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Abstract
Environmental problems due to plastic disposal have been a major concern. Bioplastics are considered as possible alternatives because of their biodegradability, but given their high production cost, optimization is required. For this purpose, many works have been done with the intention of engineering strains capable of greater product yields. But for certain products, there is a trade-off between biomass and product formation. Not only the yield but also titer and productivity have to be considered. A method known as dynamic Flux Balance Analysis (dFBA) allows computation of the final yield, titer and productivity, through simulations. This work presents an approach using dFBA simulations together with an economic metric for the analysis of the bioplastic production potential of recombinant Escherichia coli using glucose, xylose and glycerol as carbon sources. The proposed economic metric calculates the monthly gross profit based on the estimation of the production costs as a function of the product yield, biomass yield, titer and productivity. By estimating the monthly profit of each simulated scenario, the set of yield, titer, and productivity that would maximize profitability in the case of growth associated bioplastic production, and the ideal point to shift from the growth phase to the bioplastic production phase in the case of non-growth associated bioplastic production were found, setting potential targets for future synthetic biology and metabolic engineering strategies. 
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Introduction
[bookmark: _Hlk150618075]In the last decades, bioprocesses have seen great developments, due to increasing concerns with environmental impacts. For instance, the search for more sustainable processes led to an increase of interest in the production of bioplastics as potential replacement for conventional plastics in some applications (Dürr et al., 2021; Ioannidou et al., 2020). But the economic viability remains a problem for bioprocesses (Wang et al., 2023), such as in the production of bioplastics like the well-known poly-3-hydroxybutyrate (PHB) (Amadu et al., 2021; Duvigneau et al., 2021). In order to make bioprocesses more economically viable, many studies have used mathematical models (Wang et al., 2023) and metabolic engineering techniques to build strains capable of greater yields, or capable of using cheaper carbon sources (Bodor et al., 2019; Sen et al., 2019). The use of genome-scale metabolic models of microorganisms and mathematical methods like flux balance analysis (FBA) is validated in the literature and very common in metabolic engineering strategies, and provides relevant information that can assist in the strain design process (Hohenschuh et al., 2015). However, most of these studies focus on improving product yield, without much regard for other important bioprocess parameters, such as the titer and productivity (Zhuang et al., 2013). Since there can be a trade-off between product and biomass formation in the case of products that share a common precursor with biomass and products that accumulate inside the cell, methods that can keep track of both yield, titer and productivity are better suitable for evaluation of bioprocesses of industrial interest, and this can be done using the mathematical method known as dynamic Flow Balance Analysis (dFBA) (Zhuang et al., 2013), which expands upon classic FBA by using uptake kinetic expressions, and mass balance equations for the external metabolites. By introducing a suitable economic metric that takes into consideration the impact of the yield, titer and productivity, this study expands upon the literature (Zhuang et al., 2013) and presents an approach that allows pre-assessment of the production potential and optimization of bioprocesses of industrial interest through dFBA simulations. Using the production of PHB by recombinant Escherichia coli as a case study, the proposed approach estimated the monthly gross profit of each scenario simulated and identified the set of yield, titer and productivity that would lead to the theoretical maximum PHB production profitability with each carbon source tested, thus setting potential goals for metabolic engineering and synthetic biology strategies.
Material and Methods
The series of dFBA simulations were carried out in a program written in MATLAB. The E. coli K-12 MG1655 model iML1515 (Monk et al., 2017) with addition of the PHB synthesis pathway from the bacteria Cupriavidus necator (Duvigneau et al., 2021) was used in the simulations. Figure 1 illustrates how a dFBA simulation works.
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Figure 1: dynamic flux balance analysis framework. Kinetic expressions determine the substrate uptake at each time step, as a function of substrate and inhibiting products concentration. The uptake rate is used as input for the flux balance analysis, which is essentially a linear optimization problem with constraints based on available genome-scale models of microorganisms, such as E. coli. The result of the flux balance analysis, the growth rate, is then fed into the mass balance equations, which updates the concentration of the external metabolites. The external metabolites concentrations are then used in the next time step to recalculate the uptake rate.

