ТHEME: STERILIZATION, ASEPTIC ASSURANCE, AND HYDRODYNAMIC SYSTEMS IN BIOREACTORS
Plan:
1.Sterilization of bioreactors and media
2. Aseptic technique and contamination control
3. Hydrodynamic systems in bioreactors
Glossary
	Term 
	Oʻzbekcha
	Русский
	Vazifasi


	Sterilization
	Sterilizatsiya
	Стерилизация
	Muhitdan, gaz oqimidan yoki jihozdan barcha tirik mikroorganizmlarni, jumladan sporalarni, toʼliq yoʻqotish.

	Asepsis
	Aseptika
	Асептика
	Steril boʻlishi shart boʻlgan jarayon davomida nojoʻya mikroorganizmlar bilan ifloslanishning oldini oluvchi qoidalar va shart-sharoitlar majmui.

	D-value
	D-qiymat
	D-значение
	Berilgan haroratda mikroblar sonini 90 foizga (bir log siklga) kamaytirish uchun kerak boʻlgan vaqt; qiymat qancha kichik boʻlsa, organizm shuncha tez nobud boʻladi.

	Z-value
	Z-qiymat
	Z-значение
	D-qiymatni oʻn marta kamaytirish uchun zarur boʻlgan harorat koʻtarilishi; oʻldirish tezligining haroratga sezgirligini koʻrsatadi.

	Sterilization criterion (∇, F0)
	Sterillash mezoni
	Критерий стерилизации
	Isitish-sovutish sikli davomida eng chidamli sporalarga yetkazilgan yigʻindi oʻldiruvchi taʻsirni ifodalaydi; odatda ∇ = 30–60 maqsad qilinadi.

	HTST
	Yuqori haroratda qisqa muddatli sterillash
	Кратковременная высокотемпературная стерилизация
	Muhitni 135–145°C da bir necha soniya davomida sterillab, ozuqa moddalarning issiqlikdan buzilishini kamaytiradi.

	HEPA filter
	HEPA filtr
	HEPA-фильтр
	Kiruvchi va chiquvchi havoni 0,3 mikrometrli zarrachalarning kamida 99,97 foizini ushlab, sterillaydi.

	Aseptic connection
	Aseptik ulanish
	Асептическое соединение
	Liniyani ifloslantirmasdan ulash yoki undan namuna olish imkonini beruvchi armatura, port yoki ulagich.

	Positive pressure
	Musbat (ortiqcha) bosim
	Избыточное давление
	Idish ichidagi bosimni atmosfera bosimidan biroz yuqori tutish; natijada har qanday sizish tashqariga yoʻnaladi, ifloslantiruvchi ichkariga kirmaydi.

	Reynolds number
	Reynolds soni
	Число Рейнольдса
	Idishdagi oqim laminar, oʻtish yoki turbulent rejimda ekanini bashorat qiluvchi oʻlchamsiz nisbat (Re = ρND²/μ).

	Power number
	Quvvat soni
	Число мощности
	Aralashtirgich sarflaydigan quvvatni suyuqlik zichligi, aylanish tezligi va diametriga bogʻlovchi oʻlchamsiz kattalik (Po = P/ρN³D⁵).

	Impeller
	Aralashtirgich (impeller)
	Мешалка (импеллер)
	Suyuqlikka mexanik energiya uzatib, aralashtirish, sirkulyatsiya va massa almashinuvi yuzasini hosil qiluvchi aylanuvchi qism.

	Volumetric mass-transfer coefficient (kLa)
	Hajmiy massa uzatish koeffitsienti
	Объёмный коэффициент массопередачи
	Kislorod (yoki boshqa gaz) pufakchalardan suyuqlik fazasiga birlik hajmda qanchalik tez oʻtishini tavsiflaydi; aerob fermentatsiyada asosiy loyihalash koʻrsatkichi.

	Shear stress
	Kesuvchi (siljituvchi) kuchlanish
	Напряжение сдвига
	Asosan aralashtirgich uchi va pufakcha parchalanish zonalarida suyuqlik yoki hujayralarga taʻsir etuvchi kuchlanish; ortiqcha boʻlsa devorsiz hujayralarni shikastlaydi.

	Scale-up
	Masshtablashtirish
	Масштабирование
	Kichik bioreaktorda aniqlangan sharoitlarni asosiy koʻrsatkichlarni saqlagan holda katta ishlab chiqarish idishiga oʻtkazish jarayoni.


