPES) and protein-encoding DNA. It is surrounded by a lipid bilayer membrane and synthesizes proteins that resemble actual cells. Hence, they have been one of the most studied artificial cells. According to recent studies, they have been able to sense bio-functional molecules by synthesizing fluorescent proteins in response to target molecules. Therefore, they are expected to be used as biosensors. However, previously reported LBACs encapsulated the CFPES derived from Escherichia coli, resulting in the most productive protein expression at 20–40 °C. To broaden the range of their working temperatures to lower temperatures, in this study, we constructed LBACs using a CFPES derived from Pseudomonas fluorescens that grows at a temperature range of 4 °C to 30 °C. We then demonstrated that the constructed LBAC expressed proteins at 8 °C and that, the protein expression capability of the LBAC derived from P. fluorescens was four-fold higher than that derived from E. coli at 8 °C. This study will pave the way for the development of artificial cell-based biosensors that work in cold environments or for the synthesis of heat-labile proteins in LBACs.
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1. Introduction


An artificial cell is a cell mimic that acts like a natural cell. There are several types of artificial cells. Among them, liposome-based artificial cells (LBACs) have been one of the most commonly studied artificial cells. An LBAC consists of a liposome (small capsule made from a lipid bilayer membrane), a cell-free protein expression system (CFPES), and DNA(s) encoding proteins of interest [1]. They express proteins which perform the designated functions. For example, some LBACs can sense signals such as a bacterial quorum sensing molecule [2,3], a light with a specific wavelength [4], and others [5,6,7]. Furthermore, another type of LBAC was able to communicate with one another by encoding proteins for communication [8,9].



Previous studies on LBACs have used cell extracts derived from Escherichia coli to prepare CFPES [2,3,4,5,6,7,8,9]. Thus, the operating temperatures of these LBACs have been limited to the optimal growth temperature range of E. coli, which is approximately 20–40 °C [10]. However, for using LBACs at temperatures lower than 20 °C, such as for a sensor, LBACs that can operate at lower temperatures are required. In this study, we constructed an LBAC capable of protein expression at temperatures as low as to 8 °C.



To achieve this, we first prepared a CFPES that functions at low temperatures using the cell extract from a cold-adapted bacterium, Pseudomonas fluorescens, as it grows at 4–30 °C [11]. However, optimization of the procedures for preparing the CFPES derived from P. fluorescens has not been performed to date, which we have reported in this study. The CFPES derived from P. fluorescens was then compared with that derived from E. coli in terms of protein expression capability at various temperatures, including at temperatures as low as 16 °C and 8 °C. Finally, we encapsulated the optimized CFPES derived from P. fluorescens in the liposome to obtain a LBAC. We demonstrated that the constructed LBAC expressed proteins at 8 °C. The protein expression capability of the LBAC derived from P. fluorescens was compared with that derived from E. coli to indicate that it was more suitable for applications at low temperatures than that derived from E. coli.




2. Materials and Methods


2.1. Preparation of CFPES


2.1.1. CFPES Derived from P. fluorescens


The CFPES derived from P. fluorescens consisted of the cell extracts from P. fluorescens, T7 RNA polymerase, tRNA, and nutrients called Premix. The procedures used were from literature [11] with modifications.



