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Abstract 

Scaling recombinant protein production in Escherichia coli from lab scale shake flasks to 

industrial scale stirred tank bioreactors requires careful optimization of bioprocess conditions. 

This report examines key parameters that influence yield and culture performance during the 

scale up process and provides guidelines for adapting lab scale protocols to large scale 

systems. Critical factors addressed include induction and feeding strategy, initial inoculation 

density, and control of pH, dissolved oxygen and temperature. The approach involved 

analysis of current bioprocess literature and insights from laboratory trials to determine how 

each parameter should be tuned for efficient scaling to larger bioreactors. These findings 

highlight that induction timing and method must be optimized to maximize protein 

expression without imposing excessive metabolic stress on cells. Transitioning to a fed batch 

feeding strategy was seen as an effective method for achieving high cell density, as gradual 

nutrient addition prevents depletion and overflow metabolism. Maintaining geometrical and 

operational consistency as processes are scaled up is crucial: impeller design, aeration rate, 

and other variables that depend on scale must be adjusted to preserve mixing efficiency and 

oxygen transfer. Furthermore, careful control of pH near neutral and maintaining adequate 

dissolved oxygen through increased agitation and oxygen enrichment ensure a stable growth 

environment. Temperature management is equally important, with precise cooling at large 

scale and potential temperature shifts at induction improving protein folding and stability. By 

combining these factors, high cell density and elevated protein yields can be achieved at 

production scale while avoiding metabolic stress such as oxygen limitation and byproduct 

accumulation. The resulting guidelines help in creating an efficient transition from lab scale 

procedures to pilot and production scales, enhancing recombinant protein yields from E. coli 

in industrial bioreactors. 
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1 Introduction 

This report has been commissioned by Testa Center with the goal of increasing the short term 

productivity of their bioreactor testbeds. Recombinant protein production in E. coli is a 

common method in biotechnology. Scaling up from shake flasks to bioreactors often presents 

challenges, such as mixing and temperature regulation. Factors such as induction time, 

nutrient supply, and oxygenation must be optimized to achieve high cell density and 

maximum protein yield. According to Cordell et al. (2023), understanding and managing 

these parameters is crucial for effectively translating laboratory results to industrial scale.  

This project aims to develop user-friendly guidelines for efficient scale-up of E.coli based 

recombinant protein production using existing literature. The guidelines should couple 

pre-experiments done in lab scale to the initial pilot experiments at industrial scale. In order 

to accomplish this, seven parameters were analysed in the following order of importance: 

-​ induction strategy 

-​ feeding strategy  

-​ bioreactor volume scale-up considerations 

-​ inoculum preparation and initial cell density 

-​ pH control 

-​ dissolved oxygen (DO) regulation 

-​ temperature management 
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2 Background 

2.1 Recombinant protein production 

Recombinant proteins are genetically manufactured through modified cells that express the 

product. The recombinant proteins can be wild type proteins expressed in another organism 

or genetically modified for improved properties, such as improved solubility or production 

yield (Baneyx 1999, Schumann & Ferreira 2004, Choi et al. 2006). Some of the applications 

for recombinant proteins are biomedical research, diagnostics, and therapeutics and have 

been incorporated to a large extent in these fields over the past years (Baneyx 1999, Choi et 

al. 2006, Eiteman & Altman 2006). 

Recombinant protein production in Escherichia coli (E. coli) represents one of the most 

widely used strategies in biotechnology for both academic and commercial use. The 

bacterium’s rapid cell cycle, well-characterised genetics and compatibility with inexpensive 

media make it an ideal candidate for expressing a wide range of recombinant proteins 

(Baneyx 1999, Schumann & Ferreira 2004, Choi et al. 2006). Over the last decades, E. coli 

has become the host organism of choice for the production of enzymes, structural proteins, 

antibody fragments, and vaccine components (Baneyx 1999, Choi et al. 2006, Rosano & 

Ceccarelli 2014). 

Producing a large amount of recombinant protein doesn’t come without challenges. One of 

the most prominent challenges is dealing with the waste products that are being formed 

during this process (Choi et al. 2006, Schumann & Ferreira 2004, Eiteman & Altman 2006, 

Ruiz et al. 2013). E. coli produces acetic acid as a co-product during aerobic fermentation, 

which is present in the ionic form of acetate in neutral pH conditions. The acetate is produced 

at the same rate as the carbon source is consumed by the bacteria, and the rate of oxygen 

consumption (Choi et al. 2006, Schumann & Ferreira 2004, Eiteman & Altman 2006, Ruiz et 

al. 2013). Acetate is undesirable since it slows down bacterial growth and inhibits protein 

formation. The control of acetate formation is highly desired to achieve a high cell density 

and protein titer when producing recombinant proteins in E. coli (Choi et al. 2006, Eiteman & 

Altman 2006, Ruiz et al. 2013). 
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2.2 From lab scale to industrial scale 

In most laboratories, protein expression begins at a small scale, using Erlenmeyer shake 

flasks and batch culture methods. The cultivations are often performed in rich media as LB or 

TB, at 37°C, until the cells reach mid-log phase, followed by induction, typically with IPTG 

or lactose, and overnight incubation at a lower temperature (20–28°C) to enhance protein 

folding (Baneyx 1999, Schumann & Ferreira 2004). These conditions usually result in a 

relatively low biomass concentration and limited protein titers, often below 100 mg/L. 

Shake-flask protocols are not designed to meet the large-scale production demands and it is 

therefore required to scale up the production (Baneyx 1999, Schumann & Ferreira 2004). 

When transitioning these small-scale shake flask processes into larger stirred-tank bioreactors 

(STRs) without adapting the process to the different operating environment, a challenge 

emerges. A common misconception is that increasing the culture volume while maintaining 

the original shake-flask conditions will result in proportionally higher protein yields, whereas 

in reality, that is not the case (Shiloach & Fass 2005, Choi et al. 2006, Ruiz et al. 2013). 

Cultivation of E. coli at a large scale comes with a few challenges. When using a shake flask, 

the cultivation reacts to environmental changes instantly. When the volume increases, the 

system gains inertia, and it takes time for the system to react and adjust to the changes. 

Adjusting environmental parameters such as pH, temperature, oxygen, and carbon supply 

takes time and can lead to local differences in these parameters in the cultivation (Tripathi & 

Shrivastava 2018). The STRs offer a set of advanced process control options, such as 

pH-regulation, dissolved oxygen (DO), temperature, and feed rates, which enable higher cell 

densities and product titers. When properly optimised, STR processes can yield cell densities 

of OD600 > 100 and recombinant protein titers in the gram per litre range (Shiloach & Fass 

2005).  

The use of fed-batch cultures, where the carbon source is fed gradually into the reactor, is 

central to this high yield in protein titers and cell density. The feeding strategy avoids 

overflow metabolism and the accumulation of toxic byproducts such as acetate, which can 

inhibit growth and reduce protein expression (Eiteman & Altman 2006). Fed-batch processes 

allow the culture to remain in an extended exponential growth phase, which increases the 

biomass and maintains the cells' metabolic active state, which is favourable for protein 

synthesis (Baneyx 1999, Choi et al. 2006). Shake flask cultivations often experience rapid 
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nutrient depletion and uncontrollable environmental fluctuations in comparison to fed-batch 

processes, which lead to metabolic stress and low productivity (Choi et al. 2006, Gräslund et 

al. 2008, Ruiz et al. 2013).   

Except for nutrient control, the bioreactor environment also enables precise management of 

other growth conditions. Dissolved oxygen (DO) can be regulated through the agitation 

system and other aeration strategies. pH can be maintained at optimal levels through 

acid/base addition, and temperature can be regulated to support both cell growth and protein 

folding.  These elements all contribute to a controlled and reproducible process that supports 

higher product quality and yield and will be further discussed in the following sections of the 

report (Eiteman & Altman 2006, Gräslund et al. 2008, Ruiz et al. 2013).  

The transition from shake flask to bioreactor is not linear since the changes in scale affects 

key physical parameters that influence the microbial physiology and process performance. 

Suboptimal results in performance and not taking advantage of the bioreactor’s capabilities 

are often due to underestimation of the importance of redesigning the process and adjusting 

induction timing, feeding strategies and process controls (Eiteman & Altman 2006, Ruiz et al. 

2013). 

2.3 Project objective 

Recombinant proteins have a lot of potential in the medical field, and have a large variance of 

applications. When scaling up from small scale shake flasks to industrial scale bioreactors, 

there is a lot of trial and error in order to unlock the bioreactor’s potential. There is currently 

a lack of standardized initial environmental parameter values, which prolongs the 

trial-and-error phase and results in unnecessary use of time and resources during the 

upscaling process. The following sections of this report will discuss the initial scale-up from 

laboratory to industrial scale and explore which environmental parameters could be defined 

within a standardized range to streamline this transition. 
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3 Bioreactor process parameters 

During the following chapters, each of the seven parameters presented in the introduction will 

be discussed in further detail. The parameters are induction strategy, feeding strategy, 

bioreactor volume, inoculation cell density, pH, DO, and temperature. The chapters are 

ordered after the importance of the parameter according to Testa Center. Each chapter has 

been based on multiple research and review articles that have been compiled into the report 

you are reading now. Each section aims to highlight which conditions most significantly 

affect scalability and reproducibility, and explores interdependencies between parameters, 

and the implications of this during the scale up process from shake flask to lab scale.  

