Title of the topic: Bioprocess stages
Short Summary
[bookmark: _GoBack]An industrial bioprocess is a systematic bio-engineering pathway designed to convert raw substrates into commercially valuable biological products using living cells or enzymes. A complete bioprocess is traditionally subdivided into five continuous, overlapping stages:  Upstream Processing (strain selection, inoculum development, media formulation, and sterilization);  Fermentation Stage (bioreactor cultivation under controlled environmental parameters); Downstream Processing (cell separation, primary product extraction, and high-resolution purification); Product Finishing (crystallization, drying, formulation, and packaging); and Waste Effluent Treatment (COD/BOD reduction and environmental stewardship). Mastering these integrated unit operations is essential for maximizing product yield, maintaining product specifications, and ensuring economic viability.
Learning Objectives
1. To understand upstream unit operations including strain selection, kinetic constraints, medium preparation, and heat sterilization.
2.  To analyse bioreactor fermentation operations, contrasting batch, fed-batch, and continuous modes under strict aseptic control.
3.  To evaluate downstream separation unit operations based on product localization (intracellular vs. extracellular).
 Learning Outcomes
1. Identify appropriate separation techniques (centrifugation, microfiltration, chromatography) based on product solubility, charge, and molecular size. 
2. Evaluate metabolic controls, shear sensitivity, oxygen transfer rates, and viscosity effects during fermenter scale-up.
3. Propose effective effluent treatment schemes to meet environmental regulatory standards.






Introduction

Modern bioprocess engineering translates laboratory biological discoveries into industrial-scale production. As detailed in classical texts [Stanbury et al., 2016]; [Doran, 2013], any bioprocess comprises five interconnected stages:
1.Upstream Processing (USP): All operations preceding the main bioreactor step, including isolation of pure cultures, genetic strain improvement, media formulation, media sterilization, equipment sterilization, and stepwise inoculum propagation.
2. Fermentation Stage: The core biological conversion step where target microorganisms or cell lines proliferate and synthesize the desired product inside a controlled bioreactor (fermenter).
3. Downstream Processing (DSP): Separation, recovery, concentration, and purification of the target molecule from complex fermentation broths.
4.Product Finishing: Formulating the purified compound into a stable, sterile, marketable product (e.g., via lyophilization, crystallization, and sterile packaging).
5.Effluent/Waste Treatment: Biological, physical, and chemical treatment of gaseous, liquid, and solid waste streams generated during bioprocessing prior to discharge.

 Upstream Processing (USP)
Upstream processing lays the biological and chemical foundation for the entire bioprocess [Shuler & Kargi, 2002]. It is divided into three core functions:
1.Microorganism Isolation & Strain Improvement: Production strains (bacteria, yeasts, fungi, or mammalian cells) are isolated from natural environments or obtained from strain repositories. Genetic engineering, recombinant DNA technology, or mutagenesis programs improve yields while considering critical physiological constraints:
Nutritional requirements and metabolic control mechanisms (e.g., catabolite repression, feedback inhibition).
Shear sensitivity, temperature optima, and morphologic characteristics (pellet vs. filamentous growth).
Oxygen transfer demand (QO2), carbon dioxide sensitivity, and viscosity effects.
Genetic stability over repeated generations and minimization of undesirable metabolic by-products.
2.Media Formulation & Development: Fermentation media provide carbon, nitrogen, phosphorus, sulfur, trace minerals, and essential growth factors. Distinctions are made between propagation media (optimized for maximum biomass growth) and production media (optimized for maximal secondary metabolite or protein expression). Raw materials (e.g., molasses, corn steep liquor, whey, farm hydrolysates) are chosen based on cost, availability, batch stability, and downstream clarification compatibility [Stanbury et al., 2016].
3.Inoculum Development & Sterilization: Inoculum propagation proceeds stepwise from master stock cultures stored in cryovials to shake flasks, seed fermenters, and finally the production fermenter (e.g., 1–10% v/v inoculation ratio). Concurrently, media feed streams, air/gas lines, pipework, and reactor vessels undergo thermal sterilization (high-pressure steam at 121°C for 20–30 min) or sterile filtration (0.22 µm membranes for heat-labile components) to eliminate microbial contaminants [Doran, 2013].

The Fermentation Stage
While some engineers group fermentation under upstream processing, it acts as the pivotal operational bridge. Fermentations are typically batch, fed-batch, or continuous operations carried out in Stirred-Tank Bioreactors (STR), Airlift Bioreactors, or Bubble Columns ranging from several liters to over 500 m3 [Shuler & Kargi, 2002].
Process duration ranges from a few hours (rapid bacterial fermentations) to several weeks (mammalian cell culture or antibiotic synthesis). Critical online parameters monitored and controlled include:
Temperature: Maintained via internal cooling coils or jacketed vessel walls. pH: Automated acid/base addition pumps linked to combined glass electrodes.
Dissolved Oxygen (DO): Maintained above critical thresholds (Ccrit) by adjusting agitation speed (RPM), airflow rate (VVM), or pure oxygen enrichment.
Foam Formation: Controlled via mechanical foam breakers or automated addition of sterile antifoam agents (e.g., silicone oils, polypropylene glycol).

Downstream Processing (DSP)
Downstream processing recovers and purifies the bioproduct from complex, dilute fermentation broths. DSP choices depend directly on product concentration, thermal stability, purity specifications, and whether the product is extracellular (secreted into spent medium) or intracellular/periplasmic (retained inside biomass) [Ladisch, 2001].
1.Primary Separation (Cell Harvesting): The spent broth is separated into cell-free supernatant and harvested biomass via high-speed disk-stack centrifugation, rotary vacuum filtration (RVF), or microfiltration.
Extracellular Products: The cell biomass is discarded as waste, and the spent medium concentrate advances directly to primary product recovery.
Intracellular Products: The cell pellet is collected and subjected to cell disruption (e.g., high-pressure homogenization, bead milling, enzymatic lysis). The resulting homogenate is centrifuged or ultrafiltered to remove cell debris, yielding a cell-free crude extract or inclusion body suspension [Ladisch, 2001].
2. Product Concentration & Extraction: Volume reduction is achieved via precipitation (ammonium sulfate, organic solvents, PEG), liquid-liquid extraction, aqueous two-phase extraction (ATPE), ultrafiltration (UF), or reverse osmosis.
3.High-Resolution Purification: To achieve therapeutic or analytical grade purity, chromatographic operations are employed: Ion-Exchange Chromatography (IEC; charge-based), Hydrophobic Interaction Chromatography (HIC; hydrophobicity-based), Gel Filtration / Size Exclusion Chromatography (SEC; molecular size-based), and Affinity Chromatography (biospecific binding) [Ladisch, 2001].
 Product Finishing and Effluent Treatment
Finishing Operations: Purified liquid fractions are converted into stable dry solids or sterile liquids via crystallization, spray drying, or lyophilization (freeze-drying for heat-sensitive biopharmaceuticals). The finished product undergoes sterile filtration, quality control testing, and automated filling into vials or tamper-evident packaging.
Effluent Treatment: Bioprocess facilities generate high-volume wastewater enriched in spent media, organic acids, residual biomass, and minerals. Effluent treatment comprises primary physical settling, secondary biological treatment (aerobic activated sludge, anaerobic digestors to reduce Chemical Oxygen Demand [COD] and Biochemical Oxygen Demand [BOD]), and tertiary chemical disinfection prior to environmental discharge [Stanbury et al., 2016].
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