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Abstract 

 

In the present work, a continuous microreactor was designed to study the effect of 

miniaturization on bioreactors for the production of invertase from S. cerevisiae MM01 in a 

microfluidic environment. In order to simplify the analysis and considering typical production 

strategies at laboratory scale, 250 ml baffled flasks and a 2.5 l batch bioreactor were used as bench-

scale models for the perfusion microreactor. In order to improve invertase production, the effect 

of different compounds in the culture media such as carbon source, nitrogen source (organic and 

inorganic), metal ion, polyether, amino acid and buffer on invertase production and cell growth 

were screened at bench-scale before scaling-down the process. Maximum invertase activity for 

baffled flask reactor was registered after 32 hours of process time (1.40 U/ml), immediately before 

stationary phase, in the non-buffered optimized medium (20 g/l sucrose, 20 g/l yeast extract and 

7.5 g/l bacto peptone) at 30 ⁰C, 200 rpm and with an initial pH of 6.0. After microfabrication the 

optimized medium was tested for dilution factors of 1, 10, 100 and 1000. Maximum invertase 

activity was registered after perfusion of the most diluted medium for 54 hours (7.94 U/ml) at pH 

6.0 and 30 ⁰C.  

 

Keywords: Microreactor, Invertase, Saccharomyces cerevisiae, Optimization 
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Resumo 

 

Neste trabalho, um microreactor contínuo foi concebido para estudar o efeito de 

miniaturização em bioreactores para a produção de invertase a partir de S. cerevisiae MM01 em 

ambiente microfluídico. De modo a simplificar a análise, e considerando também as estratégias 

típicas de produção de enzimas à escala laboratorial, vasos com chicanas (baffled flasks) de 250 

ml e um bioreactor descontínuo de 2.5 l foram usados como modelos para o microreactor de 

perfusão. De modo a melhorar a produção de invertase, o efeito de diferentes compostos no meio 

de cultura, como fonte de carbono, fonte de nitrogénio (orgânico e inorgânico), iões metálicos, 

polietér, aminoácido e tampão na produção de invertase e no crescimento celular foram 

rastreados em escala laboratorial antes da redução de escala do processo. A actividade máxima 

de invertase num vaso com chicanas foi registada após 32 horas de processo (1.40 U/ml), 

imediatamente antes de atingir a fase estacionária, no meio optimizado não-tamponizado (20 g/l 

sacarose, 20 g/l extracto levedura e 7,5 g/l peptona bacteriológica) a 30 ⁰C, 200 rpm e um pH inicial 

de 6.0. Após microfabricação, o meio optimizado foi testado para factores de diluição 1, 10, 100 e 

1000. A actividade máxima de invertase foi registada após perfusão do meio mais diluído por 54 

horas (7.94 U/ml) em pH 6.0 e 30 ⁰C. 

 

Palavras-chave: Microreactor, Invertase, Saccharomyces cerevisiae, Optimização 
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1. Introduction 

 

1.1 Invertase Production 

 

Invertase (EC. 3.2.1.26) is an enzyme with the systematic name β-D-fructofuranosidase that 

promotes the hydrolysis of terminal non-reducing β-D-fructofuranoside residues in β-D-

fructofuranoside1.  There are several microbial sources of invertase, but yeast invertases are more 

common in the food industry. Its preferred substrate is sucrose but invertase is also able to 

catalyse the hydrolysis of other carbon sources such as raffinose, stachyose and inulin2. Through 

catalysis of the hydrolysis of sucrose to D-glucose and D-fructose (Eq. 1), a mixture called inverted 

sugar syrup is obtained (so called because the hydrolysis results in an inversion of the rotation of 

plane polarized light), which is sweeter and does not crystallize as easily as sucrose3. Invertase is 

one of the most widely used enzymes in food industry, mainly in the preparation of jams and 

candies4. At the moment, invertase use is rather limited because another enzyme, glucose 

isomerase, is used to convert glucose to fructose more inexpensively5. This approach is currently 

used by manufacturers of soft drinks with a strong position in the market that are based in 

countries, viz. USA, where the production of sweeteners relies heavily in starch as raw material, 

rather than beet or cane sugar. Starch hydrolysis to glucose and the isomerization of the latter 

leads to high fructose syrups which are widely disseminated and less expensive than sucrose. 

However, in recent years, there have been a growing number claims that high-fructose corn syrup 

is a significant health risk to consumers, responsible for obesity, diabetes, heart disease and a wide 

variety of other illnesses6. 

 Sucrose + H2O                                      D-Glucose + D-Fructose                               (1) 

 

The S. cerevisiae yeast cell is a rich source of both intracellular and extracellular invertase. 

Extracellular invertase exists in the form of a glycosylated periplasmic protein with nine or ten N-

glycosidically linked oligosaccharides which correspond to the de-repressed form of the enzyme 

and is regulated by catabolic repression. Intracellular invertase exists in the form of a cytosolic 

non-glycosylated protein and corresponds to the repressed form of invertase. High concentrations 

of glucose in the culture medium repress production of the enzyme, whereas the use of sucrose 

or raffinose as carbon source allows de-repression of invertase synthesis2. When present 

Invertase 
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extracellularly, it is responsible for the breakdown of sucrose outside of the cell into 

monosaccharaides that can be transported into the cytoplasm through facilitated diffusion. 

Without extracellular invertase, yeast would have trouble assimilating sucrose as an energy 

source7.  

Most industrial fermentation processes involving the production of enzymes use a fed-

batch mode of operation when the metabolite production is inhibited in high substrate 

concentrations. In this case, for large scale processes, the controlled addition of sucrose in the 

substrate feed is essential for maximum invertase production8. For aerobic reactors, S. cerevisiae 

production of free invertase usually occurs in the presence of sucrose as a carbon source for an 

optimum temperature and pH of 30⁰C and 6.07,9,10. In some industrial processes, the carbon source 

can be replaced with molasses, a cheaper alternative to sucrose11. 

Production of invertase is usually quantified indirectly through enzyme activity, assuming 

the quantity of viable enzyme in the medium is directly proportional to the rate at which sucrose 

is hydrolysed. One unit of invertase activity (U) is defined in this study as the amount of enzyme 

that catalyses the production of 1 μmol of glucose (or fructose) per minute. The activity is 

determined with a glucose assay by 3,5-dinitrosalicylic acid (DNS) colorimetric method. Contrary to 

most enzymes, invertase exhibits high activity over a broad range of acid pH (3.5 – 6.0), with an 

optimum pH and temperature at 4.5 and 50 ⁰C5,12,13. 

To quantify the amount of invertase produced directly, it would be necessary to purify the 

extract first. Intracellular invertase could be extracted through physical disruption of the cell wall 

together with the use of detergents to solubilize specific proteins at 4 ⁰C. After the extraction step 

(or with extracellular invertase), the enzyme could be purified by differential precipitation with 

ethanol, gel filtration, or ion-exchange chromatography. Assessment of the invertase purity would 

be done by SDS-PAGE comparison of the yeast extract together with purified fractions of a 

commercial source of invertase7. However, in this work, production of invertase was focused solely 

on maximizing invertase activity without protein quantification. 

 

1.2 Bioreactor Miniaturization 

 

Biological reactors or bioreactors are processing units where a biological reaction occurs, 

and are therefore, a key element in any biotechnology process. Bioreactors have a wide variety of 
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sizes and applications, from the production of high value-added products in the health department 

in small vessels, to industrial wastewater treatment in massive tanks. The catalytic reactions can 

be performed directly by enzyme addition or through enzyme production in microorganism 

cultures. In the latter, the productivity of a bioreactor can be maximized by maintaining the 

optimum nutritional, physiological, metabolic and morphological conditions of the cells. This 

optimization inspired the creation of several bioreactor geometries and operational modes 

tailored for each cell need.  