3.1 Induction Strategy: Timing and Cell Density at Induction 

3.1.1 Importance of induction strategy  

In scaling Escherichia coli (E. coli) cultures from lab shake flasks to larger stirred-tank 

bioreactors, typically ranging from a few liters up to thousands of liters, the induction 

strategy, referring to initiating recombinant gene expression, becomes a critical factor for 

successful scale-up (Babaeipour et al. 2013). The timing and conditions of induction should 

be aligned with the metabolic state and biomass accumulation of the culture. If cells are 

induced too early or under suboptimal conditions, such as insufficient cell density or nutrient 

limitation, growth is impaired and final yield suffers, whereas if induced too late, the culture 

may have passed its prime for productivity, which typically occurs during the exponential 

growth phase when cells exhibit high metabolic activity (De Baets et al. 2024). ​

In shake flask protocols, an inducer such as isopropyl β-D-1-thiogalactopyranoside (IPTG) is 

typically added at a defined optical density. However, induction strategies must be modified 

when scaling to stirred-tank bioreactors, as bioreactors support higher cell densities with 

corresponding higher overall metabolic activity, thus can significantly increase recombinant 

protein yields. Effective induction at bioreactor scale requires rapid and uniform distribution 

of the inducer, ensuring uniform protein expression throughout the culture. It is essential to 

induce cells under favorable physiological conditions, meaning actively growing, 

nutrient-sufficient, and experiencing minimal metabolic stress to avoid severe physiological 

burden. Improperly timed or excessive induction with IPTG can significantly increase 

metabolic stress and cellular toxicity, resulting in reduced cell viability and potentially 

causing cell death (Dvorak et al. 2015). 
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3.1.2 Inducer type and method  

In E. coli, recombinant protein production is most commonly achieved through chemical 

induction using IPTG. IPTG induction operates by binding and inactivating the lac repressor, 

allowing transcription from lac/operator-based T7 promoter systems (De Baets et al. 2024). 

Alternative induction methods include thermal induction, where gene expression is triggered 

by a temperature shift. Thermal induction typically involves temperature-sensitive repressors 

such as the λ cI857 repressor controlling promoters like pL or other temperature-sensitive 

regulatory proteins (Valdez-Cruz et al. 2010). Another widely used method is auto-induction, 

which utilizes specialized media formulations to automatically trigger protein expression 

without manual intervention (Studier 2005). Each of these methods has distinct advantages 

and challenges when considering scale-up strategies. 

 

3.1.3 IPTG induction 

IPTG is a potent gratuitous inducer that, when added, rapidly switches on target gene 

expression in E. coli cells carrying the appropriate promoter–repressor system. It is relatively 

easy to use at any scale: one simply adds a sterile IPTG solution to the bioreactor, typically 

during exponential growth (De Baets et al. 2024). However, IPTG can be expensive and may 

be cost prohibitive at very large scales. Moreover, excessive IPTG or premature induction 

imposes stress on cells due to the metabolic burden associated with overexpression of 

recombinant proteins, leading to physiological stress and growth inhibition. (Dvorak et al. 

2015). Inducer concentrations above approximately 1 mM do not proportionally increase 

recombinant protein yield and instead intensify the metabolic burden on the culture (De Baets 

et al. 2024). Recommended IPTG concentrations for induction typically range from 0.1–0.5 

mM in lab-scale cultivations, and it is advised to avoid exceeding ~1 mM even at larger 

scales (De Baets et al. 2024). This concentration range is usually sufficient to fully induce the 

system without unnecessarily taxing the cells. 

 

3.1.4 Temperature-shift induction 

Some expression systems allow induction by a shift in temperature. A classic example is the 

λ pL promoter with a temperature-sensitive cI857 repressor: host cells are grown at a 

permissive temperature, typically around 28–30 °C, and gene expression is induced by 

raising the temperature above approximately 37 °C, often to 42 °C (Valdez-Cruz et al. 2010). 

At larger scales, temperature increases are easily achieved either by reducing cooling or 
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applying active heating, as cultures inherently produce metabolic heat. No chemical inducer 

is required, thus avoiding the addition of foreign substances to the culture, a potential benefit 

for GMP processes as it reduces contamination risks and simplifies downstream purification 

by eliminating potential chemical impurities (Valdez-Cruz et al. 2010). However, a 

significant temperature shift can itself stress the cells and it is not suitable for proteins that 

require lower temperatures for proper folding. Heat-shock induction of gene expression 

triggers cellular stress responses and diverts resources away from growth and recombinant 

protein production (Valdez-Cruz et al. 2010). For instance, overproduction at high 

temperature induces the heat-shock regulon (σ32 response), the stringent response, and other 

stress pathways, ultimately slowing growth and altering the quantity and quality of the 

recombinant protein produced (Valdez-Cruz et al. 2010). Consequently, purely thermal 

induction is less commonly used in modern recombinant protein production compared to 

IPTG induction, but it remains useful for certain applications or as an alternative when 

chemical induction is not feasible. When applying temperature-based induction, it is 

important to carefully control the temperature shift, as rapid or uncontrolled increases can 

activate stress responses, such as the heat-shock response, negatively affecting protein yield 

and cell viability. Thus, gradual and controlled temperature transitions are recommended to 

maintain optimal protein expression and minimize cellular stress. Practically, large-scale 

processes must account for slower heat transfer. For example, actively cooling a 10 m³ tank 

from 37 °C to 25 °C may take several minutes due to continuous metabolic heat production 

by the culture. Therefore, the induction temperature shift is often planned and initiated in 

advance to reach the target temperature swiftly while avoiding overshoot, an essential 

engineering consideration in scale-up (Valdez-Cruz et al. 2010)) 

 

3.1.5 Auto-induction 

Auto-induction media, originally developed by F. W. Studier, contain a mixture of carbon 

sources (e.g. glucose, glycerol, and lactose) that allow cultures to grow to high density and 

then automatically induce recombinant protein expression once a preferred carbon source is 

depleted. For example, a typical auto-induction medium might include glucose as a rapidly 

consumed sugar, plus glycerol and lactose (Studier 2005). E. coli preferentially consumes 

glucose, initially repressing lactose metabolism through catabolite repression and inducer 

exclusion because the presence of glucose inhibits lactose uptake by lactose permease; once 

glucose is depleted, this repression is relieved, enabling lactose uptake and subsequently 

inducing the lac-based expression system (Studier 2005). Glycerol in the medium provides a 
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steady supplemental carbon source throughout growth, supporting high cell density. 

Auto-induction is extremely convenient at small scale, as it minimizes the need to monitor 

culture density or add IPTG at a specific time (Sivashanmugam et al. 2009). In 

high-throughput protein expression screening, for instance, auto-induction allows parallel 

cultures to induce without manual intervention, simplifying workflows. Studies have reported 

higher yields of recombinant protein using auto-induction compared to conventional IPTG 

induction, potentially due to the gradual nature of induction reducing cellular stress (Studier 

2005). 

Despite these benefits, auto-induction is less common in large production bioreactors because 

it offers no real-time control over the induction point. The timing of induction depends 

directly on the physiological state and metabolic activity of the culture at that moment. The 

culture essentially undergoes an uncontrolled batch phase until the glucose exhaustion occurs, 

which can lead to by-product accumulation such as acetate from overflow metabolism if 

conditions are not carefully balanced (Studier 2005). In a production-scale bioreactor, 

operators typically prefer a defined, externally controlled chemical or thermal induction 

trigger for reproducibility and consistency. If auto-induction is used in a controlled fermenter, 

it should be coupled with close monitoring. For example, a spike in dissolved oxygen (DO) 

can indicate that glucose has been depleted, as oxygen demand drops when the primary 

carbon source is exhausted, signaling that induction via lactose metabolism has begun. In 

practice, a sudden rise in DO is an empirical indicator that the culture has shifted into the 

auto-induction phase. One must also ensure adequate oxygen supply during the 

post-induction phase, as the culture will have a high respiratory demand when switching to 

the secondary carbon source. In summary, auto-induction is more commonly a shake-flask or 

microtiter-plate strategy; for larger-scale fermentors, a deliberate induction method such as  

chemical or thermal is usually preferred for consistency and control. Notably, one inherent 

advantage of auto-induction, as discussed above, is that it circumvents the need for an 

external inducer addition, eliminating the mixing and timing issues of manual induction. 

When using manual induction, the process must be engineered so that inducer delivery and 

distribution are not limiting factors (Studier 2005). 

 

3.1.6 Timing of induction (cell density and growth phase) 

Deciding when to induce a culture is crucial for maximizing recombinant protein yield. 

Inducing too early at low cell density can lead to lower volumetric yields since fewer cells are 

initially available to produce the target protein, and because induction typically slows or stops 
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further cell growth, the culture may never reach higher densities. On the other hand, inducing 

too late can mean that the cells have entered stationary phase or begun to experience nutrient 

limitations and stress, which can reduce the yield or activity of the product. ​

Most lab-scale protocols therefore induce at mid-exponential phase often around an OD₆₀₀ of 

0.5–1.0 for IPTG induction in shake flasks. At this mid-log point, the cells have amassed a 

decent biomass but are still metabolically active and not yet resource-depleted. Indeed, 

studies have shown that recombinant protein induction is most effective during the 

exponential growth phase, when metabolic activity is high and cell physiology is optimal, 

whereas inducing after growth has plateaued is detrimental. If induction is delayed into the 

late-exponential or stationary phase, product formation can decline dramatically due to 

nutrient depletion, the activation of stress responses, and the reduction in metabolic activity 

as cells enter a resting state (De Baets et al. 2024). 

​

In high-cell-density processes, especially fed-batch cultures, induction is often intentionally 

delayed until a much higher cell density is reached. In industrial E. coli fermentations, it is 

not uncommon to grow the culture to an OD>20 (dry cell weight on the order of tens of g/L) 

before inducing. The logic is that since induction usually diverts resources toward product 

formation and often decelerates or halts further growth, one can achieve a higher volumetric 

productivity by accumulating as much biomass as possible prior to induction (Babaeipour et 

al. 2013). This two-phase strategy, which consists of first a growth phase with no expression, 

followed by  an induced production phase,is used to maximize total product. For example, 

Restaino et al. (2013) grew a recombinant E. coli to over 15 g/L cell dry weight before IPTG 

induction, and achieved a greatly increased enzyme titer (≈482 mg/L) compared to induction 

at lower cell density (Restaino et al. 2013). 