A bioreactor is only as good as the environment it maintains inside the vessel. Two engineering problems must be solved together before a single cell is added: the system must be free of unwanted organisms at the start, and it must stay that way while its contents are mixed well enough that nutrients, gases, heat, and pH remain uniform throughout the working volume. The first problem is addressed through sterilization and aseptic technique; the second through the hydrodynamics of agitation and aeration. This guide treats the two as one connected subject, because in practice a design decision made for one often constrains the other. A sparger and impeller arrangement chosen for good oxygen transfer, for instance, also has to survive repeated steam-in-place cycles at 121 to 134 degrees Celsius without leaving dead zones where spores could survive.The sections that follow assume a basic background in microbiology and fluid mechanics. Emphasis is placed on the quantitative tools used in practice: decimal reduction time and the sterilization criterion for thermal death kinetics, and the Reynolds and power numbers for flow and mixing.
Part I. Sterilization of Bioreactors and Media
Microbial death under heat is commonly modeled as a first-order process: in a population of N viable cells or spores, the rate of loss is proportional to the number still alive. Integrating this relationship gives a straight line when the logarithm of the surviving fraction is plotted against time at constant temperature. The decimal reduction time, D, is the time needed at a given temperature to reduce the population by one log cycle, that is, to ten percent of its previous value. A smaller D-value means the organism dies faster.Because D changes with temperature, a second parameter, the Z-value, describes how much the temperature must rise to cut D by a factor of ten. Bacterial endospores of Geobacillus stearothermophilus and various Bacillus species serve as standard reference organisms for validating sterilization cycles, since they are far more heat-resistant than ordinary vegetative cells.For a complete heating and cooling cycle, where temperature changes continuously rather than staying constant, the cumulative lethal effect is expressed through a sterilization criterion, often written as the Greek letter nabla or, following food-processing convention, as F0. It is found by integrating the instantaneous kill rate over the entire time-temperature profile, including the heating ramp and the cooling ramp, not the holding period alone. A target value of thirty to sixty is typical for batch sterilization of a fermentation medium, corresponding to a substantial safety margin beyond the reduction needed for the reference spore population.
Table 1. 
Approximate decimal reduction data for reference organisms at 121°C
	Organism / form
	D121 (min)
	Z-value (°C)
	Typical context

	Geobacillus stearothermophilus spores
	≈ 1.0–2.5
	≈ 7–10
	Standard biological indicator

	Bacillus subtilis spores
	≈ 0.5–1.5
	≈ 7–9
	Common environmental contaminant

	Vegetative bacterial cells (typical)
	< 0.02
	≈ 5–8
	Killed almost instantly at 121°C

	Non-enveloped, heat-resistant viruses
	≈ 0.1–0.5
	≈ 6–9
	Relevant to mammalian cell media