All procedures were performed on ice unless otherwise stated. P. fluorescens (Pseudomonas fluorescens Migula, #13525; ATCC, Manassas, VA, USA) was incubated in 4 mL of 2 × Yeast Extract Tryptone (2 × YT) medium (Sigma-Aldrich, St. Louis, MO, USA) in a 15 mL culture tube for 1 d at 23 °C using an incubator shaker (Innova 4000; New Brunswick Scientific, Enfield, CT, USA). Thereafter, 1 mL of the cell culture was added to 100 mL of 2 × YT medium in a 500 mL Erlenmeyer flask and incubated at 23 °C. The cell culture was harvested after a pre-determined period of incubation (6–12 h) and centrifuged at 4000 rpm at 4 °C for 15 min using a centrifuge (Model 2800; Kubota, Tokyo, Japan). The supernatant was discarded. A total of 6mL of Buffer A (10 mM Tris-acetate (pH 7.4), 1 mM (+/-)-dithiothreitol (DTT; Fujifilm Wako Pure Chemical, Osaka, Japan), 14 mM magnesium acetate (Fujifilm Wako Pure Chemical), 60 mM potassium acetate (Fujifilm Wako Pure Chemical), and 0.5 µL/mL 2-mercaptoethanol (Sigma-Aldrich)) was added to resuspend the cell pellet. The suspension was centrifuged again under the same conditions, and the supernatant was discarded. Next, 3 mL of Buffer B (10 mM Tris-acetate (pH 7.4), 1 mM DTT, 14 mM magnesium acetate, 60 mM potassium acetate, and 0.067 μL/mL 2-mercaptoethanol) was added to resuspend the cell pellet. The resuspended solution was centrifuged under the same conditions as described above. After discarding the supernatant, 1.27 mL of Buffer C (10 mM Tris-acetate (pH 7.4), 1 mM DTT, 14 mM magnesium acetate, and 60 mM potassium acetate) was added to 1 g of the cell pellet to resuspend it. The resuspended cell solution was poured into a tube for bead-beating (bacteria-lysing CK01; MS Equipment, Osaka, Japan). Before bead-beating, the tube was vortexed using a vortex mixer (Vortex-Genie 2; Scientific Industries, Bohemia, NY, USA) to mix the cell solution and the beads well for efficient cell lysis. The cells were then lysed in a bead-beater (Precellys 24; Bertin Technologies, Paris, France) for 10 s × 2 at 6800 rpm at 4 °C. After bead-beating, the tube was centrifuged at 4 °C and 20,000× g for 30 min. The supernatant was transferred into a clean tube. Next, 300 μL of PI mixture (0.3 M Tris-acetate (pH 7.4), 4.4 mM DTT, 9.4 mM magnesium acetate, 13.2 mM adenosine triphosphate (ATP; Sigma-Aldrich), 84 mM phosphoenolpyruvate (Sigma-Aldrich), 0.044 mM 20 amino acids (Fujifilm Wako Pure Chemical), and 13 U/mL pyruvate kinase (Sigma-Aldrich)) was added to the supernatant, and the suspension was incubated in a shaker incubator at 23 °C for 90 min. The solution was then dialyzed twice for 1 h against 150 mL of Buffer C using a dialysis membrane (Float-A-Lyzer G2, MWCO: 8–10 kD; Repligen, Boston, MA, USA). After dialysis, the solution was centrifuged at 4000× g for 10 min, and the supernatant was used as the cell extract of P. fluorescens. The cell extract was stored at −80 °C until use.



Premix was prepared so that the components were magnesium acetate (concentration varies, therefore, this is denoted as a concentration of Mg in each experiment), polyethylene glycol 6000 (PEG; Sigma-Aldrich; concentration varies, therefore, denoted as a concentration of PEG in each experiment), 30 mM lithium potassium acetyl phosphate (Sigma-Aldrich), 56.5 mM Tris-acetate (pH 7.4), 1.25 mM ATP, 0.85 mM guanosine triphosphate (GTP; sodium salt; Sigma-Aldrich), 0.85 mM cytidine triphosphate (sodium salt; CTP; Funakoshi), 0.85 mM uridine triphosphate (UTP; sodium salt; Fujifilm Wako Pure Chemical), 40 mM creatine phosphate (Sigma-Aldrich), 0.16 mg/mL creatine kinase (Boeringer Manheim, Stuttgart, Germany), 20 amino acids (0.5 mM each; Wako Pure Chemical), 0.04 mg/mL N5-formyl-5, 6, 8-tetrahydrofolic acid (Folinic acid calcium salt hydrate; Sigma-Aldrich), potassium acetate (Concentration varies, therefore, denoted as a concentration of K in each experiment), and 36 mM ammonium acetate (Fujifilm Wako Pure Chemical).