High-density induction does require careful control: since the culture is larger and often in 

fed-batch mode, one must ensure there are no oxygen or nutrient limitations at the point of 

induction. It’s wise to verify that dissolved oxygen is at a safe level and that feed rates are on 

target to avoid starvation or overflow metabolism before triggering expression. Notably, high 

biomass levels must be reached before induction in such processes to obtain sufficient 

product (Restaino et al. 2013), because once induction starts, cell growth will slow or stop. It 

has been documented that IPTG induction negatively affects the growth and viability of E. 

coli cultures, and beyond a certain cell burden, adding more inducers doesn’t increase per-cell 

protein yield but still harms the culture (De Baets et al. 2024). Thus, many industrial 

protocols induce at a high cell density, typically reaching OD values between  20 and 50 or 

12 



even higher, but they do so only after optimizing all other conditions, including feeding, 

aeration, pH, etc. to support the cells through the stress of induction. In summary, for 

high-density cultivations, the majority of the biomass is grown first, and only then is the 

inducer added, yielding very high volumetric productivity so long as the culture remains 

healthy through the induction period (Babaeipour et al. 2013). 

 

3.1.7 Uniform inducer distribution 

In a large tank bioreactor, when you add a chemical inducer like IPTG, it is important to 

achieve rapid and uniform mixing so that all cells come in contact with the inducer at roughly 

the same time and concentration (Chaudhry 2024). Heterogeneous induction where parts of 

the bioreactor receive the inducer later or at a lower concentration due to poor mixing can 

lead to suboptimal expression or variability in product formation across the culture. To avoid 

this, the inducer solution should be added at a point of good mixing, typically via a dedicated 

addition port that feeds into a vigorously agitated zone, such as location near the impeller. 

Large production reactors often have validated additional systems that can introduce small 

volumes, such as an IPTG stock solution, quickly and evenly. If available, using a pump or 

pressurized vessel to inject the inducer is preferable to a gravity-fed addition, which might 

drip slowly and create concentration gradients (Losoi et al. 2022). Also consider the volume 

of inducer solution being added: while negligible in small-scale experiments, at production 

scale the IPTG stock solution could be a few liters, which slightly increases the culture 

volume and could dilute nutrients if not accounted for. All additions should be done 

aseptically to maintain culture sterility. Overall, the goal is to minimize the inducer addition 

time and ensure thorough mixing (Chaudhry 2024). An advantage of auto-induction, as noted 

earlier, is that it requires no manual addition of inducer and thus avoids these mixing 

challenges. 

 

3.1.8 Induction temperature 

Lowering the induction temperature is a widely used strategy to improve the folding and 

solubility of recombinant proteins in E. coli. High expression at 37 °C often leads to 

misfolding and inclusion bodies, whereas inducing expression at 15–25 °C can significantly 

increase the yield of properly folded, soluble protein (Jia & Jeon 2016). This effect is 

attributed to slower protein synthesis and cell growth at reduced temperatures, allowing more 

time for correct protein folding and thus minimizing aggregation. In practice, many protocols 

shift cultures from 37 °C to about 18 °C before adding IPTG; the culture is then incubated at 
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18 °C overnight to produce the target protein. Such low-temperature induction has been 

shown to facilitate the production of correctly folded proteins with far fewer inclusion bodies 

than induction at 30–37 °C (Francis & Page 2010).​

​

At production scale, however, extreme low induction temperatures pose scale-up challenges. 

Cooling large bioreactors is much slower and more energy-intensive than cooling shake 

flasks, which means a substantial lag before the culture reaches the target induction 

temperature. Importantly, the culture itself generates heat during growth, further complicating 

rapid cooling in large bioreactors. This prolonged cooling and extended induction time can 

negatively impact process economics. In fact, one bioreactor cost-analysis found that 

inducing at approximately 32 °C, rather than using colder conditions, led to shorter 

cultivation times and lower overall production costs, in part by reducing the cooling demand. 

Cooling utilities were identified as a major cost factor in large-scale E. coli processes. 

Therefore, while low induction temperature is beneficial for protein quality, industrial 

processes often balance solubility gains against practical limitations, opting for a moderately 

reduced induction temperature, typically in the range of 25 °C to 30 °C that improves folding 

to some extent but avoids the lengthy cooling periods and high energy costs associated with 

15–20 °C induction. This compromise ensures better protein solubility than 37 °C induction 

while maintaining feasible processing times and cost-effectiveness at scale (Cardoso et al. 

2020). 

 

3.1.9 Key takeaways for induction 

Choose an appropriate induction method: Use a reliable, controllable induction system. IPTG 

induction is the most common and straightforward in E. coli; auto-induction is very 

convenient at small scale but less so at large scale (due to the lack of real-time control). 

Avoid excessive inducer concentrations – more inducer is not always better. Very high IPTG 

levels can inhibit growth without boosting protein output so determining a minimal effective 

concentration (often ~0.1–0.5 mM IPTG is sufficient in practice).​

​

Induce at the right cell density: There is a trade-off between biomass and production. For 

typical lab cultures, mid-exponential phase (OD ≈ 0.5–1) is a good starting point for 

induction. At larger scale or in fed-batch mode, much higher cell densities (OD 20+ 

corresponding to tens of g/L DCW) are often used to maximize volumetric yield, but this 

works only as long as the cells are healthy and not nutrient-deprived at the time of induction. 
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In any case, avoid inducing in deep stationary phase or under starvation conditions, as that 

dramatically lowers productivity 

Ensure good mixing of the inducer: the inducer should be added rapidly at a well-mixed 

location in the bioreactor, such as near the impeller, to minimize concentration gradients and 

ensure even distribution. The goal is uniform distribution to all cells in the culture. Poor 

mixing can lead to uneven expression and complicate process consistency. For large reactors, 

use appropriate addition hardware (e.g. pumps or multiple addition ports) to minimize 

addition time and prevent concentration gradients. (This is a practical engineering best 

practice – heterogenous inducer exposure can cause some zones of the tank to express the 

protein later or at different levels.) 

Adjust temperature if needed for protein folding: If the target protein is prone to misfolding 

or forming inclusion bodies, consider shifting to a lower temperature at induction (for 

example, from 37 °C down to ~25 °C). This often improves the folding and solubility of the 

product). Remember that induction usually slows or stops cell growth, so ideally the bulk of 

the biomass has been accumulated beforehand 

Monitor culture health around induction – for instance, watch for changes in DO or pH as 

telltale signs. A sharp rise in DO could indicate a sudden drop in oxygen consumption 

(perhaps the cells paused growth upon induction), whereas a drop in DO (or a pH shift, if 

feeding is linked to induction) could indicate a surge in metabolic activity. Be prepared for 

either scenario and adjust aeration or feeding accordingly to keep conditions optimal. 

By carefully managing the induction strategy – the method, timing, cell density, and 

conditions during induction – one sets the stage for high-yield recombinant protein 

production. It is important to remember that induction cannot be considered in isolation; it 

must be supported by an appropriate feeding and aeration strategy (to provide nutrients and 

oxygen for the induced culture), which is addressed in the next section of the report. 

 

3.2 Feeding strategy 

Feeding Strategy is the way in which the carbon source and additional nutrients are added to 

the culture. In shake flasks, E.coli cultures are grown in batch mode. The nutrients are present 

in the very beginning and then gradually decrease as the culture grows, ultimately capping 

the cell amount through substrate unavailability. This presents a major limiting factor for cell 

density which is why a fed-batch strategy is commonly used in bioreactors (J. Kopp et. al, 
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2019). A fed-batch system allows the operator to program the continuous addition of feeding 

substrate, avoiding potentially harmful overflow metabolism associated with upfront, high 

concentrations of feeding substrate (Restaino OF et al, 2013). By precise, continuous addition 

of feed, the growth rate can be fine tuned and both nutrient depletion and excess can be 

avoided. Employing an effective feeding strategy is thus pivotal in achieving high biomass 

fermentation and preventing overflow metabolism, osmotic stress or oxygen depletion.  

 

When giving an excessive amounts of carbon sources of what its respiration can handle, 

E.coli ferments glucose into acetate (M.De Mey et. al, 2007). When accumulated in 

concentrations of around 1 g/L or more, acetate acts like an inhibitor, slowing metabolism 

and thus lowering protein expression and growth (M.De Mey et al, 2007). At concentrations 

of 5-10 g/L it significantly acidifies the medium which can stunt growth completely and if pH 

dips below 5, cell lysis can occur (Restaino OF et al, 2013). When scaling up a batch culture, 

we need a richer medium to support more biomass which easily leads to accumulation of 

acetate and other inhibitory metabolites if not properly modulated. This is thus a major reason 

why it’s not possible to simply scale up a batch culture. The necessity for richer mediums 

leads to acetate accumulation, and in term, acidification of the media and inhibition of growth 

if left unchecked.  

 

By using a fed batch strategy, the feeding rate can be tuned so that the carbon source is never 

quite depleted but also never in excess. Commonly, the feed pump is started once the culture 

shows signs of having depleted the initial carbon substrate (M. Krause et al, 2016). This 

allows the system to maintain a specific growth rate and produce cell concentrations beyond 

what's possible with a traditional batch methodology. This also means that a well adjusted 

fed-batch system can prevent buildup of harmful metabolites and thus stabilize pH, since the 

cell's metabolism never gets overwhelmed and can stay oxidative (M. Krause et al, 2016). As 

a result, fed-batch cultures will yield much higher cell concentrations and therefore biomass, 

commonly between 10-20 times higher just by continually supplying nutrients in an 

optimized way (J. Glazyrina. et al, 2010). The study by J. Glazyrina et al showed that a 

switch from traditional batch to fed-batch using an exponential feeding protocol resulted in 

E.coli growth of up to OD -60 in a single use bioreactor, compared to OD 3-4 with a batch 

strategy. 
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3.2.1 General strategies for controlling the flow of feed 

-​ Constant rate feed: 

The most simple model to administer substrate is with a constant rate. This can either 

be implemented with a constant drip or a pulse. This method excels in its simple setup 

as no programming is required but lacks the ability to adapt to the increasing feed 

demand which a growing culture has. Even if set up properly, a constant feed rate can 

lead to overfeeding initially as the biomass isn’t large enough to metabolize all 

nutrients leading to overflow metabolism. Once the culture outgrows the set substrate 

rate, underfeeding will follow which will place the culture in stationary phase before 

reaching the high cell concentrations that are possible in a fed-batch environment. If 

the target cell density is lower, a constant feed rate could be examined as it could 

prove apt for the goal whilst providing simplicity. 