These values are illustrative orders of magnitude used for teaching purposes. Validated sterilization cycles are always confirmed experimentally for the specific medium, vessel geometry, and biological indicator used at a given facility, since suspended solids, fats, or high sugar content can shield organisms and shift the effective D-value upward.
Batch (In-Situ) Sterilization. The most common way to sterilize a stirred-tank bioreactor together with its medium is in-situ batch sterilization: the vessel is filled with medium, sealed, and heated directly with steam delivered through a jacket, an internal coil, or by direct sparging into the liquid. A typical cycle has three phases: a heating ramp up to the holding temperature, most often 121 degrees Celsius, corresponding to roughly one bar of steam pressure above atmospheric; a holding phase of about fifteen to thirty minutes at that temperature; and a controlled cooling ramp back toward the inoculation temperature.Holding time and temperature are chosen so the sterilization criterion reaches its target value, even though the heating and cooling ramps themselves contribute a real share of the total lethal effect. Because larger vessels heat and cool more slowly, the ramps can account for a large fraction of total lethality at production scale, and cycle design has to account for that rather than relying on holding time alone.
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Fig.1. Typical time-temperature profile for in-situ batch sterilization of a bioreactor.
The main advantage of batch sterilization is simplicity: the same vessel, control system, and steam supply used for the fermentation are used for the sterilization step, with no additional equipment. Its main disadvantage is prolonged thermal exposure of the medium, which can degrade heat-labile nutrients such as certain vitamins, amino acids, and sugars through Maillard-type browning reactions, lowering both nutritional quality and, in some cases, product yield.
Continuous Sterilization (HTST). Continuous, or high-temperature short-time, sterilization addresses the nutrient-degradation problem by pumping the medium through a heat exchanger train rather than heating it inside the vessel. The medium is first preheated, then rapidly brought to a high holding temperature, typically 135 to 145 degrees Celsius, for a much shorter holding time, usually thirty to ninety seconds, and finally flash-cooled before entering a bioreactor that has itself been sterilized separately, often by steam-in-place.
Because the required sterilization criterion can be reached with a much shorter exposure time at higher temperature, thanks to the way D-values fall exponentially with temperature while nutrient degradation tends to follow gentler kinetics, HTST sterilization preserves medium quality noticeably better than batch autoclaving, particularly for media rich in sugars and proteins. It is standard practice in large-scale industrial fermentation, where medium volumes are too large for practical in-vessel heating and cooling times.
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Fig.2. Block flow diagram of a continuous HTST sterilization line for liquid fermentation medium.
Continuous sterilization requires more capital equipment, including heat exchangers, a holding tube sized to guarantee the minimum residence time even at the fastest expected flow, and reliable temperature and flow interlocks, since any drop in temperature or increase in flow rate during the holding step can compromise sterility for the whole batch downstream of it.
Sterilization of Process Air and Off-Gas. Aerobic fermentations require a continuous supply of sterile air, often at rates of half a vessel volume per minute or more, so filtration rather than heat is the practical method for sterilizing the gas stream. Incoming air first passes through coarse prefilters to remove oil, water droplets, and large particulates, and then through one or more absolute, or HEPA-grade, filter cartridges rated to remove at least 99.97 percent of particles at the most penetrating particle size, close to 0.3 micrometres.
Filter sterilization works by mechanical capture rather than by killing organisms, through a combination of interception, inertial impaction, and diffusion of the smallest particles within the depth of the filter medium. Because filter performance depends on maintaining dry conditions and an intact membrane, condensate management, filter integrity testing, such as the bubble-point test, and periodic replacement are essential parts of an aseptic air system. Off-gas leaving the bioreactor is typically filtered as well, both to protect the exhaust filter of neighbouring equipment from contamination and to contain any organism being cultured, particularly for biosafety-relevant strains.
Chemical, Filtration, and Radiation Sterilization Methods. Heat-labile components that cannot survive autoclaving, such as certain vitamins, antibiotics, growth factors, or thermosensitive proteins, are usually sterilized separately and added to the bioreactor after the bulk medium has cooled. Common alternatives include:

· Sterile filtration through a 0.2 micrometre membrane filter, used for heat-sensitive liquid components and for the entire medium in mammalian cell culture, where thermal sterilization would damage serum proteins and growth factors.

[image: image3.png]



Fig.3. Sterilization system.