Bioreactors are usually classified based on the oxygen and mechanical agitation 

requirements, mode of operation, and support for cell growth. For the production of extracellular 

invertase with S. cerevisiae yeast cells, aerobic conditions are recommended for high activity 

rates14. Therefore, an aerated bioreactor is needed for an aerobic respiration process 

(unconventionally referred to as aerobic fermentation). Aeration can be achieved mechanically or 

by gas injection. Depending on how the cell culture medium is fed, the bioreactor can be operated 

in discontinuous (batch bioreactor), semi-continuous (fed-batch bioreactor), or continuous mode 

(continuous bioreactor).  

Batch bioreactors have the simplest mode of operation. The reactor is filled with culture 

medium, inoculated, and once the fermentation finishes, the contents are emptied. Batch 

bioreactors are versatile, can be properly sterilized, have little risk of contamination or strain 

mutation, and have a low operation cost. However, there is much idle time between process 

phases, as well as a low product yield.    

In continuous bioreactors, fresh media is continuously added and the fermentation broth 

is continuously removed to avoid overflow. As a result, cells are constantly supplied with nutrients, 

while products and waste are constantly removed. This allows the reactor to be operated for long 

periods of time with high productivity. However, for long runs there is also an increased chance of 

contamination or spontaneous mutation, and the operation costs can be high for large volumes of 

culture medium fed.  

The fed-batch bioreactor offers a balance between the last two modes. In this reactor, fresh 

media can be constantly or periodically fed during cultivation and the products remain in the 

bioreactor until the end of the run. The main advantage is the ability to control substrate 

concentration in the feed medium to prevent nutrient depletion and control by-product repression 

or substrate inhibition. However, the reactor is complex and requires previous knowledge of the 

microorganism requirements, as well as a substantial amount of operator skill.   
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Due to its availability, simplicity and low operation costs, an aerated batch bioreactor with 

mechanical stirring and suspended cell culture was chosen to be used as a bench-scale model.  

In biotechnology, the scale-down process is often used to mimic conditions found in large 

industrial processes to lab scale for process optimization. However in this study, scale-down is 

referred instead as the miniaturization of bench-scale bioreactors (with volumes in the order of 

millilitres and litres) to microbioreactors (with volumes in the order of nanolitres and microlitres). 

The prospect of manipulating small amounts of fluids moving in narrow channels (microfluidics) 

has attracted the attention of researchers from different fields. Microfabricated bioreactor 

technology is anticipated to offer numerous advantages. Properties of microfluidic systems offer 

an improved heat and mass transfer that allow an increased control of reaction conditions that 

result in higher yields than those obtained with industrial or bench-scale reactors15. By scaling-

down macroscopic systems and taking advantage of the possibility of massive parallel processing, 

some microfluidic systems enable high-throughput biological experiments. Specific effects of 

laminar flow at the micron scale enable spatial control of liquid composition at subcellular 

resolution, fast media and temperature change, and single cell handling and analysis. Microfluidic 

technology allows studies of cell behaviour from single to multicellular organism level with precise 

and localized application of experimental conditions, otherwise unreachable using macroscopic 

tools16. The current most popular technology for the fabrication of microfluidic devices for cell 

biological application is based on the soft-lithography of Polydimethylsiloxane (PDMS). The ability 

to fabricate microfluidic devices in a few hours, together with a few intrinsic properties such as 

biocompatibility, low-cost, transparency, low autofluorescence, and the possibility to mould with a 

high resolution of a few nanometres, remains very attractive for research teams17–19 

 

1.3 Microfluidic Production of Invertase 

 

Use of biocatalysts for industrial processes is limited by their high cost of production and 

low stabilization on storage. Stability decreases with changes in pH, temperature, conformation 

after friction and osmotic pressure imposed by their environment, which accumulates from the 

moment they are produced. In a soluble form, enzyme recovery from a mixture of substrate and 

product for reuse is not economically practical, which further increases operation costs20,21. 

Growing knowledge of protein engineering along with other modifications in biocatalysts aiming 

at increased enzyme activity and stability, show potential for their implementation in organic 
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synthesis. High-throughput tools in biocatalyst and solvent screening systems, that enable high 

productivities that could justify large-scale process realization, miniaturization and continuous flow 

processing, would offer a huge potential22. 

 

Most biocatalytic processes use immobilized enzymes attached to an inert and insoluble 

material (e.g. calcium alginate) to overcome protein stability issues. There are several benefits to 

enzyme immobilization when compared to the soluble form: first, through biocatalyst recycle, it is 

possible to reuse the enzyme and lower operation costs; second, immobilization in a suitable 

carrier increases enzyme stability; third, easy separation from the microenvironment enables 

control over the reaction and avoids product contamination with the enzyme; and fourth, 

immobilization facilitates the controlled release of protein drugs23.  Some drawbacks are inherent 

to the solid support used. When compared to the soluble form, there is a lower substrate diffusion 

to the enzyme. Moreover, selecting the appropriate conditions and carrier is a complex task which 

not always provides a viable solution.  

Although not as common as immobilized enzyme microreactors, free enzyme 

microreactors take advantage of the physical properties of non-aqueous solvents together with 

the manipulation of microfluidic channel configurations. One example are enzymatic reactors with 

liquid-liquid parallel flow that can offer the possibility of separating phases at the end of the 

channel. This could be achieved by chemical treatment of one of the exits to become more 

hydrophilic or hydrophobic, or by changes in the flow rate ratio to obtain a stable interface at the 

outlet. Another example are enzymatic reactors with non-parallel liquid-liquid flow that can offer 

additional improvement of mass transfer between phases. This could be achieved by internal 

vortex flow caused by shearing motion, or enhanced surface area to volume ratio by contacting 

immiscible fluids in the form of segmented  or droplet flow22.  

Invert sugar syrup production on microreactors is usually performed on packed bed 

reactors with a wide variety of carriers for enzyme immobilization. These column reactors are 

usually entitled microreactors due to their dimensions, around 10 cm or less in length and 1 cm in 

diameter and operation with flow rates in the order of tens to hundreds microlitres per minute 

12,24–28.  

In this work, a continuous microreactor was designed to produce extracellular invertase 

from S. cerevisiae yeast cells without immobilization. As proof of concept, the cell culture medium 

was optimized in microtiter plates, followed by scale-up to baffled flask and aerated batch 

bioreactor consequently. Once cell culture medium was optimized and invertase activity profiles 
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were confirmed, the bioreactor was miniaturized to a PDMS perfusion microreactor. Due to the 

lack of information on continuous microreactors with enzyme production by yeast cells, the 

objective in this study was to prove that extracellular free invertase production on a perfusion 

microreactor was possible and could rival that of a bench-scale batch reactor. Moreover, a 

secondary objective was to demonstrate that it was possible to separate the product from the 

yeast cells through PDMS microfabricated traps without enzyme immobilization. The traps allowed 

the passage of the enzyme with the perfused medium, while holding yeast cells and debris. This 

was accomplished with the fabrication of a microreactor 10 times smaller than the ones reported 

for immobilized enzyme together with a flow rate lower than one microlitre per minute.  
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2. Materials and Methods 

 

2.1 Bench-scale Batch Reactor 

 

The first half of the thesis (3 months) focused on the bench-scale production of invertase 

by batch aerobic fermentation at the Institute for Bioengineering and Biosciences at Instituto 

Superior Técnico (IBB-IST). 