 

-​ Exponential feeding: 

If the goal is to maximize biomass, the feeding needs to facilitate the growing demand 

for substrate which a multiplying culture has. One common strategy for high density 

E.coli protocols is to administer feed exponentially, matching the growth curve of 

E.coli (J. Lee et al, 1997). The goal is to maintain a specific growth rate μ which 

ensures that glucose is the limiting factor and not the oxidative capacity of E.coli. By 

targeting a slower than possible specific growth rate, for example 0.1/h, the 

production of overflow metabolites can be largely avoided, but at the cost of slower 

biomass accumulation. The specific growth rate is the rate at which the culture 

multiplies each hour expressed as a fraction of the current biomass, X and can be 

written as:  

 μ =  𝑋
1 ⋅ 𝑑𝑡

𝑑𝑋

A simple implementation of this system is to ramp up the speed of a peristaltic pump 

in an exponential fashion or using a formula. To properly implement this, periodic 

measurements of cell density should be made (OD or dry weight) or deducing growth 

from feeding rate. A simple equation to describe the feeding rate over time: 

  

  𝐹(𝑡) = 𝐹
0
 ​⋅ 𝑒𝑥𝑝(μ

𝑠𝑒𝑡
 ⋅ 𝑡) 
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Where F0 is the base feed flow rate and μset​ is the targeted specific growth rate (E. 

Faulkner et al, 2006). In order to balance the possibilities of overflow metabolism 

with slow growth, a growth rate of 0.1-0.3/h is often used (J. Lee et al, 1997). This 

can be compared to the maximum growth rate of 0.6-0.8/h at 37°C in a rich medium. 

In order to monitor if the feed rate is tolerable and productive for the goal, the levels 

of dissolved oxygen should be followed closely, which will be discussed next. 

 

-​ Dissolved oxygen, DO-stat: 

Monitoring the levels of dissolved oxygen in the vessel provides direct insight into the 

metabolic state of E. coli, as its oxygen consumption is directly correlated to its 

aerobic metabolism. When the concentration of carbon substrate drops to low levels, 

cell respiration decreases, which leads to less O₂ being consumed. Hence, a “DO 

spike” can be used as an indicator of glucose depletion. When using DO-stat, the 

culture’s initial glucose is allowed to run out, producing a spike in the DO. This spike 

then activates the feed pump, delivering fresh substrate and bringing the DO back 

down toward the set point (Restaino et al., 2013). Effectively, DO is used as a 

feedback signal, linking oxygen uptake to carbon dosing. If DO goes above a 

threshold, cell metabolism is too slow—so the feed rate is increased. If it drops, this 

could indicate an overly high specific growth rate and potential for overflow 

metabolism. The feed rate is then dialed back to stabilize DO around the set point. 

The main drawback of the DO-stat strategy is that it can induce oscillations due to 

metabolic fluctuations in the culture (Glazyrina et al., 2010). 

 

-​ pH-stat: 

In the case of glucose or other carbon source depletion, E.coli can consume alternate 

energy sources like amino acids. When the amino acids are metabolized, they become 

deaminated which leads to an increase in the pH of the medium (M. Krause et al, 

2016). Combined with the fact that overfed cultures produce acetate which lowers pH, 

the feeding rate can be controlled by monitoring the pH. If a rise is observed, it’s 

likely that the carbon source has been exhausted and the feeding rate can be increased 

accordingly. On the flipside, if the pH drops, the feed rate needs to decrease in order 

to prevent overflow metabolism and further acidification of the media (M. Krause et 

al, 2016). Due to the fact that pH can resist change by buffering and is overall slower 

to respond to change compared to DO, it is a less robust method than DO-stat and 
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therefore less common. However it can be combined with DO-stat to increase 

robustness of the feeding precision (L. Ducrey, 2010). 

 

-​ Feed composition: 

Glucose is typically the preferred carbon source but it can be substituted for glycerol 

and the feed is coupled with minerals. The argument for glycerol is that it lowers the 

metabolism which also reduces acetate production. The drawback is as expected, 

lower growth rate (Krause et al, 2016). An example of a model feed, 50-80% (w/v) of 

glucose together with trace elements, magnesium and the possibility of added 

ammonia. The feed can also be carbon only with separate addition of the base 

(ammonium hydroxide for example) to balance out the pH. General guidelines for the 

feed is to ensure its sterility and to add it as a concentrate in order to minimize the 

volume increase. Commonly the feed is about 10-20x the concentration of the batch 

medium (Glazyrina et al., 2010). 

 

3.2.2 The relationship between feed rate and oxygen 

Since the metabolism is proportional to the oxygen consumption, the oxygen supply must 

also be coordinated with the feed rate. The oxygen supply is in turn directly dependant on the 

amount of air injected into the system which either raises or lowers the air saturation. One 

possible scenario is that excessive increases the oxygen demand beyond what the current 

flow rate can supply in terms of oxygenation, leading to a drop in dissolved oxygen (DO). 

This would switch the metabolism to anaerobic, meaning that the culture would start 

producing acetate. Fed-batch thus ties the feed rate and O2 consumption together (Krause et 

al, 2016, Restaino et al., 2013). A reactor's oxygen flow is generated via aeration and 

agitation and is measured as “volumetric oxygen transfer rate” or OTR. If it’s below the 

cultures O2 uptake, it is oxygen limited. So in essence, the general rule is that the feed and 

metabolic rate should never exceed the OTR capacity of the system. (Krause et al, 2016). In 

order to find the critical feed rate at which DO begins to drop, small scale fermentations can 

be run with agitation and aeration at max speed. Alternatively, the feed rate can be coupled 

with DO as in the DO-stat methodology described previously. Some processes combine 

strategies such as exponential feeding with a DO override (at 30% for example) which 

temporarily slows the feed to allow DO recovery (Scheel et al. 2021). Systems like these can 

effectively combat any unforeseen oxygen limitations and reduce unwanted metabolites.  
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3.2.3 Acetate and growth rate 

Even if control systems are implemented, there are certain limiting growth rates after which 

acetate production starts to ramp up. A growth rate of 0.2/h seems to be the point where 

hardly any acetate is produced (Restaino et al, 2013). One alternative is to decrease the 

growth rate after reaching a certain cell density, for example, going from 0.2/h to 0.1/h when 

entering the production phase. This would further minimize acetate at the cost of increased 

production time. It should be said that each system (especially depending on the E.coli strain) 

has a different growth rate threshold for acetate accumulation. Therefore it could prove 

beneficial to measure acetate concentration during test runs. Be aware that If the feed uses 

complex media (yeast extract with peptides etc.) or has integrated ammonia, the pH can 

increase as a result (Krause et al, 2016). If the system is using pH reliant feedback methods, 

the ammonia excretion could hide the signs of overflow metabolism. Because of this, mineral 

supplemented feed is often preferred for high biomass E.coli fermentation since they give a 

more predictable growing climate (Riesenberg, 1991) 

 

3.2.4 From batch to active feed 

As mentioned before, once the initial glucose runs out, there is a clear spike in DO (from as 

little as >0% to close to 100% if at max oxygenation capacity). This signal is used by many 

processes as the indicator of when to initiate feeding (Scheel et al, 2021). It is beneficial to 

begin feeding as soon after the spike is observed in order to prevent the cells from going into 

stationary phase as a starvation response, or to prevent pH shifts that can occur if cells start to 

metabolise amino acids on a large scale. In order to ensure glucose depletion before starting 

the feed, some systems use a glucose sensor but the control can be made with external 

equipment like test strips. The benefit of a glucose sensor is that it can be used to keep the 

glucose concentration low enough to prevent acetate buildup during the entire run which can 

synergise with methods like DO-stat (M. Krause et al, 2016).  

 

3.2.5 Feeding at induction: 

Since the induction changes the metabolic state of the culture, the needs change as well. 

Commonly, the growth rate drops after induction due to the metabolic shift that protein 

production brings and especially if the induction is paired with a decrease in temperature. 

After induction, the feed rate can either be kept or lowered. If the induction was paired with a 

temperature decrease, not decreasing the feed rate can lead to overflow metabolism. In this 

case, one might decrease the flow by half to reflect the metabolic activity (Scheel et al, 2021). 

21 



If inducing through the addition of new substrates like lactate (or a co-feed for protein 

production) this can simply be added to the feed whilst the flow of glucose is reduced. 

 

3.2.6 Conclusion of feeding strategy: 

For high density E. coli cultures, fed-batch cultivation is preferred over traditional batch 

methods as it overcomes nutrient depletion. The high initial concentration of carbon sources 

like glucose in batch cultivation can also trigger overflow metabolism, producing acetate 

which inhibits growth and acidifies the medium. Fed batch systems avoid this by gradually 

supplying nutrients, allowing better control over growth rate and metabolic state. 

Constant rate feeding is the simplest protocol but its inflexibility can result in over or 

underfeeding. Exponential feeding aligns the nutrient flow with cell growth, maintaining a 

steady specific growth rate and minimizing acetate formation. Feedback methods like 

DO-stat and pH-stat use real-time sensor data to adjust feed rates dynamically, with DO-stat 

offering faster responsiveness. Feed composition is also important, glucose supports rapid 

growth, while glycerol can reduce acetate at the cost of slower metabolism. The key 

takeaway however, is that the feed rate must match the system's oxygen transfer capacity to 

prevent oxygen limitation and unintended metabolic shifts. 

Even with optimal oxygenation, acetate tends to accumulate above growth rates of ~0.2/h. 

This can be avoided by reducing feed rates after induction, when metabolic activity naturally 

declines. Adjusting feed composition or co-feeding alternative substrates can further stabilize 

the culture. Overall, fed batch cultivation enables cell densities up to 10–20 times higher than 

batch methods by maintaining a balanced specific growth rate and preventing stress. 