· Chemical sterilization or disinfection, using agents such as ethylene oxide gas, hydrogen peroxide vapour, or chlorine-based solutions, mainly for equipment surfaces, transfer lines, and isolators rather than for the medium itself.
· Gamma or electron-beam irradiation, applied to pre-packaged single-use bioreactor bags, tubing sets, and some powdered raw materials before they reach the facility.
· Ultraviolet irradiation, used as a supplementary barrier for air handling units and surfaces, though it has limited penetration and is not normally relied on as the sole sterilization method for a bioreactor system.
The choice among these methods is driven by the sensitivity of the material, the scale of the operation, and regulatory requirements; a production process commonly combines several of them, for example HTST sterilization of the bulk medium, sterile filtration of a heat-labile feed, and gamma-irradiated single-use bags for the vessel itself.
Sterilizing a system once is only half the problem; the harder half is keeping it sterile for the days or weeks that a fermentation run may last, while still allowing operators to sample, feed, monitor, and eventually harvest the culture. Aseptic design is the set of engineering choices, made at the equipment and piping level, that make this possible: minimizing the number of openings into the sterile boundary, eliminating dead legs and crevices where cleaning and steam cannot reach, using smooth, crevice-free welds instead of threaded or gasketed joints wherever practical, and routing all connections that must remain sterile through validated, steam-sterilizable ports.A useful way to think about aseptic design is as maintaining an unbroken sterile boundary around the process fluid at every moment, from the medium's original sterilization through every subsequent addition, sample, or transfer, until the vessel is finally opened for harvest and cleaning.
Aseptic Connections, Ports, and Seals. Because a bioreactor cannot be sterilized as a single closed unit and then never touched again, every point where the vessel interior communicates with the outside world is a potential entry route for contamination. Common aseptic connection types include steam-in-place sample valves, which use a small steam-flushed chamber to sterilize the valve seat before and after each sample is withdrawn; addition ports fitted with their own sterilizing filters for feeds and pH-control reagents; septum ports for syringe-based inoculation of small vessels; and, increasingly, single-use aseptic connectors and sterile tube welders that fuse two tubing ends together without exposing the fluid path to the environment.
Mechanical seals on the agitator shaft deserve particular attention, since this is a continuously moving boundary rather than a static joint. Double mechanical seals, with a sterile barrier fluid circulated between the two seal faces at a pressure higher than the vessel headspace, are the standard solution for stirred-tank bioreactors, ensuring that any leakage path runs from the barrier fluid inward rather than from the environment into the vessel.
Positive Pressure and Barrier Maintenance. Maintaining the bioreactor headspace at a pressure somewhat above atmospheric, typically 0.2 to 0.5 bar gauge, is one of the simplest and most effective aseptic safeguards available. As long as positive pressure is maintained, any imperfect seal or micro-leak in the vessel allows sterile gas to escape outward rather than drawing unsterile air or liquid inward. This principle also underlies the design of cleanrooms and biosafety cabinets, where pressure cascades are used to control the direction of air movement between rooms of different cleanliness classification.
Positive pressure alone is not sufficient without continuous monitoring; a pressure controller, together with an independent pressure transmitter used purely for alarm purposes, is standard practice so that any loss of positive pressure, for example from a blocked exhaust filter or an oversized sample draw, is detected immediately rather than discovered only when contamination appears.
2.4 Sterility and Integrity Testing
Confidence that a sterilization cycle achieved its intended effect, and that the aseptic barrier has remained intact afterward, rests on several complementary verification methods rather than any single test. Biological indicators, vials or strips containing a known, high population of resistant spores, are placed at the coldest point of the vessel, usually identified by prior heat-distribution mapping, and cultured afterward to confirm no growth occurred. Chemical indicators change colour when exposed to the correct combination of time and temperature and give a fast, if less rigorous, confirmation that a cycle ran as intended.
Filter integrity is separately verified through bubble-point or diffusive-flow testing, which measures the pressure at which gas first passes through a wetted filter membrane, correlating with the largest pore size present and therefore with the filter's ability to retain the target organism size. Throughout the run itself, absence of contamination is inferred indirectly, from stable pH and dissolved oxygen trends, from the absence of unexpected turbidity or off-gas composition changes, and periodically confirmed by microscopic examination or plating of samples.
Table 2. 
Typical contamination routes and corresponding preventive measures
	Contamination route
	Typical cause
	Preventive measure

	Sample and addition ports
	Worn valve seats, poor steam-in-place flushing
	Scheduled seal replacement; validated SIP cycles

	Agitator shaft seal
	Seal wear, loss of barrier fluid pressure
	Double mechanical seal with monitored barrier pressure

	Air filters
	Wetting, pinholes, incorrect installation
	Integrity testing before and after each run

	Inadequately sterilized medium
	Cold spots, undersized holding time
	Heat-distribution mapping; validated F0 target

	Operator technique
	Improper aseptic transfer, open manipulation
	Training; closed or single-use transfer systems

	Cross-contamination between batches
	Incomplete clean-in-place
	Validated CIP cycles; rinse and swab verification


Most documented contamination events in industrial fermentation trace back to a small number of recurring causes: a worn seal or gasket, an improperly executed manual manipulation, or a sterilization cycle that did not reach every part of the system. Systematic root-cause investigation after any contamination event, feeding back into maintenance schedules and operator training, is what keeps contamination rates low over time rather than any single design feature acting alone.
Once the system is sterile, the second major engineering task is to move the fluid so that nutrients, dissolved gases, heat, and pH are distributed evenly throughout the vessel, and so that gas bubbles introduced at the sparger are broken up and dispersed to maximize the interfacial area available for oxygen transfer. This is accomplished by one or more impellers mounted on a central shaft, rotating within the liquid.
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Fig.4. Hydrodynamic Systems in Bioreactors
Impellers are broadly classified by the direction of the bulk flow they generate. Radial-flow impellers, of which the Rushton disc turbine with flat blades is the classic example, throw fluid outward toward the vessel wall, where it splits into upward and downward circulation loops; this pattern produces high local shear near the impeller and is effective at breaking up gas bubbles. Axial-flow impellers, such as pitched-blade turbines and hydrofoil designs, instead drive fluid mainly downward or upward along the shaft, producing strong top-to-bottom bulk circulation with comparatively lower shear, which is often preferred for shear-sensitive cell cultures.
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Fig.5. Bulk flow patterns generated by a radial-flow impeller (left) and an axial-flow impeller (right).
Table 3. 
Comparison of common impeller types
	Impeller type
	Flow pattern
	Typical use