 

2.1.1 Microorganism Selection 

 

A first attempt was made to produce cutinase, a biocatalyst of interest in several industrial 

processes involving hydrolysis, esterification, and trans-esterification reactions29. However, 

extracellular cutinase producing S. cerevisiae MM01 and S. cerevisiae SU50, as well as E. coli WK6 

recombinant strains produced insufficient levels of the enzyme for a viable study. Ultimately, 

extracellular invertase from S. cerevisiae MM01 was chosen as the metabolite of choice, since its 

activity was high enough for the miniaturization of the process. At microscale, it was critical that a 

few thousands of cells produced enough metabolite to overcome the sensibility of the enzymatic 

assay. 

 

2.1.2 Inoculum Preparation 

 

Glycerol stock cultures of S. cerevisiae MM01 stored at -80 ⁰C at IBB-IST were used to 

inoculate agar plates with minimal medium in non-buffered sterilized water: 40 g/l agar (José M. 

Vaz Pereira S.A.), 20 g/l D(+)-glucose (Fisher Scientific) and 6.7 g/l of yeast nitrogen base (Difco). 

Agar plates were incubated for 3-4 days at 30 ⁰C before being transferred to the liquid medium. 

New plates were inoculated every 2-4 weeks, with storage at 4 ⁰C. 
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2.1.3 Microtiter Plate Screening 

 

Cell culture medium was optimized in order to maximize invertase production through the 

addition of supplements to the medium composition, reported to increase invertase activity9,30,31.  

The screening was performed in an 11 ml squared 24-deepwell polypropylene microtiter plate with 

a sandwich cover (System Duetz, EnzyScreen) and a 2 ml working volume. The control sample for 

the cultivation medium contained 20 g/l sucrose (Fisher Scientific), 3 g/l yeast extract (HiMedia 

Laboratories) and 5 g/l bacto peptone (Fisher Scientific), initially adjusted to pH 6.0 (non-buffered). 

Optimization was performed in two stages: the first stage assessed the importance of carbon 

sources; organic and inorganic nitrogen sources; metal ion; polyether; amino acid supplement; and 

pH buffer in invertase activity and biomass concentration, when added to the medium 

composition. The second stage was performed to further determine the optimum concentration 

of key supplements found in the first stage of optimization. 

In the first stage, Falcon® tubes (15 ml) with a 5 ml working volume containing the control 

sample medium were inoculated and incubated in an 25 mm orbital shaker (Agitorb, Aralab) at 30 

⁰C and 200 rpm for 24 h. The cell culture was then used to inoculate the microplates with an OD of 

0.1 and an inoculum concentration of 2% (40 µl) per well. The microplates were then incubated at 

the same conditions for 24 h, in order to ensure substrate was fully consumed and cells were in 

the stationary phase. Culture medium composition in the microplate was changed depending on 

the supplement tested (Table 1). All non-buffered experiments were initially adjusted to pH 6.0 by 

acid/base addition before cell cultivation. After 24 h, samples were taken from each well to 

determine invertase activity and biomass concentration. 
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Table 1 – Cell culture medium composition for the first stage of medium optimization in microtiter plates. The 

pH level was initially adjusted at pH 6.0 for all tests except number 10. C – Control.   

 

Medium Optimization I 
Screening tests 

C 1 2 3 4 5 6 7 8 9 10 

C
o

n
ce

n
tr

a
ti

o
n

 (
g

/l
) 

 

Carbon Source                       

Sucrose 20   20 20 20 20 20 20 20 20 20 

Glucose   20                   

Organic Nitrogen Source                       

Yeast Extract 3 3 10 3 3 3 3 3 3 3 3 

Peptone 5 5 5 5 5 5 5 5 5 5 5 

Urea       2 5             

Inorganic Nitrogen Source                       

Ammonium Chloride           0.5           

Metal Ion                       

Calcium Chloride             0.2         

Polyether                       

PEG 3350               2       

Amino acid Supplement                       

L-histidine                 0.2 2   

pH Buffer                       

Citrate Buffer (pH 6.0)                     0.1M 

 

2.1.4 Baffled Flask Fermentation 

 

Once the cell culture medium was optimized, fermentations in 250 ml 4-baffled flasks 

(Duran) were carried out in three different nitrogen source concentrations: Medium A (20 g/l 

sucrose, 20 g/l yeast extract and 7.5 g/l bacto peptone), Medium B (20 g/l sucrose, 10 g/l yeast 

extract and 5 g/l bacto peptone) and Medium C (20 g/l sucrose, 2.5 g/l yeast extract and 2.5 g/l 

bacto peptone). The pH level was initially adjusted at 6.0 without a buffer solution. Samples were 

taken every 4 h (whenever possible) in order to monitor cell growth, invertase activity and pH 

changes. The pH values were measured manually with the aid of a pH meter (Metrohm). 

Falcon® tubes (15 ml) with a 10 ml working volume containing Medium A, B and C were 

inoculated and incubated in a 25 mm orbital shaker at 30 ⁰C and 200 rpm for 24 h. Baffled flasks 

were then inoculated with an OD of 0.01 and an inoculation volume of around 6 ml. Incubation 

occurred in the same conditions with a 50 ml working for 86 h. Effect of out-of-phase liquid in 

baffled flasks was taken into account and reduced under these conditons32. 
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2.1.5 Batch Bioreactor Fermentation 

 

Falcon® tube (15 ml) with a 5 ml working volume containing Medium A was inoculated and 

incubated in a 25 mm orbital shaker at 30 ⁰C and 200 rpm for 12 h. After cultivation, new inoculation 

is performed at an OD of 0.1 in a Falcon® tube (50 ml) with a 10 ml working volume containing 

Medium A, incubated under the same conditions for 12 h. These cells were then used to inoculate 

the reactor seed, an unbaffled Kitasato flask (250 ml) with a 120 ml working volume containing 

Medium A and a starting OD of 0.1. The reactor seed was then cultivated for 12 h under the same 

conditions. Yeast cells cultured in the Kitasato flask were then transferred to a 2.5 l bioreactor 

(Minifors, Infors HT) with a working volume of 1.2 l containing Medium A, at an inoculum volume 

of 10% (v/v) in relation to the final medium fermentation volume. 

In order to register the pH profile during fermentation, cultivations performed in the 

bioreactor were initially adjusted at pH 6.0 without a buffer solution. The pH value was set to be 

automatically controlled to keep the values between 4.0 and 6.0 to avoid heavy cell growth 

inhibition33. The pH control was done through 2 M H2SO4 and 2 M NaOH addition whenever the pH 

value went under or over the set limit. Automatic control of temperature and oxygen levels was 

performed at 30⁰C with a minimum dissolved oxygen tension of 30% of air saturation, achieved by 

aeration at an initial air flow rate of 1.6 vvm and an initial agitation rate of 300 rpm. Due to a 

malfunction of the DO sensor, agitation rate and air flow rate were manually adjusted every time 

the cells showed heavy signs of oxygen limitation. As a result, samples for biomass concentration 

and invertase activity were taken at irregular intervals. Sampling frequency would increase 

whenever the cell growth profile approached stationary phase in order to avoid increased cell 

exposure to oxygen limitation. 