However, achieving these results at small scale does not ensure the same outcome in larger 

bioreactors. As processes move from lab scale to production-scale, new challenges emerge, 

especially in mixing, oxygen transfer, and heat distribution. It is thus of high importance to 

carefully plan reactor volume scale up, which will be discussed in the next chapter. 
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3.3 Bioreactor Volume Scale-Up and Geometrical Considerations 

3.3.1 Importance of volume scale-up considerations 

Scaling up a bioreactor is a complex process; it’s not just a matter of multiplying parameters 

by a scaling factor to get the same results at a larger scale. Increasing the volume from small 

volume vessels, for example 1 - 5 L containers, to containers with larger volumes such as 

50-500 L, comes with challenges such as mixing efficiency, oxygen transfer, heat transfer and 

container geometry. Scaling up the reactor in one step can only be done up to a certain 

proportion of volume without having conflicting parameters, thus one has to take into 

consideration whether the scale-up should be stepwise or made in a single step. The general 

consensus is that the aim of the upscaling is to preserve the key numbers that are 

dimensionless, as well as the environmental conditions, rather than just maintaining equal 

volume ratios (Junker. 2004). 

3.3.2 Stepwise scale-up vs single step 

A common method when scaling up is to perform the scale-up in stages, which is known as a 

seed train (Suttle et al. 2022). For example, the process might start with a shake flask, which 

is used to inoculate a 5 L lab fermentor, which in turn is used to inoculate a 50 L pilot 

fermentor, and finally this batch is used to inoculate a 500 L production fermentor. In this 

scale-up, each step includes roughly a 5- to 10- fold increase in volume. The reasoning 

behind this method is that a process which is tuned at 5 L is not representative of the same 

process at 500 L, due to differences in for example mixing and aeration conditions; thus 

having intermediate steps at 50 L is a way of making up for these differences, since 

step-specific adjustments can be made (Suttle et al. 2022). Therefore using a seed train 

method for upscaling is a good recommendation. A good question to ask is: how big of a 

jump can I make from my current scale to the next? 

 

3.3.3 Geometric scaling parameters 

There are several geometric and dynamic parameters that need to be taken into consideration 

when scaling up a bioreactor: 

●​ Power input per volume (P/V): This parameter relates to the intensity of the mixing. 

The shaking/stirring in small-scale reactors puts a lot of power into the liquid in 

relation to the volume of the reactor, thus a high P/V value is achieved, something that 
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in turn gives a strong mixing and high oxygen transfer. Large-scale reactors tend to 

instead have a lower P/V value to avoid damaging the cells, as well as motor 

limitations playing a role. One approach is to keep the P/V constant across scales, 

meaning that the large scale would be stirred more vigorously to match the 

per-volume power. Since E. coli is a fast-growing bacteria that is very 

oxygen-demanding, it is necessary that the oxygen transfer remains high. (Bin, Sha. 

2016). 

●​ Impeller tip speed: The tip speed of the impeller is defined as follows: 

 𝑇𝑖𝑝 𝑠𝑝𝑒𝑒𝑑 = π · 𝐷 · 𝑁

where D is the impeller diameter (m) and N is the rotation speed (rev/s). This formula 

reflects linear velocity at the impeller edge, which is directly linked to shear forces 

and bubble dispersion. Some processes scale by keeping the tip speed equal, which 

also keeps a similar shear stress on the cells. Larger tanks have bigger impellers, 

therefore the RPM will be lower for the same tip speed. An example is if a small 5 L 

tank has a 5 cm impeller at 500 rpm with a tip speed of around 0.13 m/s; a 50 L with a 

15 cm impeller at around 167 rpm gives a similar tip speed. Tip speed and P/V are 

among parameters to match in this case, where scaling by tip speed from a moderately 

sized pilot container is effective (Junker. 2004). 

●​ Oxygen transfer coefficient (kLa):  It is preferred to keep the volumetric oxygen 

transfer capacity similar. This is often quantified as kLa, which is the product of mass 

transfer coefficient and gas-liquid interfacial area. An example is if a 5 L process 

needs a specific kLa to maintain a DO > 30%, the larger scale should aim to adjust the 

necessary parameters (aeration rate, agitation speed) to achieve a similar kLa. 

Maintaining the kLa could be challenging due to geometric limitations, but it is still a 

preferred aim. A common solution is to supplement oxygen-enriched air (or pure O2 

injection), especially for E. coli fermentations, to maintain the DO in the desired 

range (Rastädter et al. 2023). If possible, measure the kLa in your systems. For more 

on OTR, see chapter 3.6.5. 

●​ Mixing time: The geometric differences between small-scale reactors and large-scale 

reactors also come with differences in mixing time. It may take 30 seconds or more 

for a tracer to disperse, compared to a few seconds in small vessels. Longer mixing 

times come with the risk of gradient formations (zones with higher/lower levels of 
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nutrients or DO).  However, keeping the mixing time similar across scales is very 

impractical since this would require very large power inputs in larger tanks. Therefore 

the mixing time increment works up until a certain threshold, to avoid harming the 

process (Garcia-Ochoa & Gomez. 2009).  

●​ Inoculation percentage: A rule of thumb is to inoculate a new reactor with around 

5-10% of the previously grown seed culture (Glaser et al. 2022). Often this will 

correspond to a 10-fold volume increase  (for example 1 L seed is 10% of a 10 L 

reactor). It is not recommended to use a lower inoculum, such as 1%, since this can 

lead to a much slower lag phase, and in the worst case failure to establish a stable 

culture, due to the cells becoming overwhelmed by the volume (Lee & Kim. 2015).  

In general, it is advisable to refer to existing scale-up correlations or draw on prior experience 

within the same facility. For instance, if previous runs in the large-scale bioreactor have 

shown that dissolved oxygen (DO) control becomes a limiting factor beyond a certain cell 

density, the process can be adjusted by either capping the cell density or implementing 

oxygen enrichment strategies. Scaling up without any modifications often results in reduced 

performance—for example, yields may decline due to oxygen limitations occurring earlier 

than expected, even if bulk DO levels remain above zero, as micro-gradients can still hinder 

cell function. As a result, scale-up often involves trade-offs, such as accepting a slightly 

reduced specific growth rate to remain within a reliable oxygenation range at larger scale. 

Think of it as the following: every cell should have the same journey! 

3.3.4 Practical  tips for large scale: 

●​ Aeration: It is common for large bioreactors to have multiple spargers or use turbine 

impellers to disperse air. Make sure that aeration rate (vvm - volume of air per volume 

of liquid per minute) is sufficient. In lab-scale since the vessels are smaller, 1 vvm 

works well (for example; 1 L of air per liter of culture per minute). At large scale, 1 

vvm could mean immense airflow which would not be feasible. Therefore it would be 

better to use 0.5 or 0.2 vvm with oxygen enrichment instead. It is important to plan 

for how much airflow the compressor can supply. Another helpful thing is to have an 

air/O2 mix control (to go from for example 21% O2 up to maybe 50% or even 100%  

in the gas. This helps in maintaining DO (Scheel et al. 2021). For more on aeration, 

see chapter 3.6. 
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●​ Foaming: Another possibility that needs to be acknowledged is the production foam, 

which is due to air sparging and extracellular products. Too much foam may cause 

contamination risks if it reaches filters, or sensor malfunctions if it covers pH/DO 

sensors. An antifoaming agent is good enough to add, but it should be noted that it 

should be mixed quickly, as well as in correct dose, since an excess can reduce the 

oxygen transfer. Foam detection probes as well as an automated addition of antifoam 

is recommended. Common antifoam remedies are silicone-based antifoams or 

polypropylene glycol. (Enfors et al. 2001). 

 

3.3.5 Key scale-up guidelines 

●​ The volume increase should be done in steps when possible. Use a seed train 

approach (flask → small bioreactor → medium bioreactor → production bioreactor) 

with a 5-10-fold volume increase. 

●​ Environmental conditions should be maintained similarly across scales: the DO 

should be kept above the setpoint (e.g 30% air saturation) at all scales, which can be 

done by adjusting aeration and stirrer speed. If a 5 L tank needed 600 rpm and 1 vvm 

air to hold DO, the 50 L might need 300 rpm and 0.5 vvm as well as additional 

oxygen enrichment to achieve the same effect - it is this combination that needs to be 

found.  

●​ A scale-up criterion should be decided (constant P/V, tip speed or kLa). A constant tip 

speed or P/V is often used for f to ensure that the mixing and oxygen transfer do not 

fall too far below their respective threshold (Junker. 2004).  

●​ It is important to use a sufficient inoculum volume to make sure that the starting 

process is stable at a larger scale. Normally ≥5% (v/v) inoculum from an exponential 

phase culture is used (Glaser et al. 2022). The seed culture should be healthy as well 

as in the log phase to minimize lag (Fernandez Nuñez et al. 2016). 

●​ Don’t forget about the geometrical differences! Larger containers have different 

impeller types and baffles, and possibly sparger rings. These differences come with 

the risk of local gradient formations. Work together with an engineering team to go 

through which measurements need to be taken.  
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●​ Make sure to monitor the initial phase of the large scale more closely, this is often 

where the indications for a good process are shown. Possible data to measure is 

off-gas CO2/O2 to see if oxygen uptake matches expected value, check glucose during 

feed etc (Eppendorf. 2025). This will give indications whether the scale-up is showing 

promising results or if more adjustments need to be done. 

 

3.4 Inoculation cell density 

3.4.1 Importance of inoculation cell density 

Inoculation cell density is critical in shaping the early trajectory of the bioreactor process. It 

defines the initial concentration of viable cells in the reactor and influences biomass growth, 

metabolic activity and protein production since it affects the lag phase duration, 

reproducibility, and process robustness in protein production (Shiloach & Fass 2005). An 

appropriate inoculation cell density helps ensure a consistent and scalable process that 

maximises cell density and, thereby, protein yield (Shiloach & Fass 2005). In E. coli 

fermentations, where rapid and controlled growth is necessary for successful protein 

expression, the inoculum must be selected to balance the metabolic efficiency with 

operational practicality (Rosano & Ceccarelli 2014).  