	Rushton disc turbine
	Radial
	High-shear gas dispersion in microbial fermentations

	Pitched-blade turbine
	Mixed axial-radial
	General-purpose blending and solids suspension

	Hydrofoil / marine propeller
	Axial
	Low-shear bulk mixing for shear-sensitive cultures

	Anchor / helical ribbon
	Tangential, close clearance
	High-viscosity or non-Newtonian broths


The impeller Reynolds number, defined as the ratio of inertial to viscous forces acting in the vessel, is the primary dimensionless group used to characterize the flow regime in a stirred tank. It is calculated from the fluid density, the impeller rotational speed, the impeller diameter, and the fluid viscosity. At low Reynolds numbers the flow is laminar and dominated by viscous forces, producing smooth, orderly streamlines; at high Reynolds numbers, generally above about ten thousand for a standard turbine geometry, the flow becomes fully turbulent, dominated by chaotic eddies that are far more effective at mixing and at dispersing gas bubbles.
Most industrial fermentations operate in the turbulent regime, since turbulence promotes rapid blending and high rates of mass and heat transfer. Highly viscous broths, such as those produced by filamentous fungi or by some polysaccharide-producing organisms, can remain in the laminar or transitional regime even at practical impeller speeds, which is one reason such processes often require close-clearance impellers like anchors or helical ribbons instead of standard turbines.
3.3 Power Number and Power Consumption
The mechanical power an impeller draws from its motor is described through the dimensionless power number, relating power to fluid density, rotational speed, and impeller diameter. For a given impeller geometry, the power number is not constant across all conditions; instead it depends on the Reynolds number, following a characteristic curve. In the laminar regime, power number falls steeply as Reynolds number rises, because viscous drag dominates and decreases as flow organizes into smoother patterns. In the turbulent regime, the power number levels off to a roughly constant value characteristic of the impeller geometry, since inertial forces then dominate and further increases in Reynolds number no longer change the drag coefficient significantly.
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Fig.6. Qualitative power number versus Reynolds number curve for a Rushton turbine, showing laminar, transitional, and turbulent regions.
Because power input scales with the cube of rotational speed and the fifth power of impeller diameter once the flow is turbulent, small changes in agitator speed or impeller size have a large effect on both power draw and the resulting shear environment, which is why power consumption is one of the first quantities checked when scaling a process up or down.
For an aerobic fermentation, the rate at which oxygen can be supplied to the culture is frequently the factor that limits how much biomass or product a bioreactor can support, since oxygen has low solubility in aqueous media. Oxygen transfer from gas bubbles into the surrounding liquid is described by the volumetric mass-transfer coefficient, kLa, which lumps together the mass-transfer coefficient at the gas-liquid interface and the specific interfacial area available for transfer per unit volume of broth.kLa increases with higher agitation speed and with higher aeration rate, because both actions increase turbulence at the interface and reduce the average bubble size, which raises the specific interfacial area. It decreases in more viscous or highly coalescing broths, where bubbles merge quickly and lose surface area, and it is influenced by the presence of surfactants, antifoam agents, and dissolved solutes, all of which change bubble coalescence behaviour. Correlations of the form kLa proportional to a power of the power input per unit volume and a power of the superficial gas velocity are widely used for scale-up estimation, though they must always be checked against measured data for the specific broth in question.
The same agitation that promotes good mixing and mass transfer also generates hydrodynamic shear stress, which is highest in the immediate vicinity of the impeller tip and in the zone where gas bubbles are torn apart. Bacterial and yeast cells, protected by a comparatively rigid cell wall, tolerate this environment well and are routinely cultured in high-shear stirred tanks. Animal cells, which lack a rigid wall, and some filamentous organisms, are considerably more sensitive; excessive shear can damage cell membranes, reduce viability, and in extreme cases lyse cells outright, particularly at the point of bubble rupture at the liquid surface rather than in the bulk fluid itself.