 

2.1.6 Cell Density Determination 

 

Cell growth profile in bench-scale experiments was determined from the biomass 

concentration present in the samples. All samples taken were immediately measured at 600 nm in 

triplicates by a UV-VIS spectrophotometer (Hitachi). Samples were diluted with sterilized water to 

keep the absorbance value below 1. Sterilized water blank was used as a reference. In this work, 

cell dry weight was not determined.  
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2.1.7 Sucrose Hydrolysis 

 

Samples collected for enzyme activity were immediately stored at -20 ⁰C for a maximum 

period of 24 h to limit activity loss. Protocol for sucrose hydrolysis and determination by DNS 

colorimetric assay was based on the method developed by Miller, but adapted to 2.2 ml 96-well 

polypropylene microtiter plates (System Duetz, EnzyScreen)34. 250 µl sample (from bench-scale 

experiments) with no dilution or 220 µl sample with a dilution factor of 11 (20 µl sample and 200 

µl sterilized water) from microreactor experiments were added to 100 g/l sucrose with acetate 

buffer (pH 4.5) in a 1:1 ratio, in order to reach a final concentration of 50 g/l sucrose. The excess 

sucrose ensures a near maximum reaction rate throughout the reaction, according to Michaelis-

Menten kinetics. Catalysis of the hydrolysis reaction was triggered at the invertase optimum 

temperature (50 ⁰C) in a thermostatic bath for 1 h, in order to convert sucrose to the reducing 

sugars. The activity unit in this study was defined as the amount of invertase capable of catalysing 

the production of 1 μmol of glucose or fructose per minute. 

 

2.1.8 DNS Colorimetric Assay 

 

This method tests the presence of reducing sugars containing a free carbonyl group (C=O), 

such as glucose and fructose. The assay involves a redox reaction where the free carbonyl group 

is oxidized to carboxyl, and in turn, 3,5-dinitrosalicylic acid (DNS) is reduced to 3-amino,5-

nitrosalicylic acid (ANS) under alkaline conditions at 90⁰C. The product is a reddish-brown colour 

which absorbs light at 540 nm. 

For bench-scale samples, 100 µl of hydrolysed reducing sugars were taken from the 

previous reaction with a dilution factor of 5 (20 µl sample and 80 µl sterilized water) and 

immediately added to DNS in 1:1 ratio to stop the hydrolysis reaction, due to the high alkalinity of 

DNS. For microreactor samples, a dilution factor of 1 (100 µl of hydrolysed reducing sugars and 

100 µl of DNS) was used instead. The mixture was then boiled at 100⁰C for 5 min to trigger the 

redox reaction and for the ANS to fully develop a reddish-brown colour. Afterwards, 500 µl 

sterilized water was added to the solution, where 200 µl were taken to a 250 μl PVC 96-well 

microtiter plate (Corning) for absorbance measure at 540 nm in a microplate reader (SpectraMax 

Plus 384, Molecular Devices).  
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In this study, 50 g/l sucrose blanks in sterilized water (without enzyme) were used as a 

reference sample in order to apply the same protocol for both bench-scale and microreactor 

samples. Due to the low sample volume of the latter, an invertase sample with 50 g/l sucrose 

without enzyme activation at 50 ⁰C, although more accurate, was not used as a reference sample. 

 

2.1.9 Invertase Activity Calculation 

 

After the enzymatic assay, absorbance measured in the microplate reader was converted 

to concentration of reducing sugars produced with the aid of a calibration regression line 

previously calculated in the lab:  

CRS = (0.5267 × Abs - 0.0362) × DF                                                      (2) 

where CRS [g/l] is the concentration of reducing sugars produced per hour, Abs is the 

spectrophotometer absorbance at 540 nm, and DF is the dilution factor used for the sample. CRS 

was then converted to invertase activity [U/ml]: 

Invertase activity = 
CRS × Vreaction × 106

MWglucose/fructose × Vsample × 1000 × 60
                                             (3) 

where Vreaction [ml] is the reaction volume containing the sample volume Vsample [ml] and the 100 g/l 

sucrose volume added, MWglucose/fructose [g/mol] is the molecular weight of glucose or fructose 

(=180.16 g/l). For bench-scale experiments, relative invertase activity [U/gwet cell] was calculated 

based on the values obtained for invertase activity and biomass concentration [gwet cell/l]: 

Relative invertase activity = 
Invertase activity

Biomass concentration
 × 1000                                      (4) 

Specific invertase activity (U/mgprotein) was not calculated due to several problems with the 

Bradford protein assay. At the time, samples known to contain the highest activity rates were used 

to test the protocol. However, adding undiluted 5 μl sample and 250 μl Bradford reagent and 

incubating it at room temperature for 15 min resulted in an absorbance level practically equal to 

the blank sample (culture medium without cells), thus preventing accurate determination of total 

protein weight. Moreover, visibly no change in colour was detected.    
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2.2 Perfusion Microreactor 

 

The second half of the thesis (4 months) was developed at INESC Microsistemas e 

Nanotecnologias (INESC-MN) and focused on the miniaturization of the process to a perfusion 

microreactor, and subsequent production of invertase in continuous mode.  

 

2.2.1 Microfabrication Process 

 

2.2.1.1 Microreactor Design 

 

The microreactor was designed with the help of AutoCAD software (Autodesk), while the 

velocity profiles were verified using SolidWorks software (Dassault Systèmes). The design was 

made to be easily microfabricated with a single layer, for maximum cell growth, efficient medium 

diffusion to the cells, and easy cell growth monitoring, while enabling long run experiments by 

avoiding microchannel clogging due to cell aggregates.  

Before fabricating the hard mask, the AutoCAD design was converted to the lic file format 

to be read by the Direct Write Laser (DWL) machine when exposing the mask. 

 

Figure 1 – Layout of the microreactor with the inlet on the left side and the outlet on the right side. 30 µm 

wide side channels between the traps and the microchannel wall help prevent cell aggregates from blocking 

the medium flow in the sides. 

 

Yeast Cells 
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2.2.1.2 Hard Mask Fabrication 

 

The hard mask was fabricated with a 10 x 10 cm glass substrate, from which a thin film of 

2000 Å aluminium was deposited by sputter deposition (Nordiko 7000, Nordiko). Afterwards, a spin 

coater was used to deposit 1.5 µm of positive photoresist (PR). Using a Lasarray DWL 2.0 machine 

loaded with the converted AutoCAD design, the spin coated PR was exposed to the laser pattern 

containing the microchannel features. After exposure, the mask was developed to remove the 

newly exposed PR.  

The Al layer, which was laid bare after the development step, was etched by a Gravure 

Aluminium Etchant (Technic, Microchemicals) for around 4 min. After the etching step was done, 

the PR layer was removed with acetone.  

 

2.2.1.3 SU-8 Mould 

 

A 6 inches cleaned and diced Si wafer was used to deposit approximately 9.5 µm of negative 

photoresist SU-8 2015 (Microchem) in the SU-8 Spinner, with a 500 rpm ramp for 5s, followed by a 

6000 rpm final rotation speed for 30s. The SU-8 2015 is an epoxy-based negative photoresist in a 

cyclopentanone solvent that forms long molecular cross-link chains when exposed, which solidifies 

the material, making them resistant to the developer. Unlike the positive photoresist, the 

unexposed area is removed instead.  

A Soft bake step was followed by placing the wafer in a hot plate at 95 ⁰C for 2 min 30 s to 

evaporate the solvent and solidify the PR.  

Afterwards, the hard mask was placed on top of the Si wafer with the Al substrate facing 

down (glass facing up), and the SU-8 was exposed by UV treatment to activate the photoinitiator 

that catalyses the cross-link reaction. Optimal exposure time was around 17 s, determined after 

several optimizations to avoid under- or over-exposure, since the exposure energy of the UV lamp 

is unknown.  