Quality control of the inoculum is an often overlooked yet essential component of successful 

scale-up. Before inoculation, seed cultures should be examined for turbidity, contamination, 

and cell viability (Caldwell et al. 2021). Molecular confirmation, such as plasmid retention 

assays or colony PCR, can verify that the expression system remains intact. Viability 

assessments, such as colony-forming unit (CFU) counts or resazurin reduction tests, help 

ensure that a high proportion of the cells are metabolically active and capable of growth 

post-inoculation (Caldwell et al. 2021). 

3.4.2 Recommended interval of inoculation density 

Before the first runs in a bioreactor, the initial pre-cultures should be grown to 

mid-exponential phase, typically between OD600 = 2 - 5, where the cells are metabolically 

active and can have a rapid cell division cycle which shorten the lag phase after inoculation 

(Shiloach & Fass 2005, Caldwell et al. 2021, Brancato et al. 2023, Hafner et al. 2024). Based 
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on current best practices, the optimal inoculation density for initial bioreactor runs lies 

between OD600 = 0.3 - 1.0, which corresponds to an inoculation volume of 5-10% v/v of the 

bioreactor working volume. This range balances reduction of adaptation time and avoiding 

excessive oxygen demand or nutrient consumption in the early growth phase (Shiloach & 

Fass 2005, Eiteman & Altman 2006, Caldwell et al. 2021, Brancato et al. 2023, Hafner et al. 

2024). The active cells contributes to a smoother transition into exponential growth and  

support process reproducibility across both small and large scale (Shiloach & Fass 2005, 

Brancato et al. 2023, Hafner et al. 2024).  

During the review of literature for this project, it became apparent that there is a lack of 

published studies discussing inoculation cell densities outside of this range, and the found 

existing attempts reported suboptimal outcomes. The recommended range is therefore only 

based on the current best practices since there was no information found on the matter. 

3.4.3 Risk of under- and over-inoculation 

Starting with a cell density that is too low can extend the lag phase, cause delays in, eg, 

induction, and increase the risk of contamination due to the prolonged culture duration 

(Shiloch & Fass 2005). A too high inoculation density can instead lead to oxygen limitation, 

rapid pH changes and nutrient depletion, increased viscosity affecting mixing and mass 

transfer, and the accumulation of inhibitory metabolites such as acetate (Eiteman & Altman, 

2006, Hafner et al. 2024).  

Cultures that are harvested too late (late stationary phase, etc.) can exhibit stress responses, 

compromised viability and reduced productivity (Rosano & Ceccarelli 2014). The use of a 

carbon-rich media for the seed culture can accelerate growth, but given the process 

consistency, it is advisable to shift the cells to a defined or semi-defined medium, which is 

similar to the one used in the bioreactor during the final stages of inoculum preparation to 

reduce the lag caused by metabolic adaptation (Rosano & Ceccarelli 2014). 

A dense inoculum might appear more desirable for a faster process, but that is not always 

true. For a dense inoculum to function, the bioreactor must be equipped with sufficient 

oxygen transfer capacity and pH control systems which will be discussed in the next sections 

(Hafner et al. 2024). These conditions could potentially induce stress responses in the cells 

and reduce the protein production efficiency (Hafner et al. 2024). 
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3.4.4 Conclusion and recommendation of inoculation cell density 

To conclude, an inoculation cell density within OD600 = 0.3 - 1.0 (5-10% v/v) is 

recommended for E. coli bioreactor processes. Pre-cultures should be in the mid-exponential 

phase (OD600 = 2 - 5) and quality-checked for contamination and viability. This approach 

supports scalability, reduces lag time, and minimizes disturbance of the metabolism.  

However, the recommendation is rooted in an industrial consensus rather than optimization 

studies due to the lack thereof. It is therefore important for process developers to consider 

strain-specific behaviour and downstream requirements when fine-tuning inoculum density 

and size. Additional studies evaluating the performance outside of the recommendation are 

needed to refine the guideline further. 

3.4.5 Key scale-up guidelines 

●​ Pre-cultures should be grown to mid-exponential phase (OD600 = 2 - 5) in order to 

ensure high metabolic activity and rapid cell division. 

●​ Use the cell density of OD600 = 0.3 - 1.0, corresponding to 5-10% v/v inoculation 

volume of the bioreactor’s working volume. This range shortens lag phase, enhances 

reproducibility, avoids oxygen limitation and acetate accumulation, and supports 

stable conditions in the early process. 

●​ Avoid under-inoculation since it contributes to slow growth and heightens the 

contamination risk. 

●​ Avoid over-inoculation since it contributes to oxygen depletion, pH shifts and acetate 

buildup. 

●​ Gradually transition cells to defined or semi-defined media used in the bioreactor to 

minimize metabolic shock. 

●​ The recommendation is based on current best practices. 
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3.5 pH control 

3.5.1 Importance of pH 

pH regulation is essential for maintaining the integrity of E. coli and ensuring that 

recombinant proteins remain intact after expression and cell multiplication. It has been shown 

that the most optimal pH for growth for E. coli is between 6.5-7.5 with respect to the 

temperature. Although E. coli can grow between pH 6-8, it typically slows down the rate of 

growth when there is more than a 0.5 difference from pH 7. (Philip et al. 2018). 

When cultivating E. coli, it is usually the case that pH gets changed easily due to the 

production and transformation of substrates, for example ammonium salts, which is a 

preferable nitrogen source for quick growth. Usually, ammonium acidifies the surrounding 

culture medium when converted to ammonia, since it releases an ammonium ion. (Philip et 

al. 2018). 

Another acidifying factor is overflow of metabolites. Acetate is a common byproduct during 

anaerobic settings, yet acetate can still form from glucose when oxygen is present. The build 

up of acetate is due to the carbon flux supply exceeding what is biologically possible, leading 

to an overloading of the citric acid cycle and electron transport chain, which causes an 

overflow of acetate. High concentrations of acetate (5g/L) at a neutral pH can decrease the 

rate of growth for E. coli cultivations. (Philip et al. 2018). 

In shake flasks, pH can easily drift to undesired levels without any buffering capacity in the 

medium (Philip et al. 2018). Without any feedback control, the same outcome can happen in 

bioreactors with larger cultures. Too low or high pH can halt the growth and harm the E. coli 

bacteria, as well as damage the recombinant proteins that are being expressed by denaturing 

it. Therefore a feedback control needs to be present to effectively work with E. coli to 

produce useful results. 

3.5.2 Optimal pH setpoint 

E. coli thrives best at a neutral pH, but an optimal range for growth can be within 6.8-7.2 

(Philip et al. 2018). When deciding on a starting setpoint for pH when working in a large 

bioreactor, the protein of interest needs to be taken into account. A protein that aggregates 

easily, might favour a more basic pH to help solubility. If there is a big build up of acetate, 

starting with a more basic pH, around 8, might help to minimize acetate stress for E. coli 

(Wang et al. 2014). Otherwise an overloading can happen with the biological machinery.  
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However, the optimal starting point should tentatively remain at pH 7, for protein stability as 

well as for growth rate of E. coli. 

3.5.3 Strategies for pH control 

One effective strategy to ensure consistent pH control across different cultivation scales, from 

shake flasks to stirred-tank bioreactors, is the use of intermittent feeding systems coupled 

with automated base addition (Philip et. al 2018). In shake flask cultures, traditional setups do 

not allow for active pH regulation, which can limit cell growth and product formation 

(Scheidle et. al 2011). To overcome this, a system was presented where each flask is equipped 

with a dedicated pH probe and connected to a central syringe pump with multiple valves, 

allowing individualized control of both substrate and pH in parallel shake flasks. This setup 

mimics the fed-batch conditions of a bioreactor by periodically supplying a carbon source, for 

example glucose and a base for example NH₄OH based on pH measurements from a 

computer. The approach enables careful pH regulation, within +/- 0.1 units, even in 

small-scale, non-aerated vessels. (Weuster-Botz et al. 2000). 

At larger scales, such as in stirred-tank bioreactors, pH control is typically achieved through 

continuous monitoring and automated addition of acid or base (Niehus et al. 2018). Another 

study confirms that the shake flask system can reliably simulate fed-batch processes with pH 

control and substrate release comparable to that of an stirred-tank bioreactor. This was done 

by implementing a release of glucose and ammonium carbonate (NH₄)₂CO₃ from an internal 

reservoir, which compensated for acidification during E. coli cultivation (Philip et. al 2018). 

The ability to mimic fed-batch conditions and maintain neutral pH levels at the screening 

stage increases the scalability of bioprocess development, leading to a smoother transfer to 

large scale fermentations. 

It is common to use ammonia as a base, since it both can serve as a nitrogen feed and a 

buffering of the medium. The process is done by controlling how much nitrogen is given to 

the culture depending on when acids form, making it possible to act upon drifts in pH. This 

can regulate the pH well during latter stages but it is reasonable to provide enough phosphate 

buffers initially so pH does not drift too fast during the growing stage. One also needs to be 

careful with adding too much ammonia since it can inhibit the growth of E. coli at high 

levels. (de Maré. 2006). 

Another strategy for controlling pH and limiting acetate accumulation during scale-up from 

shake flasks to bioreactors is the use of a pH-stat system. In this approach, nutrient feeding is 
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triggered automatically when the culture pH rises above a set threshold, an indication that 

cells are experiencing nutrient limitation, particularly carbon source depletion. By responding 

to pH changes, the system aims to keep substrate concentrations low and prevent overflow 

metabolism. However, a major drawback of the pH-stat method is that it reacts to starvation 

rather than directly detecting the threshold at which acetate formation begins. This delayed 

response can result in suboptimal control of metabolic by-products like acetate, which may 

already have been produced by the time the system initiates feeding. Despite this limitation, 

pH-stat remains a commonly used technique for implementing feedback-based nutrient 

control, especially when real-time measurement of key metabolites is not feasible. (De Mey 

et al. 2007). 

3.5.4 Buffering capacity 

Buffering capacity can also aid to maintain stability when using active pH control. Where the 

common buffers again are phosphates (Scheel et al. 2021) or MOPS (Philip et al 2018). 