For protein synthesis in 10 μL of the CFPES, 4.0 μL of Premix, 3.6 μL of the cell extract from P. fluorescens, 1.0 μL of DNA encoding a protein of interest, 1.0 μL of 50 U/μL T7 RNA polymerase (Takara, Kusatsu, Shiga, Japan), and 0.4 μL of 1670 ng/μL tRNA (tRNA from E. coli Mre 600; Sigma-Aldrich) were mixed.




2.1.2. CFPES Derived from E. coli


Two types of CFPES derived from E. coli were used in this study. One is a commercially available CFPES (S30 T7 High-Yield Protein Expression System; Promega, Madison, WI, USA). The other is a CFPES obtained from the cell extract of the LacZ gene-deficient BL21-Gold (DE3) strain (#99247; Addgene, Watertown, MA, USA). This strain does not have the LacZ gene encoding β-galactosidase; therefore, it can be used for experiments using an exogenous β-galactosidase.



The CFPES derived from the LacZ gene-deficient BL21-Gold (DE3) strain consisted of the cell extract from the LacZ gene-deficient BL21-Gold (DE3) strain, T7 RNA polymerase, tRNA, and Premix.



The method for preparing the cell extract derived from the LacZ gene-deficient BL21-Gold (DE3) strain is described below. The E. coli strain was incubated in 4 mL of LB medium (Sigma-Aldrich) in a 15 mL culture tube for 1 d at 37 °C in an incubator shaker. Thereafter, 1 mL of the cell culture was added to 100 mL of LB medium in a 500 mL Erlenmeyer flask and incubated at 37 °C. The cell culture was harvested after 5 h of incubation and centrifuged at 4 °C and 4000 rpm for 15 min using a centrifuge. The supernatant was discarded. A total of 6 mL of Buffer D (14 mM magnesium acetate, 60 mM potassium acetate, 50 mM Tris-acetate (pH 7.4), 50 μM 2-mercaptoethanol, 1 mM DTT) was added to resuspend the cell pellet. The suspension was centrifuged again under the same conditions, and the supernatant was discarded. Next, 3 mL of Buffer E (14 mM magnesium acetate, 60 mM potassium acetate, 50 mM Tris-acetate (pH 7.4), 1 mM DTT) was added to resuspend the cell pellet. The resuspended solution was then centrifuged under the same conditions. After discarding the supernatant, 1.27 mL of Buffer C was added to 1 g of the cell pellet to resuspend it. The resuspended cell solution was poured into a tube for bead-beating (bacteria-lysing CK01; MS Equipment). Before bead-beating, the tube was vortexed using a vortex mixer to mix the cell solution and beads well for efficient cell lysis. The cells were then lysed in a bead-beater (Precellys 24; Bertin Technologies) for 10 s × 2 at 6800 rpm. After bead-beating, the tube was centrifuged at 4 °C and 20,000× g for 10 min. After centrifugation, the supernatant had three layers. The top layer was transferred to another clean tube and incubated at 37 °C for 70 min. The solution was then centrifuged at 20,000× g for 10 min, and the supernatant was used as the cell extract of E. coli. The cell extract was stored at −80 °C until use.



For protein synthesis in 10 μL of the CFPES derived from the LacZ gene-deficient BL21-Gold (DE3) strain, 4.0 μL of Premix (S30 Premix Plus in S30 T7 High-Yield Protein Expression System purchased from Promega), 3.6 μL of the cell extract from the LacZ gene-deficient BL21-Gold (DE3) strain, 1.0 μL of DNA encoding a protein of interest, 1.0 μL of 50 U/μL T7 RNA polymerase (Takara), and 0.4 μL of 1670 ng/μL tRNA (tRNA from E. coli Mre 600; Sigma-Aldrich) were mixed.



For protein synthesis in 10 μL of the commercially available CFPES, 4.0 μL of Premix (S30 Premix Plus in S30 T7 High-Yield Protein Expression System), 3.6 μL of the E. coli cell extract in the S30 T7 High-Yield Protein Expression System, 1.0 μL of DNA encoding a protein of interest, and 1.4 μL of Deionized (DI) water were mixed.