After exposure, the wafer was immediately placed in the hot plate at 95 ⁰C for 3 min 30 s 

to activate the photoactive on the exposed region to cross-link the PR irreversibly, thus making it 

more resistant. To lessen residual stress, it is highly recommended to ramp the hot plate for 1-2 

min until the final temperature, as well as a slow cool-down to room temperature.  
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The unexposed SU-8 is removed with a developer solution of propylene glycol monomethyl 

ether acetate (PGMEA) for 1 min 30 s, followed by isopropyl alcohol (IPA) rinse to remove residues.  

Once the SU-8 mould was fabricated, it could be re-used several times. Whenever the 

microchannel design changed, a new mask had to be created35,36. 

 

2.2.1.4 PDMS Device 

 

PDMS is made from a 3-component system involving a base, a curing agent and a catalyst. 

The base is predominantly dimethylvinyl-terminated dimethylsiloxane (DMS), which was then 

mixed in a 10:1 (w/w) ratio with a dimethylhydrogen curing agent containing a platinum complex 

catalyst to promote the crosslinking. The mixture was then well stirred and exposed to reduced 

pressure so that the trapped air bubbles were drawn out. Once degassed, the mixture was poured 

on top of the SU-8 mould and cured in a convection oven at 70 ⁰C for 1 h 30 min.  

Once solidified, the PDMS structure was detached from the SU-8 mould and any uneven 

surface would be trimmed out. The inlet and outlet vertical channels were opened by puncturing 

the device. After cleaning with IPA, any PDMS debris were blown away with an air pistol before 

sealing.  

 

2.2.1.5 Device Sealing 

 

The PDMS device was sealed with a 500 μm PDMS film, which was created by spinning 

degassed PDMS on a cleaned Si wafer for 30 s at 800 rpm37. PDMS-PDMS sealing with corona 

discharge was preferred when compared to PDMS-glass sealing with UVO due to increased sealing 

strength and overall device resistance to physical shocks. For long runs, there was a large pressure 

build-up due to cell proliferation that would lead to leaks on PDMS-glass or PDMS-PDMS devices 

sealed with UVO for 15 min (with 5 min for ozone exhaust). After UVO exposure, the device would 

was placed on a hot plate at 70 ⁰C for 5-10 min to facilitate irreversible bonding.  

After seal, the metal adaptors were carefully introduced in the inlets and outlets to avoid 

puncturing the PDMS film at the base. Leftover PDMS was then added in small quantities around 

the base of the adaptors and cured at 70 ⁰C for 1 h. This allowed a better device seal around the 
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adaptors to close any possible gaps and avoid leakage around the inlets when large pressure build-

ups occur. 

 

2.2.2 Microreactor Fermentation 

 

Once fabricated, the device was connected to sterilized 1 ml syringes with Teflon® 

polytetrafluoroethylene (PTFE) tubing and mounted on syringe pumps (New Era Pump Systems, 

Inc.). Temperature control was maintained via a heated glass plate coated with ITO (H401-M-

FRAME-GLASS, Okolab) at 30 ⁰C. Cell growth images were initially taken using the cellSens software 

(Olympus Life Science) along with the optical microscope (Olympus CKX41, Olympus Life Science). 

However, the experiment was later on mounted, for the duration of the run, on another optical 

microscope (MD600, AmScope) together with its imaging software (AmScope MD600, Scopetek).  

Microreactor fermentation was achieved through three stages: a priming stage, a cell 

loading stage, and a medium perfusion stage. First, the microchannel was primed with filtered 1% 

BSA (10 mg/ml) at a flow rate of 1 µl/min, in order to purge other residual liquids or gases, and to 

suppress enzyme adhesion to PDMS surfaces. Priming also removes possible contaminants and 

debris, as well as dead volumes that might affect cell loading medium or perfusion medium flow 

on subsequent stages. 

The cell loading stage contained yeast cells, previously cultivated in an 25 mm orbital 

shaker (Agitorb, Aralab) for 10-12 h at 30 ⁰C and 200 rpm with the optimized Medium A, followed 

by a dilution to an OD of 0.1 (600 nm) and storage at -20 ⁰C. Once the experiment was mounted, 

the cells were thawed and loaded into the microchannel at a flow rate of 0.5 µl/min. Since only a 

small amount of cells were needed and a large amount of cells would get trapped on the rough 

surface of the vertical channel of the inlet, only approximately 1 min was necessary for the cell 

loading phase.  

The medium perfusion phase used the optimized Medium A with 0.1M phosphate buffer 

(pH 6.0), flowed at 0.5 µl/min. Since some cells were retained in the inlet or were not detained by 

the PDMS traps, sampling and imaging started only once all cells were inside the trap area, and 

only once a minimal amount of cells were spotted at the inlet (approx. 15 min). Samples were taken 

every 3 h whenever possible (approx. 90 µl per sample), and cell growth was monitored by imaging 

software every 6 h whenever possible. Once collected, the samples were immediately stored at -

20 ⁰C to avoid sucrose hydrolysis at room temperature.  
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2.2.3 Cell Counting 

 

Cell growth profile in microscale experiments was monitored by determining the average 

cell cluster area and single cell area with the aid of the imaging software ImageJ (Figure 2). From 

the calculated areas, the average number of cells in the microreactor was estimated.  

 

 

Figure 2 – Average cell cluster area (left) and average single cell area (right) calculation using ImageJ software. 

The values correspond to the area inside the yellow lines. The known width of the microchannel was used a 

reference.  
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2.2.4 Invertase Activity Calculation 

 

Invertase activity from microfluidic experiments was determined by using the same 

methods as the ones mentioned in the bench-scale experiments. Samples were collected and 

immediately stored at -20 ⁰C for a maximum period of 3 days. The storage time was longer for the 

microreactor samples since sucrose hydrolysis and the colorimetric assay were performed in IBB-

IST. 

Since biomass concentration is difficult to assess for microreactors, an alternative using 

cell count was formulated for relative invertase activity [U/gwet cell]. Calculation is based on the 

values obtained for invertase activity [U/ml], estimated number of cells inside the microchannel, 

sample volume (Vsample) and average S. cerevisiae wet cell weight from the literature (= 7.9 x 10-11 

g/cell)38: 

Relative activity
microreactor

 = 
Activity × Vsample

Nº cells × Average wet cell weight
                                         (5) 
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3. Results and Discussion 

 

3.1 Enzymatic Assay 

 

One important aspect of measuring invertase activity is ensuring that the hydrolysis rate is 

constant for all samples, in order to properly compare it to invertase production. When performing 

the enzymatic assay, sucrose is added to the sample in saturated concentrations (50 g/l) in order 

to guarantee a near maximum reaction rate for sucrose hydrolysis according to Michaelis-Menten 

kinetics. As long as sucrose is maintained in saturated concentrations, the reaction rate per enzyme 

should be approximately the same for all samples tested. However, since no studies were made to 

evaluate the kinetic parameters of the extracellular invertase in S. cerevisiae MM01, an assumption 

based on the literature had to be made. In this work, the maximum invertase activity ever 

registered in a sample converted 16.96 g/l sucrose (approx. 33.04 g/l sucrose remained). Since the 

average Michaelis constant (KM) value in the literature for free extracellular S. cerevisiae invertase 

is around 8.56 g/l sucrose, it is relatively safe to conclude that sucrose saturation is maintained 

during hydrolysis and that the reaction rate is approximately the same and nearly maximum as 

long as at least 33.04 g/l of sucrose remain when performing the assay39,40.  

 

3.2 Bench-scale Batch Reactor 

 

3.2.1 Microtiter Plate Screening 

 

Growth medium was optimized in order to maximize invertase activity. The presence of 

several supplements were first tested to evaluate which contributed most to the increase in relative 

enzyme activity. Table 2 provides the results obtained from the experiments mentioned on Table 

1. In order to keep the composition simple and avoid overcomplicating the next optimization step, 

it was considered that a supplement had a significant impact in the experiment if it revealed an 

increase in relative invertase activity of over 50 % when compared to the control medium. 