Based on data available in the literature, a maximum glucose uptake rate of 10.5, maximum glycerol uptake rate of 13, maximum xylose uptake rate of 7.5, and maximum oxygen uptake rate of 15 mmol/gCDW.h were used in the simulations (Varma and Palsson, 1994). Both the growth associated and the non-growth associated set of simulations were run as batch processes with volume of 200 m3 and initial conditions of 25 g/L of carbon source (glucose, or glycerol or xylose) and 0.25 g/L biomass. Figure 1 illustrates the procedure used for the simulations of each PHB production type. 
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Figure 1: A) Growth associated PHB production simulations, each point is a different yield and its respective set of titer and productivity, that was simulated in order to explore the trade-off between biomass and product formation. B) Non-associated PHB production simulations, each simulation varied the point to switch from growth to PHB production phase.

In the case of growth associated PHB production, the compromise between biomass and product formation was explored by carrying out a series of simulations with growth as the objective function, but with each subsequent simulation also fixing an increasingly higher flow to the PHB synthesis reaction, thus ranging from a flow for PHB synthesis of zero all the way up to the maximum flow possible predicted by the microorganism model, given the carbon source consumption rate used. For the case of non-growth associated PHB production, sets of two-phase simulations were carried out. The first phase of each set had growth as the objective function, representing a phase where ideal conditions for growth are provided for the bacteria. The second phase of each set had PHB synthesis as objective function, representing the point where the ideal conditions for PHB synthesis, such as nitrogen limitation and excess carbon (Kaur, 2015), are provided for the bacteria. Working with the same total amount of carbon source as used in the growth associated simulations, each two-phase simulation varied the fraction of this total amount that was given to the growth phase and to the PHB production phase.

The proposed metric used to evaluate the simulations was the monthly gross profit. To obtain the monthly gross profit, the upstream and downstream costs and the revenue with PHB sales were estimated as a function of the product yield, titer, cultivation time, and final biomass obtained in each simulation. Prices of USD 0.77/kg (Alvarez Chavez et al., 2022), USD 0.53/kg (Alvarez Chavez et al., 2022) and USD 0.44/kg (Manker et al., 2022)  were used for glucose, glycerol and xylose, respectively, and a PHB selling price of USD 5.5/kg (Pavan et al., 2019).
Results and Discussion
[bookmark: _Hlk150618390]As a result of the simulation, sets of biomass, yield, titer, productivity and monthly gross profit were obtained for each carbon source. As an example, the set of results obtained for growth associated PHB production with glucose as a carbon source are presented in Table 1. Table 1 indicates that the scenario that would result in the highest monthly gross profit, taking into consideration the maximum PHB accumulation in microorganisms of around 85% (wt) shown experimentally in the literature (Chen and Jiang, 2018; Raza et al., 2018), is obtained when reaching a yield of around 0.47 g PHB/g glu, and its set of titer of 11.74 g/L and productivity of 0.88 g PHB/L.h, leading to a monthly gross profit of about 22 thousand USD/month, for the conditions used in the simulations. It can be noted from Table 1 that the highest theoretical monthly gross profit is not achieved in the scenario with the highest possible yield, but rather in the scenario where the set of yield, titer and productivity, when analysed in terms of upstream and downstream costs, and revenue with the product, actually results in the best performance, something that can be identified mathematically with the proposed approach, setting therefore better targets for future metabolic engineering strategies. The results for non-growth associated PHB production with glucose are shown in Table 2.