2.2. Measurement of Total Protein Concentration in the Cell Extract


The Bradford method [12] was employed for measurement of a total protein concentration in the cell extract. For the Bradford assay, a protein quantification kit (Protein Quantification Kit-Rapid; Dojindo, Mashiki, Kumamoto, Japan) was used. The absorbance at 595 nm of 1.0 mL of the solution (Mixture of the cell extract and Coomassie Brilliant Blue (CBB) solution) placed in a 10 mm cuvette (As One, Osaka, Japan) was measured with a spectrophotometer (NanoDrop 2000c; Thermo Scientific, Waltham, MA, USA). Calibration curve was prepared using the bovine serum albumin (BSA) solutions with the designated concentrations. The total protein concentration of the cell extract was calculated based on the calibration curve.




2.3. Luciferase Assay of the CFPES


Protein expression in the CFPES was measured using a luciferase assay. The CFPES was incubated at a pre-determined temperature with a final concentration of 51.8 ng/μL DNA encoding Luciferase after T7 promoter (S30 T7 Control DNA in S30 T7 High-Yield Protein Expression System; Promega). The emission intensity of the CFPES was measured just after the addition of 1.0 μL of 20 μM coelenterazine-h (Fujifilm Wako Pure Chemical) to 10 μL of the CFPES with the DNA using a plate reader (Infinite F200; Tecan, Männedorf, Switzerland) at room temperature.




2.4. Formation of the LBACs


The liposome encapsulating the CFPES was constructed using the procedures reported in the literature [13] with some modifications. The procedures used in this study are as follows: 10 μL of the CFPES containing 2 M sucrose (Sigma-Aldrich) was vortexed for 30 s in 20 μL of mineral oil (Sigma-Aldrich) containing 10 mg/mL of L-α-phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL, USA) and 10 mg/mL cholesterol (Sigma-Aldrich) to form water-in-oil microdroplets. At this time, lipid molecules self-assembled to form a lipid monolayer at the interface between the water and oil. The water-in-oil solution was then added to 44 μL of an outer solution in a 1.5 mL tube, forming another lipid monolayer at the interface between the outer solution and the oil of the water-in-oil solution. The outer solution consisted of Premix 16 μL, 2 M sucrose 9.4 μL, 4 M sodium chloride (Fujifilm Wako Pure Chemical) 4.5 μL, 2 M HEPES buffer (pH 7.7) (Sigma-Aldrich) 12.5 μL and DI water 1.6 μL. To prepare LBACs derived from P. fluorescens, Premix prepared for the CFPES derived from P. fluorescens was used. To prepare the LBACs derived from E. coli, S30 Premix Plus in the S30 T7 High-Yield Protein Expression System was used. The tube was then centrifuged at 5000× g at 4 °C for 1 min. This process forced the microdroplets to pass through the interface between the outer solution and the oil, forming liposomes encapsulating the CFPES. We denoted this as a LBAC.




2.5. Fluorescent Imaging of the LBACs


Protein expression in the LBACs was observed via fluorescence measurement. The fluorescence intensity was measured under a fluorescent microscope (Ti2-E; Nikon, Tokyo, Japan) after incubation for a pre-determined time with or without DNA encoding LacZ after T7 promoter. β-Galactosidase fluoresces when it reacts with fluorescein-di-β-galactopyranoside (FDG; Sigma-Aldrich); 30 μM FDG was added to the CFPES when forming the LBACs. A fluorescent filter unit for GFP (GFP HQ; Nikon) and a monochromic CCD camera (CoolSNAP HQ2; Teledyne Technologies, CA, USA) were used for fluorescence observation.



When observing for protein expression in the LBACs at 8 °C, the liposomes were incubated at 8 °C, except during observation using a microscope.



The obtained fluorescent images were analyzed using image processing software (ImageJ; NIH, Bethesda, MD, USA). The relative fluorescence intensity (∆F/F0) was calculated using Equation (1). In the equation, F0 represents the fluorescence intensity of the LBAC at the start of observation, F represents the fluorescence intensity of the artificial cell after the pre-determined time, and FBG represents the background fluorescence intensity.