Bioreactors intended for shear-sensitive cultures accordingly favour axial-flow, low-shear impellers, larger impeller-to-tank diameter ratios operated at lower tip speeds, and sparging strategies, such as micro-sparging combined with surfactant additives, that reduce the intensity of bubble rupture at the surface. Tip speed, the product of impeller rotational speed and its circumference, is a commonly used practical proxy for the shear environment when comparing vessels of different sizes.
Moving a process from a laboratory-scale vessel of a few litres to a production-scale vessel of several thousand litres cannot preserve every hydrodynamic parameter simultaneously, since geometric, kinematic, and dynamic similarity generally cannot all be satisfied at once as scale changes. Engineers instead choose one or two criteria judged most important for the specific process and hold those constant across scales, accepting that other parameters will shift.
· Constant power per unit volume: keeps the average turbulence intensity and mixing time comparable, a common default criterion for microbial fermentations.
· Constant kLa: prioritizes oxygen transfer capacity, often chosen for aerobic processes that are oxygen-limited.
· Constant impeller tip speed: prioritizes limiting maximum shear, the usual choice for shear-sensitive animal cell or plant cell cultures.
· Constant mixing time: prioritizes uniformity of concentration and temperature, relevant for fast reactions or feed addition near the point of contact.
Because no single criterion is universally correct, scale-up work is normally supported by scale-down studies, in which a small bench-scale vessel is deliberately configured to reproduce the gradients, such as transient nutrient or oxygen limitation near a feed point, expected at production scale, allowing their biological impact to be studied safely before committing to full-scale operation.
Self-Check Control Questions
1. Explain the difference between sterilization and disinfection, and why the distinction matters for bioreactor operation.
2. Define the D-value and Z-value. How are they used together to compare the heat resistance of two different organisms?
3. Why does the sterilization criterion (∇ or F0) need to account for the heating and cooling ramps, not just the holding time?
4. List the three phases of a batch sterilization cycle and describe what happens in each.
5. What is the main advantage of continuous (HTST) sterilization over batch sterilization, and why does it arise?
6. Explain, in mechanistic terms, how a HEPA filter removes microorganisms from an air stream without heat.
7. Give two examples of process components that cannot be heat-sterilized, and describe how each is sterilized instead.
8. What is meant by an aseptic boundary, and why must it be considered a continuous requirement rather than a one-time event?
9. Describe the function of a double mechanical seal on an agitator shaft and explain why a single seal would be insufficient.
10. Why does maintaining positive pressure in the vessel headspace reduce contamination risk, and what could cause this safeguard to fail silently?
11. Distinguish between a biological indicator and a chemical indicator used to verify a sterilization cycle.
12. Name three common contamination routes in a fermentation process and one preventive measure for each.
13. Compare radial-flow and axial-flow impellers in terms of the flow pattern they generate and the shear they produce.
14. Write the definition of the impeller Reynolds number and explain what a high value implies about the flow regime.
15. Describe how the power number of an impeller changes as the Reynolds number increases from the laminar to the turbulent regime.
16. What is kLa, and which two operating variables have the strongest influence on its value in a stirred-tank bioreactor?
17. Explain why mammalian cell cultures are generally more sensitive to hydrodynamic shear than bacterial cultures.
18. List three scale-up criteria used when moving a bioprocess from laboratory to production scale, and describe a process type for which each would be the natural choice.
Key Conclusions

1. Sterilization of bioreactors and culture media is essential for preventing unwanted microorganisms from entering the biotechnological process.

2. Proper sterilization ensures pure and reproducible cultivation conditions and improves the reliability of bioprocess results.

3. Aseptic techniques help maintain sterile conditions during inoculation, sampling, feeding, and other operations involving the bioreactor.

4. Effective contamination control requires strict hygiene, sterilized equipment, proper handling procedures, and continuous monitoring of the process.

5. Contamination can reduce product quality and yield and may completely compromise a biotechnological process.

6. Hydrodynamic conditions in bioreactors strongly influence mixing, mass transfer, nutrient distribution, and microorganism growth.

7. Proper agitation and aeration provide efficient oxygen transfer and help maintain uniform temperature, pH, and nutrient concentrations throughout the bioreactor.