Table1: Growth associated PHB production with Escherichia coli using glucose as the carbon source

	flux to 
PHB
	Final biomass
	Final
yield
	Final
titer
	Final
productivity
	PHB content
	monthly gross profit

	mmol/gCDW.h
	g/L
	g PHB/g glc
	g PHB/L
	g PHB/L.h
	%
	USD/month

	0
	11.15
	0.01
	0.25
	0.04
	2.19
	-371903

	1
	10.45
	0.06
	1.43
	0.24
	12.02
	-347917

	2
	9.83
	0.11
	2.68
	0.46
	21.42
	-306451

	3
	9.28
	0.15
	3.78
	0.65
	28.95
	-267775

	4
	8.79
	0.19
	4.76
	0.82
	35.13
	-229540

	5
	8.04
	0.23
	5.87
	0.94
	42.22
	-184936

	6
	7.09
	0.28
	7.05
	1.02
	49.85
	-140087

	7
	6.12
	0.33
	8.22
	1.07
	57.31
	-92963

	8
	5.07
	0.38
	9.39
	1.06
	64.96
	-50374

	9
	4.00
	0.42
	10.57
	1.00
	72.54
	-10931

	10
	2.93
	0.47
	11.74
	0.88
	80.02
	22058

	11
	1.86
	0.52
	12.91
	0.70
	87.38
	44239

	12
	0.79
	0.56
	14.07
	0.41
	94.71
	46163

	12.909
	0.25
	0.59
	14.67
	0.28
	98.32
	40313




Table 2: Non-growth associated PHB production with Escherichia coli using glucose as the carbon source

	percentage of glucose to growth phase
	Final biomass
	Final
yield
	Final
titer
	Final
productivity
	PHB content
	monthly gross profit

	%
	g/L
	g PHB/g glc
	g PHB/L
	g PHB/L.h
	%
	USD/month

	100
	11.15
	0.01
	0.25
	0.04
	2.19
	-372407

	90
	9.99
	0.06
	1.47
	0.25
	12.81
	-352383

	80
	8.83
	0.12
	2.93
	0.50
	24.93
	-305433

	70
	7.69
	0.18
	4.40
	0.76
	36.40
	-252287

	60
	6.55
	0.23
	5.87
	1.00
	47.23
	-198498

	50
	5.44
	0.29
	7.33
	1.24
	57.41
	-141296

	40
	4.34
	0.35
	8.80
	1.42
	66.96
	-83338

	30
	3.27
	0.41
	10.27
	1.52
	75.85
	-26502

	20
	2.23
	0.47
	11.73
	1.44
	84.06
	25666

	10
	1.22
	0.53
	13.20
	1.07
	91.55
	63421

	0
	0.25
	0.59
	14.67
	0.28
	98.32
	40174



It can be seen in Table 2 that, for the maximum PHB content of around 85% (wt) (Chen and Jiang, 2018; Raza et al., 2018), the best performance is obtained when using 20% (mol) of the total available glucose for growth and the remaining 80% (mol) for PHB synthesis, resulting in a final yield of also 0.47 g PHB/g glu, but with a respective titer of 11.73 g/L and productivity of 1.44 g PHB/L.h. This scenario indicates what would be potentially the ideal moment to switch from the growth phase to the production phase, pointing therefore, targets for future bioprocess optimization and synthetic biology strategies. This switch is often accomplished with limitation of nutrients such as phosphorus or nitrogen (Kaur, 2015), but can also be accomplished with the use of genetic toggle-switches (Batianis et al., 2023). The simulations also mathematically show that, by having a dedicated growth phase and production phase, less total time is required to achieve the same yield and titer, resulting then in higher productivity. 

Summarizing the results obtained for all carbon sources, Figure 3 illustrates the maximum theoretical performance that can be obtained for both growth and non-growth associated PHB production in the conditions of the simulations.
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Figure 3: Maximum monthly gross profit for growth and non-growth associated PHB production with different carbon sources

It can be seen in Figure 3 that both glycerol and xylose lead to a higher maximum production potential than glucose, where glycerol displayed the best potential, especially on non-growth associated production, in the conditions of the simulations.
Conclusions
Using the growth associated and non-growth associated PHB production with recombinant E. coli on different carbon sources as a case study, this work shows how the proposed approach can be used for pre-assessment of bioprocesses in different scenarios and to find the conditions that would lead to the maximum theoretical profit possible, thus establishing potential goals for metabolic engineering and synthetic biology techniques, as well as bioprocess optimization strategies. The approach also pointed glycerol has the highest production potential between the carbon sources tested, for PHB production with E coli in the conditions simulated. 
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