  Δ F /  F 0  =   F −  F 0  −  F  BG      F 0  −  F  BG      



(1)









3. Results


3.1. Optimization of the Cell Extract Derived from P. fluorescens for High-Yield Protein Expression


3.1.1. Effect of Incubation Period before Cell Harvest


We investigated the influence of incubation period before harvesting P. fluorescens cells on the protein expression activity of the CFPES made from the harvested cells. The reasons behind this are described below. In cell culture, it is known that culture time has a great influence on the activity of the cell extract [14]. There are four stages in cell culture: the induction phase, logarithmic phase, quiescent phase, and death phase. The healthiest and most active bacteria can be obtained during the logarithmic phase, when the bacteria begin to divide and grow logarithmically. However, the duration of the logarithmic period suitable for preparing cell extracts enabling high-yield protein expression depends on the bacterium, which has not yet been ascertained for P. fluorescens; thus, we investigated it.



Figure 1a shows the growth curve of P. fluorescens. From this growth curve, it was found that the logarithmic phase in the cell culture of P. fluorescens was approximately between 4 and 10 h after the start of culture. Next, we investigated the appropriate incubation period in the logarithmic phase to prepare the most active cell extract. Figure 1b shows the results of the luciferase assay of the CFPES obtained from P. fluorescens cells incubated for various periods. These results indicate that the emission intensity gradually increased as the incubation period increased until 9 h, and then decreased gradually after 10 h. Therefore, it was found that the optimal time for culturing P. fluorescens was 9 h after the start of culture. In the subsequent experiments, the cell extracts of P. fluorescens were prepared after harvesting the cells 9 h after the start of the culture.




3.1.2. Effect of Total Protein Concentration of the Cell Extract on Protein Expression Activity


We investigated the influence of the total protein concentration of the cell extract of P. fluorescens on protein expression activity. It is known that the total protein concentration of the cell extract obtained from E. coli affects the protein expression efficiency [10]. The optimal total protein concentration in cell extracts derived from E. coli for high-yield protein expression has been reported. However, those derived from P. fluorescens have not been investigated to date. To investigate this, in this study, a cell extract with a low protein concentration was prepared in advance, and cell extracts with higher protein concentrations were prepared by condensing the initial cell extract using an ultrafiltration membrane (Amicon Ultra-0.5 mL, MWCO: 3 kDa; Merck-Millipore, Burlington, MA, USA). After that, luciferase was expressed in each of the CFPES obtained from the cell extracts with different total protein concentrations. Figure 2 shows the relationship between the total protein concentration in the cell extract and emission intensity. The graph indicates that the emission intensity increases as the total protein concentration in the cell extract increases to 20 mg/mL, and then decreases after 20 mg/mL. From this result, it was found that the optimal total protein concentration in the cell extract of P. fluorescens was 20 mg/mL. All cell extracts used in subsequent experiments had a total protein concentration of 20 mg/mL.





3.2. Optimization of Other Components in the CFPES for High-yield Protein Expression


In addition to the cell extract, protein expression using CFPES requires DNA and nutrients called Premix. Protein expression efficiency varies depending on the composition of Premix and the activity of the cell extract [15]. Therefore, we aimed to further improve protein expression efficiency by optimizing the Premix composition. We optimized the concentrations of magnesium, potassium, and PEG because these components are known to exert a considerable effect on protein expression in a CFPES derived from E. coli [16].



First, we conducted a luciferase assay of the cell-free protein expression with five different concentrations of potassium in Premix: 0, 80, 160, 320, and 480 mM (Figure 3a). From the result, it was observed that 320 mM potassium had the highest protein expression activity.



Second, we conducted the same experiment with five different concentrations of magnesium: 0, 5, 10, 15, and 20 mM (Figure 3b). From the result, it was observed that 15 mM magnesium had the highest protein expression activity.



Third, we conducted the same experiment with five different concentrations of PEG: 0 %, 0.5 %, 1.0 %, 2.0 %, and 4.0 % (Figure 3c). From the result, it was observed that 1.0 % PEG had the highest protein expression.