One of the challenges faced when miniaturizing the bench-scale batch system to a 

perfusion microreactor was cell proliferation inside the microchannel. A fast cell proliferation could 
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lead to channel clogging that would precede a short run, due to leakage from the seal break. 

Moreover, cells that would find themselves quickly surrounded by others, would have less access 

to the perfused medium and end up producing lower amounts of invertase. As such, for this study, 

increasing relative invertase activity by raising the efficiency at which individual cells produce 

invertase, was considered to be the best optimization goal parameter. 

 

Table 2 – Biomass concentration and relative invertase activity of the first step of the culture medium 

optimization. Values obtained that were higher than the control are shaded in green. Control had a 

composition of 20 g/l sucrose, 3 g/l yeast extract and 5 g/l bacto peptone. 

   

Medium Optimization I 
Supplement Concentration Biomass Concentration Relative Invertase Activity 

(g/l) (g/l) (U/gwet cell) 

S
u

p
p

le
m

e
n

t 

Control   7.85 ± 0.57 48.15 ± 2.30 

Carbon Source       

Glucose 20 6.82 ± 0.13 18.86 ± 1.01 

Organic Nitrogen Source       

Yeast Extract 10 15.43 ± 0.39 97.71 ± 3.25 

Amino acid Supplement       

L-histidine 
0.2 7.65 ± 0.64 49.68 ± 0.68 

2 6.89 ± 0.13 43.09 ± 3.41 

Organic Nitrogen Source       

Urea 
2 8.20 ± 0.28 47.13 ± 1.59 

5 8.42 ± 0.09 27.36 ± 0.56 

Inorganic Nitrogen Source       

Ammonium Chloride 0.5 8.07 ± 0.33 49.80 ± 2.20 

Metal Ion       

Calcium Chloride 0.2 5.47 ± 0.11 35.87 ± 0.94 

Polyether       

PEG 3350 2 7.40 ± 0.23 59.06 ± 2.46 

pH Buffer       

Citrate Buffer (pH 6.0) 0.1M 8.03 ± 0.06 34.73 ± 1.55 

 

3.2.1.1 Carbon Source 

 

The main role of invertase is to hydrolyse sucrose to glucose and fructose. If no sucrose is 

present in the medium and a simpler sugar is available instead, then the cell has no need to 

produce invertase. The level of extracellular invertase activity is regulated by glucose repression. 

Invertase synthesis is repressed with the presence of glucose and de-repressed with the presence 
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of sucrose in the medium2,41. For this reason, sucrose utilization as a carbon source (48.15 U/gwet 

cell) has a higher invertase activity value than glucose utilization as a carbon source (18.86 U/gwet cell).  

Theoretically, glucose invertase activity should have had been lower. One explanation is 

the choice for the pre-inoculum culture medium. Before inoculation, yeast cells were incubated in 

Falcon® tubes with the control medium that contained sucrose. A residual amount of the enzyme 

could have been transferred to the microtiter plate. However, the value is negligible and applies to 

all experiments. Another explanation is interference in the enzymatic assay by a residual amount 

of glucose used as a carbon source, which was not fully consumed in 24 h (independent of glucose 

produced by hydrolysis). However hydrolysis of sucrose as a carbon source also produces glucose 

which could have not been fully consumed and thus also contributed to the reduction of DNS in 

the enzymatic assay. Both explanations increase invertase activity by interfering with the 

quantification of glucose hydrolysed solely by the invertase produced in the cell culture in 24 h. 

These values could have had been easily normalized with the use of samples without the enzyme 

activation step, as a blank reference. However, these values are considered negligible and as was 

mentioned before, due to low microreactor sample volume and the need to normalize protocols 

for bench-scale and microscale experiments, a sucrose blank was used instead as a reference.  

 

3.2.1.2 Nitrogen Source 

 

After carbon source, the next major promoter of cell growth in the media is nitrogen 

source. Application of an appropriate nitrogen source is critical for optimal production of invertase. 

Yeast extract and peptone are generally regarded as elementary and suitable sources of organic 

nitrogen and growth factors, and so, were included in the control medium at low concentrations42. 

For organic nitrogen source, a concentration increase from 3 g/l to 10 g/l of yeast extract, doubled 

biomass concentration and relative invertase activity. It is possible that the amount of organic 

nitrogen in the control was not enough for suitable cell growth. Sucrose metabolism shows a 

specific physiological response to the presence of nitrogen source, which would also explain the 

rise in relative invertase activity43. Due to massive increase in invertase activity, organic nitrogen 

source played a critical role in invertase activity. As such, optimum concentration of yeast extract 

was studied on the second optimization step.  

Urea addition in optimum concentration can induce urease in amount sufficient to 

promote invertase production, but in high concentrations it has a denaturing effect towards 
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proteins. Relative invertase activity showed no change for a concentration of 2 g/l and was reduced 

to half for a concentration of 5 g/l, probably due to enzyme denaturation. It is possible that a lower 

concentration of urea could still promote invertase production44.  

Ammonium chloride is often used in the food industry (E510) as an additive and as an 

inorganic source of nitrogen for S. cerevisiae. It is known to have a positive effect on invertase 

activity in low concentrations30,42. Addition of 0.5 g/l ammonium chloride hardly increased both 

biomass concentration and relative invertase activity. The value is within the error margin. 

Yeast is capable of synthesizing amino acids from nitrogen sources. However, besides the 

trace amounts already present in the yeast extract, cell growth and biological activity can be further 

increased with the addition of certain amino acids together with growth factors. L-histidine was 

chosen at the time, due to its use on lab protocols for some yeast cell cultures. However, according 

to the literature, the most important amino acids are glutamic acid, aspartic acid, asparagine, 

arginine and leucine for yeast cell growth, and methionine, alanine and cysteine for invertase 

activity30,45. For low concentrations of L-histidine (0.2 g/l), there was a slight decrease in biomass 

concentration and a very small increase in relative invertase activity, which is aggravated for high 

concentrations (2 g/l). L-histidine has shown to be involved in S. cerevisiae cytotoxicity by directly 

interacting with copper ions and reduce its availability after incorporation into the cells. In this case, 

for media with low copper content, it is possible that cell growth and invertase activity were 

hindered in the presence of high concentrations of the amino acid46.  

 

3.2.1.3 Calcium Chloride 

 

Calcium chloride in low concentrations has been reported to greatly improve enzyme 

activity, most likely due to the significant role of inorganic cations in the regulation of invertase in 

the cell wall9,30,47. However, in this study the effect proved to be significantly inhibitory for invertase 

activity. High concentrations of calcium are reported to strengthen the cell wall by inducing wall 

shrinkage and making it less extensible, which in turn reduces substrate uptake by the cell. This 

would affect cell growth and repress invertase synthesis by accumulating hydrolysed glucose 

outside the cell wall47. Another explanation is that the addition of calcium ions promoted 

flocculation among yeast cells that were not properly dispersed by an agitation of 200 rpm in a 2 

ml working volume inside the microtiter plate well. This could be verified by the significant drop in 

biomass concentration. Flocculated cells would share the same limited microenvironment, which 
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would limit the availability and access of sucrose molecules to each individual cell. This limited 

amount of sucrose in the microenvironment would be swiftly hydrolysed to glucose, which would 

in turn repress invertase synthesis2,48. It is possible that a lower concentration of calcium chloride 

could promote invertase activity, however it is unlikely that the effect would be significant.  