Buffers can reduce the load on the pH control system, but eventually at high cell density they 

get overwhelmed, and the controller must add a base. Therefore, a good buffer will lead off to 

a good start, but an active system needs to be used when working at a large scale. (Philip et al 

2018). 

A good property of a synthetic buffer like MOPS is that it is not metabolized by E. coli and 

therefore stays in the medium, keeping its buffering capacity. A phosphate buffer is 

metabolized and gets weaker over time, as phosphate is actively taken up by the cells for 

metabolic processes, leading to a gradual loss of buffering capacity during growth (Webb et 

al. 1992). 

As seen from the strategies above, regulation with acid is rarely needed since the metabolism 

releases acid. If desired, pumps that can regulate a basic medium can be added for pH drift 

above 7, although it is more common just to use bases to regulate the acids generated.  

3.5.5 Common chemicals 

Common bases to use for pH drifts apart from ammonia that can serve as a nitrogen feed are 

NaOH and KOH (Wu et al. 2014). These two bases are more violent than ammonia, due to 

their basic properties. If NaOH is used, moderate amounts need to be added. Adding 1 L of 

5 N NaOH to a 10 L culture dumps 5 moles of Na⁺ into it. In high-density fed-batch, cells 

might tolerate it up to a point, but excessive Na⁺ could be harmful, as demonstrated by 
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Medvedova et al. (2021), who showed that the addition of NaCl can inhibit the growth rate of 

E. coli. KOH is similar but with K⁺, but E. coli can instead regulate this with the antiporter 

ChaA K⁺ /H⁺, meaning K⁺ is somewhat less inhibitory than Na⁺ at high concentrations 

(Radchenko et al. 2006). Regardless, try not to overshoot pH so that you minimize base 

usage. 

Acid for pH control, if needed, is usually phosphoric acid (Niehus et al. 2018) or sulfuric acid 

(Philip et al. 2018). Very rarely is acid needed in E. coli runs, but it can be if, say, you 

overshoot with base or if using NH₄OH and the cells aren’t consuming the ammonium fast 

enough, pH could creep up. (Niehus et al. 2018). 

3.5.6 Summary of pH control 

Maintaining a stable pH is critical for E. coli growth and recombinant protein integrity. 

Optimal pH lies around 7.0 (typically 6.8–7.2). Deviations reduce growth and productivity, 

often due to acidification from ammonium metabolism and acetate accumulation. Buffering 

agents like phosphate or MOPS help initially, but active pH control is needed at scale. 

In shake flasks, pH drifts easily without control. Systems with intermittent feeding and 

automated base addition (e.g, NH₄OH) mimic bioreactor conditions and improve scalability. 

In bioreactors, pH is regulated through real-time monitoring and base/acid dosing, typically 

using ammonium hydroxide, NaOH, or KOH. Excess Na⁺ or K⁺ can be inhibitory, so 

overcorrection should be avoided. 

Strategies like pH-stat feeding respond to rising pH (indicating carbon depletion), helping 

reduce overflow metabolism. However, this can be reactive rather than preventative. One of 

the most important parameters for preventing harmful pH fluctuations are dissolved oxygen 

(DO) and aeration strategies, which will be discussed in the next section. 

3.5.7 Summarized pH control guidelines 

●​ Keep pH at 7.0 (or the value determined optimal, typically between 6.8 and 7.2) 

throughout the fermentation for E. coli. The optimal physiological range for E. coli is 

nonetheless around neutral, and this avoids both acid and base stress. 

●​ Use a strong base for pH control (e.g, 28% NH₄OH or 5 N NaOH). Ammonium 

hydroxide is recommended as it feeds nitrogen and avoids sodium accumulation. If 

NaOH/KOH is used, monitor total addition to avoid excessive ionic strength. 
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●​ Typically, expect base addition especially during high growth and after induction 

when acids accumulate. Configure the pH controller to primarily add base when pH 

drops below setpoint. Have acid ready if pH overshoots, as a safety. 

●​ Provide initial buffering in the medium (e.g, 50 mM MOPS, which is not metabolized 

by E. coli unlike a phosphate buffer) to help resist quick pH swings. This is especially 

important in the lag phase and early exponential phase before the controller kicks in 

strongly. 

●​ Avoid large pH oscillations: an overly aggressive control (adding too much base 

overshoots to basic, then acid brings it down, etc.) can stress cells. 

●​ Recognize that pH changes can be an indicator of problems: a sudden drop in pH 

might indicate a contamination with an acid-producing organism or some metabolic 

shift. Sudden rise could mean carbon exhaustion (cells using peptides, releasing 

ammonia) if base is not being added. 
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3.6 Dissolved Oxygen (DO) and Aeration Strategies 

3.6.1 Importance of dissolved oxygen 

E. coli is a facultative anaerobic bacteria, however, its growth rate and yield of biomass and 

recombinant proteins is higher under aerobic conditions (Niehus et al. 2018). Since oxygen 

has a low solubility in aqueous media, it often becomes a limiting substrate in cultures with a 

high cell density (Pharsol. 2021). If the dissolved oxygen levels fall too low, the bacteria will 

shift its metabolism to a fermentative state, in which byproducts like acetate, lactate or 

ethanol may start to produce, which in turn will negatively affect the growth rate and protein 

production (Odile Francesca et al. 2013). This means that it is crucial to keep the DO above a 

certain critical threshold, which often is a percentage of air saturation. The DO level in a 

bioreactor is controlled through the combination of agitation (stirring) and aeration (air or 

oxygen sparging), most commonly in a cascade setup, where DO is kept at a specific setpoint 

through a controller that increases agitation and gas flow. In shake flasks the DO drops as 

oxygen demand outpaces oxygen transfer, which happens during the late exponential phase 

for high density flasks (Eppendorf. 2025). 

3.6.2 DO setpoint 

As mentioned before, the common setpoint for DO should be around 30% of air saturation in 

E. coli fermentations , although some processes use 40-50% to ensure completely aerobic 

conditions (Scheel et al. 2021). You want to avoid 0% DO (anoxic), and even as low as 

5-10% is not recommended, since this level is at the edge of a stable ratio between the 

oxygen uptake and oxygen supply. Therefore 30% creates a good margin to ensure that the 

DO is at a safe level, thus oxygen will not be rate-limiting (Scheel et al. 2021).  

3.6.3 Agitation (stirring) 

The oxygen transfer is dependent on agitation, since this motion renews the liquid at the gas 

bubble interface and breaks up bubbles. If the DO level starts to drop below the system's 

specific setpoint, the stirring speed should be increased (RPM). Usually the system has a 

minimum and maximum RPM value. This range between minimum and maximum depends 

on what impeller and motor the reactor has (Eppendorf. 2025). Make sure that the maximum 

RPM is something that the culture can handle in terms of shear force. E. coli is a robust 

bacteria, thus it can handle high shear stress (Vettori et al.2022), but do not overdo it. 
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3.6.4 Aeration (gas flow and composition) 

The primary gas is usually air (21% O2). The gas flow rate is often described, as previously 

mentioned) in terms of vvm (volume of gas per volume of liquid per minute). Lab scale often 

uses 1 vvm since this is not equivalent to an abundant volume, but in larger scales it might be 

more appropriate to use around 0.5 vvm, but this value is system dependent (Benz. 2008). 

Since oxygen demand increases during the process, the airflow can be increased. However, it 

is important to note that too high aeration may lead to excessive foaming, as well as a lower 

return if the agitation is not vigorous enough to disperse the foam. Antifoaming can be 

implemented but the dosage needs to be correct, use this only if stirring does not help with 

the foam (McAndrew & Kauffman. 2021). 

If both the stirring and the airflow is at a full, but the DO still drops, then it might be 

appropriate to implement oxygen enrichment. This means that pure oxygen is supplemented 

to the inlet gas, which can increase the oxygen transfer significantly, and even boosting up to 

30-50% in the sparge can keep the DO level up (Scheel et al. 2021). Do note that pure oxygen 

is expensive and should mainly be used as a last resort.  

3.6.5 Oxygen transfer rate 

The oxygen transfer rate (OTR) is ruled by the volumetric mass transfer coefficient (kLa) and 

the difference between saturation and actual dissolved oxygen concentration (Kane. 2012) 

This is defined by the following equation: 

 𝑂𝑇𝑅 = 𝑘
𝐿
𝑎 · (𝐶* − 𝐶

𝐿
)

Where kL is the volumetric liquid-mass transfer coefficient, a is the interfacial area between 

liquid and gas per unit volume which is affected by the size of the gas bubbles, C* is the 

saturation concentration of oxygen in the liquid under current conditions, in mg/L or mmol/L, 

and CL is the actual dissolved oxygen concentration in the liquid, also in mg/L or mmol/L 

(Kane. 2012). Cells that consume oxygen faster than it is supplied will cause a decrease in 

DO. Therefore by increasing kLa (either by stirring, aeration, or both), or by raising the 

oxygen content in the sparged gas, we increase the OTR. The general aim is to maintain the 

OTR above the oxygen uptake rate of the culture (OUR).  
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3.6.6 Key guidelines for maintaining DO 

●​ A DO setpoint should always be maintained  (30% air saturation is a good standard) 

through automatic cascades of agitation and aeration, to ensure that oxygen 

availability is not growth-limiting. 

●​ High agitation speed can be used, but carefully due to the risk of shear. E. coli is a 

robust organism that can tolerate more shear than mammalian cells, therefore high 

RPM and multiple impellers are usually installed to ensure a maximized oxygen 

transfer in cultures of high-density. 

●​ The airflow rate depends on the system capacity. Oxygen-enriched air or pure oxygen 

can be used if needed to maintain the DO in range for high-cell-density stages. It is 

important to not let the DO fall too low, otherwise acetate can start to build up. 

Vigorous mixing and sparging is a common strategy to avoid this. 

●​ If you feel that the DO control is struggling (i.e DO consistently hitting 0%), a 

possible consideration is to reduce the feed rate (which in turn helps in reducing the 

oxygen uptake rate), otherwise the culture might shift to fermentation. 