Finally, we conducted the same experiment with five different types of Premixes with the concentration of each component that resulted in the highest protein expression activity in each composition optimization to obtain the optimized Premix. Figure 3d shows the results of the luciferase assay of the CFPES with the five types of Premixes. The results indicate that the optimal concentrations of potassium, magnesium, and PEG in Premix were 160 mM, 15 mM, and 1.0 %, respectively. In addition, the emission intensity with this optimized Premix was approximately 1.5 times higher than that of the previously reported Premix (160 mM potassium, 10 mM magnesium, and 2.0 % PEG [11]). All the premixes used in the subsequent experiments were prepared with this optimized composition.




3.3. Protein Expression Capability of the Optimized CFPES at Various Temperatures


A luciferase assay was conducted for the CFPES obtained from the cell extract of P. fluorescens at 29 °C, 23 °C, 16 °C, and 8 °C. This was performed using the optimized CFPES derived from P. fluorescens. Simultaneously, the same experiment was conducted for the CFPES derived from E. coli to compare protein expression capabilities. The CFPES derived from E. coli in this experiment was commercially available one described in Section 2.1.2. Figure 4 indicates that the CFPES from E. coli had higher emission intensity than that from P. fluorescens at 29 °C and 23 °C, whereas the CFPES from P. fluorescens had a higher emission intensity than that from E. coli at 16 °C and 8 °C. In other words, the CFPES derived from P. fluorescens had 2.1-fold and 20-fold higher protein expression capability at 16 °C and 8 °C, respectively, than the one derived from E. coli. From this result, it can be concluded that the CFPES derived from P. fluorescens had a higher capability for protein expression than that from E. coli at a low temperature environment of 16 °C or lower.




3.4. Protein Expression at 8 °C, in the LBAC Derived from P. fluorescens


We investigated the protein expression activity at 8 °C in a LBAC derived from P. fluorescens. In addition, we compared the protein expression activity of the LBACs at 8 °C with that derived from E. coli. To do so, we constructed a LBAC that fluoresces when expressing β-galactosidase. This was performed by encapsulating the optimized CFPES derived from P. fluorescens or E. coli with DNA encoding β-galactosidase and its substrate, FDG. The CFPES derived from E. coli used in this experiment was the one made from the LacZ-deficient strain, and it was validated to have protein expression capability comparable to the literature [10] in advance (data shown in Supplementary Material).



The constructed LBAC was observed at 8 °C using a fluorescent microscope. Figure 5 shows microscopic images of LBACs derived from P. fluorescens or E. coli, with or without DNA. The DNA-free LBAC derived from P. fluorescens shown in Figure 5a did not show a significant increase in fluorescence intensity after 3 h, whereas the DNA-containing LBAC derived from P. fluorescens shown in Figure 5b showed an increase in fluorescence intensity after 3 h. From this result, it is concluded that the LBAC derived from P. fluorescens has protein expression capability at 8 °C. As for the LBACs derived from E. coli, both the DNA-free LBAC shown in Figure 5c and the DNA-containing LBAC shown in Figure 5d did not show significant increases in fluorescence intensity after 3 h. Fluorescence signals were observed in the LBACs to some extent even without the DNA at 0 h. This is because the CFPES has self-fluorescence in this experimental condition.



Next, we compared the protein expression activity of the LBACs derived from P. fluorescens at 8 °C with that derived from E. coli. Figure 6 shows the relative fluorescence intensities of the LBACs derived from P. fluorescens or E. coli after 3 h with or without DNA. This graph indicates that the fluorescence intensity of the artificial cells derived from P. fluorescens was approximately four-fold higher than that of the artificial cells derived from E. coli. From this result, it is concluded that LBACs derived from P. fluorescens are preferable for protein expression at low temperatures, such as 8 °C.