 

3.2.1.4 PEG 

 

Polyethylene glycol (PEG) is a hydrophilic non-ionic polymer used for many biochemical and 

industrial applications. By binding weakly to proteins, PEG with a high-molecular weight (6000 and 

above) or low-molecular weight in high concentrations (e.g. 400 g/mol at 200 g/l) are capable of 

forming stable complexes with enzymes, even in the presence of ethanol49,50. PEG 3350 at 2 g/l 

showed a slight decrease in biomass concentration and a great increase in relative invertase 

activity, probably due to the increased enzyme stability. Another explanation could be that PEG 

precipitated the enzyme and removed it from the cell microenvironment. This would enable 

sucrose hydrolysis and glucose production away from the cells, which in turn would reduce 

invertase synthesis repression2,51. Although a 31 % increase in relative activity is significant, it was 

not above the 50% limit set in this study for second stage optimization. Moreover, to further 

optimize PEG addition to the medium, it would be necessary to test several molecular weights and 

concentrations.  

 

3.2.1.5 Citrate Buffer 

 

The importance of a buffer solution in the medium was tested for a 0.1M citrate buffer (pH 

6.0). The optimum pH of S. cerevisiae for free invertase production is 6.0 and citrate buffer is widely 

used in several invertase studies with S. cerevisiae fermentations due to its wide acid buffer 

capacity3,9,30,52. Still, in the presence of a buffer solution, relative invertase activity dropped 

significantly. It is possible that for the S. cerevisiae MM01 strain, optimum pH for invertase 

production is lower than what was recorded in the literature. Another possibility is that invertase 

was more stable for more acidic pH levels in the non-buffered medium. Optimal pH for enzyme 

activity is 4.5, which could have had some influence in invertase stability. In the enzymatic assay, a 

0.1 M acetate buffer (pH 4.5) was used, so the pH difference in the cell culture samples did not 

affect the activity values directly. Moreover, the buffered medium was sterilized, and the pH value 
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measured and confirmed before inoculation. To avoid further trouble after miniaturization, and 

since there is a need to maintain constant pH levels for comparison between microfluidic 

experiments, a 0.1 M phosphate buffer (pH 6.0) was chosen instead. Since the microreactor 

operates with a continuous flow, there is no need for buffers with a high ionic strength. 

 

3.2.1.6 Yeast Extract and Bacto Peptone Ratio 

 

After the first stage of culture medium optimization, results showed that yeast extract had 

the largest influence in invertase production. Since the use of both bacto peptone and yeast extract 

on fermentation medium is widespread and to avoid increasing the complexity of the optimization 

with the addition of PEG, ratio between yeast extract and bacto peptone was studied instead. 

 

Table 3 – Second stage of medium optimization. Biomass concentration, invertase activity and relative 

invertase activity of the ratio between bacto peptone and yeast extract concentration in the cultivation 

medium on microtiter plates. Values are shaded from green (highest) to red (lowest).  

 

Biomass Concentration (g/l) 
Bacto Peptone (g/l) 

2.5 5 7.5 

Y
e

a
st

 E
x

t.
  
  

  
  

  
 

(g
/l

) 

2.5 28.23 ± 0.40 24.95 ± 0.88 24.75 ± 0.49 

5 25.78 ± 0.34 25.07 ± 0.12 24.57 ± 0.58 

10 22.52 ± 0.49 19.42 ± 0.53 17.25 ± 0.36 

15 16.32 ± 0.12 16.33 ± 0.51 16.58 ± 0.37 

20 14.80 ± 0.16 15.27 ± 0.58 15.23 ± 0.45 

          

Invertase Activity (U/ml) 
Bacto Peptone (g/l) 

2.5 5 7.5 

Y
e

a
st

 E
x

t.
  
  

  
  

  
 

(g
/l

) 

2.5 0.63 ± 0.01 0.64 ± 0.04 0.69 ± 0.02 

5 0.74 ± 0.00 0.76 ± 0.02 0.77 ± 0.01 

10 0.84 ± 0.01 0.81 ± 0.01 0.75 ± 0.05 

15 0.77 ± 0.01 0.76 ± 0.02 0.83 ± 0.02 

20 0.80 ± 0.01 0.88 ± 0.00 0.88 ± 0.00 

          

Relative Invertase Activity (U/gcell) 
Bacto Peptone (g/l) 

2.5 5 7.5 

Y
e

a
st

 E
x

t.
  
  

  
  

  
 

(g
/l

) 

2.5 22.26 ± 0.49 25.79 ± 2.46 27.79 ± 0.09 

5 28.54 ± 0.46 30.26 ± 0.48 31.55 ± 0.47 

10 37.25 ± 0.22 41.76 ± 1.66 43.56 ± 2.83 

15 47.32 ± 1.04 47.10 ± 2.95 50.01 ± 2.05 

20 53.78 ± 0.89 57.99 ± 2.19 57.88 ± 1.74 
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Choosing the right concentration of yeast extract and bacto peptone could play a critical 

role in invertase production with batch bioreactors. However, once the system is scaled-down to a 

continuous microreactor and the perfusion medium is diluted, yeast extract and bacto peptone 

ratio could be more relevant than its concentration. Therefore, both factors had to be accounted.  

Table 3 reveals the influence of yeast extract and bacto peptone concentration ratio in cell 

growth and invertase production. For high concentrations of nitrogen sources, biomass 

concentration severely decreased, while invertase production slightly increased, which in turn 

significantly improved individual cell efficiency at producing invertase. This result could be due to 

an excess of organic nitrogen, which inhibited cell growth53. It is possible that the low concentration 

of cells promoted invertase synthesis by reducing glucose production in the microenvironment. 

Since the increase in activity was not substantial, it is likely that a high sucrose concentration was 

maintained for longer periods of time and preserved de-repression of enzyme synthesis2,41. Be that 

as it may, the effect is contradictory when compared to the results obtained for 10 g/l yeast extract 

in the previous optimization. In the first screening, biomass concentration increased with the 

addition of nitrogen content, which hints towards the influence of other factors. Moreover, the 

biomass concentration values are far lower than those registered in the second screening. 

Eventually the single sacrificial well approach should be reconsidered when runs implemented in 

different time periods are to be compared in an absolute basis. Small shifts in the growth pattern 

of cells, due for instance to unnoticed inconsistencies regarding the physiological state of the 

inoculum, may have eventually disturbed the time frame of growth. Thus, although cells were 

collected after the same period of incubation in the two sets of experiments, the growth stage may 

have not been exactly the same    

Bacto peptone contribution in invertase activity is far inferior to yeast extract. Since yeast 

extract already contains a mixture peptides and free amino acids, bacto peptone probably acts 

more as a complement source of organic nitrogen rather than an indispensable supplement. 

However, since addition of bacto peptone contributed to an increase in invertase activity for both 

low and high concentrations of yeast extract, it is likely that the positive influence of peptones in 

invertase synthesis is not replaced by yeast extract.  

The final optimized medium concentration was 20 g/l sucrose, 20 g/l yeast extract and 7.5 

g/l bacto peptone buffered with 0.1M phosphate buffer (pH 6.0). The inhibition of cell growth while 

maintaining high invertase activity is vital to avoid rapid cell proliferation and microchannel 

clogging in the microreactor.  
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3.2.2 Baffled Flask Fermentation 

 

Once the fermentation medium was optimized, the yeast cells were cultivated in baffled 

flask to determine and compare cell growth and invertase activity profiles with the microreactor. 