8. Excessive agitation can cause shear stress, which may negatively affect sensitive cells and microorganisms; therefore, hydrodynamic parameters must be carefully controlled.

9. The design of the impeller, reactor geometry, agitation speed, and aeration rate should be selected according to the specific biological system and production objectives.

10. Overall, sterilization, aseptic technique, contamination control, and optimized hydrodynamics are fundamental requirements for achieving safe, stable, efficient, and high-quality biotechnological production.

Self-Assessment Test
1. The decimal reduction time (D-value) is best described as:
A. The total time required to sterilize a bioreactor
B. The time needed at a given temperature to reduce a microbial population by 90%
C. The temperature rise needed to reduce D by a factor of ten
D. The time needed to cool a vessel after sterilization
2. The Z-value describes:
A. The holding time of a sterilization cycle
B. The pressure inside the vessel during sterilization
C. The temperature increase needed to reduce the D-value by a factor of ten
D. The number of viable spores remaining after sterilization
3. Compared with vegetative bacterial cells, bacterial endospores are:
A. Equally heat-resistant
B. Less heat-resistant
C. Far more heat-resistant, which is why they are used as biological indicators
D. Not relevant to sterilization validation
4. A key reason continuous (HTST) sterilization preserves medium quality better than batch sterilization is that:
A. It uses a lower sterilization temperature
B. It exposes the medium to high temperature for a much shorter time
C. It avoids the use of steam entirely
D. It does not require a holding period
5. HEPA filters sterilize process air primarily by:
A. Heating the air stream above 121°C
B. Chemically inactivating microorganisms with ozone
C. Mechanically capturing particles through interception, impaction, and diffusion
D. Applying ultraviolet radiation to the air stream
6. Which sterilization method is most appropriate for a heat-labile growth factor added to mammalian cell culture medium?
A. In-situ batch autoclaving
B. Continuous HTST sterilization
C. Sterile filtration through a 0.2 micrometre membrane
D. Dry heat sterilization
7. Maintaining positive pressure in the bioreactor headspace mainly serves to:
A. Increase the growth rate of the culture
B. Force sterile gas outward through any leak, rather than drawing in contaminants
C. Reduce the amount of agitation needed
D. Improve oxygen solubility in the broth
8. A double mechanical seal on an agitator shaft is used primarily to:
A. Increase impeller speed
B. Reduce motor power consumption
C. Provide a monitored, pressurized barrier that prevents contamination along the rotating shaft
D. Cool the bearing assembly
9. A Rushton disc turbine is classified as a:
A. Axial-flow, low-shear impeller
B. Radial-flow, relatively high-shear impeller
C. Close-clearance impeller for viscous fluids
D. Static mixer
10. As the impeller Reynolds number increases into the turbulent regime, the power number typically:
A. Increases sharply
B. Decreases to zero
C. Levels off to a roughly constant value for a given geometry
D. Becomes negative
11. The volumetric mass-transfer coefficient, kLa, mainly describes:
A. The rate of heat transfer through the vessel jacket
B. The rate of oxygen transfer from gas bubbles into the liquid, per unit volume
C. The viscosity of the fermentation broth
D. The sterilization efficiency of the air filter
12. Mammalian cell cultures are generally more sensitive to hydrodynamic shear than bacteria mainly because:
A. Mammalian cells grow faster
B. Mammalian cells lack a rigid cell wall
C. Mammalian cells require higher temperatures
D. Mammalian cells are larger than bacterial spores
13. Choosing constant impeller tip speed as a scale-up criterion is most appropriate for:
A. A shear-sensitive animal cell culture
B. A highly viscous fungal fermentation
C. Air filter sizing
D. Sterilization cycle validation
14. Filter integrity is commonly verified using:
A. A bubble-point or diffusive-flow test
B. Measuring vessel headspace pressure only
C. Checking the agitator motor current
D. A pH probe calibration
15. In a stirred-tank bioreactor, an axial-flow impeller is generally preferred over a radial-flow impeller when:
A. Maximum gas dispersion at any cost is the sole objective
B. The culture is highly shear-sensitive and low-shear bulk circulation is desired
C. The fluid is a low-viscosity Newtonian liquid requiring maximum turbulence
D. Sterilization cycle time must be minimized
Answer Key
1B   2C   3C   4B   5C   6C   7B   8C   9B   10C   11B   12B   13A   14A   15B
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