●​ Identifying at what OD or cell dry weight the oxygen transfer becomes limiting at 

small scale might give a clue for when you might need to induce oxygen enrichment 

or stop increasing biomass at large scale. 

●​ It is highly important that the DO probes are calibrated correctly (normally 100% in 

air-sparged medium at process temperature, and 0% in nitrogen-sparged medium or 

using sodium sulfite chemical depletion method) to ensure correct readings, otherwise 

you may risk harming the process (Longsworth et al. 2020). 
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3.7 Temperature 

3.7.1 Importance of temperature 

Appropriate temperature is important for E. coli’s growth rate, protein folding, enzyme 

kinetics and their plasmid stability. The typical and optimal range for temperature is 37°C, for 

optimizing its growth rate as well as protein yield (Shahzadi et al. 2021). Although, for 

production of proteins a lower temperature might be preferred for better folding and the 

solubility of the protein (Baneyx. 1999). Indicating that a trade-off needs to be taken into 

account when prioritizing the protein or growth rate. 

Heat shock proteins are virtually found in all organisms, including E. coli. When sudden 

temperature drifts or tough temperature conditions occur. E. coli can respond to an increase in 

temperature (heat shock) or decrease in temperature (cold shock) by activating a group of 

genes called shock genes. These genes code for proteins that help the cell deal with the stress 

caused by temperature drifts. These proteins help, for instance, by protecting other proteins 

from denaturing during sudden increase of temperature (Arsène et al. 2000) or stabilizing 

mRNA during sudden decrease of temperature (Phadtare et al. 1999). This implies the 

importance of temperature control. To both maintain stable temperature in a bioreactor that 

generates metabolic heat and being able shift the temperature when needed to maximize 

protein yield and quality. 

 

3.7.2 Causes and consequences of temperature drifts 

Due to E. coli fermentation being exothermic, meaning the metabolic activity releases heat, 

some cooling system might need to be applied to large bioreactors. In smaller volumes the 

heat can disperse easily, for example in shake flasks, but for larger reactors a cooling system 

is needed to maintain the desired temperature setpoint. (Georgescu & Bhargava. 2008). 

Metabolic heat is shown to be proportional to oxygen consumption (Minkevich & Eroshin. 

1973). In a vigorously aerated culture this translates to a considerable heat load that the 

cooling system must handle. Thus, a bioreactor must be equipped with sufficient cooling 

capacity (jackets or internal coils with chilled water) and responsive control to hold the 

temperature constant as metabolic rates peak. (Duan & Shi. 2014). 

38 



Even a slight rise in temperature can induce a heat shock response in E. coli and affect the 

folding of the protein. This study induced heat shock at 42°C and compared it to 37°C. The 

study showed that at 42°C, more acetate was generated as a byproduct. Also leading to the 

part in pH where an accumulation of acetate is not efficient. E. coli grew worse, since less 

glucose was made into biomass. Also the glucose uptake was less, since the ptsG gene was 

less expressed. (Hasan & Shimizu. 2008). 

 

3.7.3 Using other temperatures 

Research has shown that expressing recombinant proteins works better at lower temperatures, 

for folding and solubility (Sørensen & Mortensen. 2005). At higher temperatures some 

proteins tend to aggregate making them insoluble and inactive due to hydrophobic 

interactions increasing with the temperature. At lower temperatures heat shock proteases also 

become more inactive making the protein less prone to being denatured. As well as some 

chaperones becoming more active at 30°C, which folds the protein better, making it more 

stable. The trade off is that E. coli grows slower at temperatures below 37°C, due to higher 

inhibition of the metabolism, which in turn can decrease protein synthesis and protein yield. 

(Sørensen & Mortensen. 2005). 

It is possible for E. coli to grow at temperatures of 4°C when it is combined with chaperones 

from Oleispira antarctica. The low temperature makes the protein fold correctly, becoming 

more than 180 times more active than if it were to be expressed at 37°C. (Sørensen & 

Mortensen. 2005). 

Although E. coli can be manipulated to be cultivated at a wide range of temperatures below 

37°C, it is often not necessary to go too low. A temperature around 30°C could offer a good 

compromise since it improves the folding of many recombinant proteins while still 

maintaining a reasonable growth rate. At lower temperatures, the net yield of functional 

protein might also become higher because less of it is prone to get degraded. However, if 

protein solubility or folding is not a concern, cultivation at 37°C may still be suitable to 

ensure optimal growth conditions. 
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3.7.4 Problems with upscaling 

Large bioreactors often have slower mixing and thermal response times compared to shake 

flasks. This can lead to temperature gradients within the vessel, if the cooling is uneven, or 

delays in reaching a new setpoint after a change. Temperature differences up to 20°C can 

occur if this is not addressed with enough stirring or more even cooling. (Krishania et al. 

2018). One also needs to be careful of temperature fluctuations since it can stress cultures. A 

steady setpoint is ideal. 

3.7.5 Summarized Temperature Control Guidelines 

●​ Set the temperature according to the goal of cultivation. If the objective is to 

maximize E. coli growth and biomass, 37°C is the standard and optimal temperature. 

However, if the goal is to produce soluble and properly folded recombinant proteins, a 

lower temperature such as 30°C is often preferable.  

●​ Maintain a stable temperature to prevent stress responses. Sudden temperature 

changes can trigger heat shock or cold shock responses in E. coli, where stress-related 

genes are activated that can divert energy from growth and protein production. 

●​ Account for metabolic heat during cultivation. E. coli metabolism releases heat, 

especially during vigorous aerobic growth. Larger bioreactors require active cooling, 

such as water jackets or internal coils. The cooling system should be scaled 

appropriately to the reactor volume and expected oxygen consumption. 

●​ Use a responsive temperature control system. The control system must quickly 

compensate for fluctuations as metabolic rates change during the fermentation, 

particularly during induction phases. 

●​ Choose lower temperatures deliberately for protein expression. At temperatures 

around 30°C, recombinant proteins tend to fold more correctly and remain soluble, 

reducing the likelihood of aggregation.  

●​ Upscaling fermentation to large bioreactors introduces additional challenges. Poor 

mixing and delayed thermal response can result in significant temperature gradients 

within the culture vessel. These variations can stress the cells and reduce overall 

productivity. Adequate stirring and well-designed cooling systems are essential to 

maintain even and stable temperatures throughout the reactor.  
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4 Summary & Conclusion 

Transitioning an experiment from shake-flasks to large bioreactors are essential for being able 

to produce a lot of protein in fewer runs. The up-scaling can give rise to problems due to the 

parameters not transitioning linearly in a larger reactor.  

Optimizing the upscaling of E. coli fermentation for recombinant protein production from 

shake flask to large bioreactors is essential for production efficiency. Scaling up presents 

challenges in many ways as parameters are added and the biomass increases. To successfully 

optimize this transition, one must balance the induction strategy and feeding protocol with 

bioprocess control parameters such as pH, dissolved oxygen (DO), and temperature. 

Induction should be done at the right cell density, which usually corresponds to 

mid-exponential phase in lab settings, or at much higher densities in industrial fed-batch 

processes. IPTG remains the most widely used inducer due to its reliability, but excessive 

concentrations can inhibit growth without improving yield. Ensuring even distribution of the 

inducer through proper mixing is essential for uniform protein expression. Decreasing the 

temperature at induction, especially for proteins prone to misfolding, often improves 

solubility and folding efficiency. 

Fed-batch cultivation is essential for high-cell-density cultures, as it allows controlled 

nutrient delivery and prevents acetate accumulation, which otherwise limits growth and 

acidifies the medium. Constant feeding is simple but inflexible, while exponential or 

feedback-based strategies (like DO-stat or pH-stat) offer more precise control and better 

adaptability to the culture’s needs. Matching feed rate with oxygen transfer capacity is critical 

to prevent metabolic stress and acetate production. After induction, feed rates are typically 

reduced to align with the lowered metabolic demand. 

Scaling up the bioprocess from lab to production scale presents unique challenges. Mixing, 

oxygen transfer, and heat distribution become exponentially more difficult to handle at larger 

volumes and must therefore be considered early in process development. A stepwise scale up 

using a seed train minimizes risks and allows better control over environmental parameters. 

Choosing an appropriate scale up criterion, for example constant power input per volume 

(P/V), tip speed, or oxygen transfer rate (kLa), helps maintain consistent performance across 

scales. Geometrical differences in bioreactor design should also be considered, and close 
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monitoring of early-stage parameters during large-scale runs is essential for troubleshooting 

and validation. 

Maintaining a stable pH and DO levels is key to sustaining growth and productivity. 

Real-time pH control and buffering agents help maintain optimal pH, which preferably is 

around pH 7, while DO must be kept above 30% air saturation by using agitation and 

aeration. To prevent oxygen depletion, it could be a possibility to lower the feed rate or 

provide oxygen enrichment to keep the oxygen levels adequate. During high density growth, 

E. coli has a significant heat output, which constitutes the need for precise temperature 

control. Lowering the temperature upon induction often favors proper protein folding but 

requires responsive cooling systems to manage gradients in large vessels. 

In conclusion, achieving high biomass and high yields of recombinant protein depends on a 

well-coordinated bioprocess strategy. This includes careful alignment of induction timing, 

feeding methods, and scale-up plans with key environmental factors such as DO, pH, and 

temperature. Every aspect of the process, whether it's the amount of inducer used or the 

design of the bioreactor, can significantly influence the final yield and quality of the protein 

product.  

This report consolidates key insights from existing scientific literature on the optimal 

scale-up of recombinant protein production using E. coli. By applying the principles and 

parameters outlined here, high-density fermentations can be achieved within a few runs 

through systematic, evidence-based optimization. Implementing these strategies has the 

potential to significantly reduce the cost and time associated with testbed trials, improving 

overall process efficiency. For Testa Center, this translates into increased customer 

throughput and a more robust, scalable platform that benefits both the center and its clients. 

Importantly, lowering the economic barriers to entry will make it more feasible for smaller 

biotechnology companies to access advanced production capabilities, fostering broader 

innovation and growth in the sector over time. 
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