4. Conclusions


We aimed to construct a LBAC that expresses proteins at temperatures below 20 °C. To realize such a LBAC, we prepared a CFPES using the cell extract derived from the cold-adapted bacterium P. fluorescens. We then optimized the procedures for creating a CFPES for high-yield protein expression. We found that the optimal procedure is as follows. 1: The best incubation period of the cells before harvesting was 9 h; 2: The best total protein concentration in the extract was 20 mg/mL; 3: The best Premix condition was 160 mM potassium, 15 mM magnesium, and 1 % PEG. We observed that the optimized CFPES had 2.1-fold and 20-fold higher protein expression capability at 16 °C and 8 °C, respectively, compared to that derived from E. coli. We constructed an LBAC by encapsulating the optimized CFPES derived from P. fluorescens and indicated that the constructed LBAC expresses proteins at temperatures as low as 8 °C. We further indicated that the protein expression capability at 8 °C, of the LBAC derived from P. fluorescens is four-fold higher than that derived from E. coli. The LBAC proposed in this study expands the application of such cells in terms of operational temperature. This study will be useful for the production of heat-labile proteins in the LBAC. In addition, this study will be an important step for the development of artificial cell-based biosensors that work in cold environments. In this study, we used P. fluorescens as an organism for constructing a LBAC, resulting in an operational temperature of 8 °C. By using other cold-adapted organisms such as Shewanella sp. [17] and P. putida [18], it may be possible to create artificial cells that can express proteins at temperatures lower than 8 °C or even in a frozen environment. Such LBACs could be applied to a biosensor that reports an abnormality in a product such as a reagent, food, or drink being transported in a chilled or frozen environment.
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Figure 1. (a) The growth curve of P. fluorescens in 2× YT medium at 23 °C. (b) Comparison of protein expression activity of the CFPES obtained from the cells harvested after varying periods of culture time. The cell-free protein expression system (CFPES) was incubated at 29 °C for 2 h with 51.8 ng/μL of DNA encoding Luciferase under T7 promoter. Premix contained K: 160 mM, Mg: 15 mM, polyethylene glycol (PEG): 1 %. Error bars represent standard deviations (n = 3). 
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Figure 2. Protein expression activity of the CFPES obtained from the cell extract having various total protein concentrations. The CFPES was incubated at 29 °C for 2 h with 51.8 ng/μL of DNA encoding Luciferase under T7 promoter. Premix contained K: 160 mM, Mg: 15 mM, PEG: 1 %. Error bars represent standard deviations (n = 3). 
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Figure 3. Luciferase assay of the CFPES obtained from Premixes containing different concentrations of potassium, magnesium, and PEG. (a) Premixes with different potassium concentrations. (Mg: 10 mM, PEG: 2 %) (b) Premixes with different magnesium concentrations. (K: 160 mM, PEG: 2 %) (c) Premixes with different PEG concentrations. (K: 160 mM, Mg: 10 mM) (d) Premixes with different concentrations of potassium, magnesium, and PEG. The leftmost bar (K: 160 mM, Mg: 10 mM, PEG: 2 %) represents the data with the Premix condition used in the previous study [11]. The CFPES was incubated at 29 °C for 2 h with 51.8 ng/μL of DNA encoding Luciferase under T7 promoter. Error bars represent standard deviations (n = 3). 
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Figure 4. Luciferase assay of the CFPES obtained from the cell extract of P. fluorescens or E. coli at 29 °C, 23 °C, 16 °C, and 8 °C. The CFPES was incubated at each temperature for 2 h with 51.8 ng/μL of DNA encoding Luciferase under T7 promoter. Error bars represent standard deviations (n = 3). 
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Figure 5. Microscopic images of the liposome-based artificial cell (LBACs) at 8 ℃ containing the CFPES and FDG with or without DNA encoding β-galactosidase. Upper row: Fluorescent images. Lower row: Bright-field images. 0 h represents the beginning of the observation. (a) CFPES was derived from P. fluorescens. Without DNA. (b) CFPES was derived from P. fluorescens. With DNA. (c) CFPES was derived from E. coli. Without DNA. (d) CFPES was derived from E. coli. With DNA. 
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Figure 6. Relative fluorescent intensity of the LBACs encapsulating the CFPES derived from P. fluorescens and E. coli. With DNA: DNA encoding β-galactosidase was encapsulated. Without DNA: No DNA was encapsulated. Error bars represent standard deviations (n = 3). 
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