In order to gain further information about the implications of increasing the amount of organic 

nitrogen source, the profiles were studied with the optimized medium and two other media with 

less amount of yeast extract and bacto peptone, that were previously screened (Table 4). Baffled 

flasks share some characteristics with the microtiter plates. The baffles and squared wells increase 

turbulence in the medium when the container is shaken, thus leading to better mass and gas 

transfer inside the vessel. The pH profile was also studied in order to monitor medium acidification 

and its effect on cell growth and invertase activity, therefore pH was initially adjusted to 6.0 at the 

start of the experiment without a buffer solution. 

 

Table 4 – Media used in cell growth, invertase activity and pH profile studies after optimization. 

 

  Concentration (g/l) 

Label Description Sucrose Yeast Extract Bacto Peptone 

A Optimized medium 20 20 7.5 

B Screened medium in the first optimization 20 10 5 

C Minimal amount of nitrogen source 20 2.5 2.5 
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Figure 3 – Cell growth profile in baffled flask for 86 hours. Dots represent the optimized medium with 20 g/l 

yeast extract and 7.5 g/l bacto peptone (Medium A). Triangles represent medium with 10 g/l yeast extract and 

5 g/l bacto peptone (Medium B). Diamonds represent medium with 2.5 g/l yeast extract and 2.5 g/l bacto 

peptone (Medium C).  YE – Yeast extract; BP – Bacto Peptone. 

 

 

Figure 4 – Invertase activity profile in baffled flask for 86 hours. Dots represent the optimized medium with 

20 g/l yeast extract and 7.5 g/l bacto peptone (Medium A). Triangles represent medium with 10 g/l yeast 

extract and 5 g/l bacto peptone (Medium B). Diamonds represent medium with 2.5 g/l yeast extract and 2.5 

g/l bacto peptone (Medium C).   
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Figure 5 – Relative invertase activity profile in baffled flask for 86 hours. Dots represent the optimized medium 

with 20 g/l yeast extract and 7.5 g/l bacto peptone (Medium A). Triangles represent medium with 10 g/l yeast 

extract and 5 g/l bacto peptone (Medium B). Diamonds represent medium with 2.5 g/l yeast extract and 2.5 

g/l bacto peptone (Medium C).   

 

Table 5 – Biomass concentration, invertase activity and relative invertase activity for microtiter plate screening 

and baffled flask culture after 24h.  

 

 Concentration (g/l) Microtiter Plate Screening (24h) Baffled Flask Culture (24h) 

Medium Sucrose 
Yeast 

Extract 

Bacto 

Peptone  

Biomass 

Conc.        

(g/l) 

Invertase 

Activity      

(U/ml) 

Relative 

Invertase 

Activity          

(U/g cell) 

Biomass 

Conc.        

(g/l) 

Invertase 

Activity      

(U/ml) 

Relative 

Invertase 

Activity           

(U/g cell) 

A 20 20 7.5 15.23 ± 0.45 0.88 ± 0.00 57.88 ± 1.74 31.74 ± 0.26 1.13 ± 0.07 35.71 ± 2.04 

B 20 10 5 19.42 ± 0.53 0.81 ± 0.02 41.76 ± 1.66 30.64 ± 0.44 0.79 ± 0.06 25.66 ± 1.76 

C 20 2.5 2.5 28.23 ± 0.40 0.63 ± 0.01 22.26 ± 0.49 17.71 ± 0.26 0.25 ± 0.01 14.18 ± 0.53 

 

Biomass concentration in baffled flask for high nitrogen media registered significantly 

higher values than in microtiter plates (Table 5). Due to the different geometry of the microtiter 

wells, it is likely that there was not enough aeration at 200 rpm, which inhibited cell growth due to 

oxygen limitation together with the accumulation of toxic components in the medium. The effect 

was more noticeable on high nitrogen media (A and B), although it did not seem to lower invertase 

production.  

Calculations for the estimation of oxygen transfer coefficient (kLa) can be found in Appendix 

V. Baffled flasks are commonly used to enhance maximum oxygen transfer rate (OTRmax) during 
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cultivation. For low shaking frequencies they have a higher kLa value than unbaffled shake flasks54. 

With a kLa of 104 h-1 for a 250 ml unbaffled shake flask, oxygen transfer is expected to be higher in 

a baffled flask than in a 24-well microtiter plate (kLa 25 h-1) at 200 rpm. Although no specific kLa 

correlations were found for baffled flasks in the literature, it is estimated that for 150 ml baffled 

flasks with a filling volume of 70 mL, an increase of 1.62 in the kLa coefficient could be obtained 

with a shaking amplitude of 30 mm for 200 rpm, when compared to a shaken flask in the same 

conditions55. Following this assumption, although in different conditions, the kLa value of the 250 

ml baffled flask should be near 168 h-1. In order to match a kLa of 104 h-1 and ensure the same 

oxygen transfer conditions as the baffled flask, shaking frequency in microtiter plate should have 

had been at least 450 rpm. However for high shaking frequencies, out-of-phase cell culture liquid 

can cause splashes, which could contaminate the membrane in the cover and lower gas 

permeability. Reducing the filling volume also improves oxygen transfer, but could complicate 

proper sampling. Without a method to measure oxygen transfer coefficients directly, such as the 

hydrogen sulphide approach, it is uncertain just how high the kLa coefficient is for baffled flask.  

In microtiter plates, overall high cell concentrations seem to lead to lower invertase 

activities. As mentioned before, this could be attributed to glucose repression of invertase 

synthesis. However, the opposite occurs in baffled flask. Higher nitrogen content leads to higher 

cell concentration, which in turn lead to high invertase activity. One likely explanation could be that 

more cells helped produce more invertase in a short amount of time at the start of the cultivation, 

while sucrose was abundant. Enough to briefly outweigh glucose repression for the rest of the 

process. Since conditions on both vessels are quite different, it is difficult to draw conclusions. 

Parameters such as poor agitation, pH changes, limited oxygen transfer, vessel geometry, and 

inoculum concentration among others could influence invertase activity in unpredictable or 

contradictory ways, not taken into account in this experiment. Therefore, the only viable conclusion 

available from comparing both vessels, is that high nitrogen media results in greater invertase 

activity values.  
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Figure 6 – The pH profile in non-buffered baffled flask culture for 86 hours. The pH value was initially adjusted 

to 6. Dots represent the optimized medium with 20 g/l yeast extract and 7.5 g/l bacto peptone (Medium A). 

Triangles represent medium with 10 g/l yeast extract and 5 g/l bacto peptone (Medium B). Diamonds 

represent medium with 2.5 g/l yeast extract and 2.5 g/l bacto peptone (Medium C).   

 

During the lag phase of the baffled flask culture, the relative invertase activity was initially 

high until it decreased to more stable values throughout the experiment (Figure 5). This was 

attributed to the large amount of invertase produced by few cells in the presence of high quantities 

of sucrose and low quantities of glucose. Invertase activity reached a maximum immediately 

before stationary phase at 32 h. Depletion of both sucrose and the reducing sugars lowered 

invertase production to a fixed amount, which is maintained throughout the experiment. Since 

there was no apparent enzyme denaturation, it is likely that yeast cells released proteases to 

degrade some invertase in order to generate assimilable nitrogen compounds56. Degradation 

stopped at 48 h, after which a fixed amount of invertase was maintained.  

The pH of the medium was initially adjusted to 6. After inoculation, yeast cells converted 

sucrose and consumed glucose and fructose. From cellular respiration, carbon dioxide and organic 

acids are produced. Both carbonic acid, a weak acid from carbon dioxide in the presence of water, 

and organic acids are responsible for acidifying the medium at the start. Once the exponential 

phase starts, the production of ammonia from yeast extract and bacto peptone by a large amount 

of cells is enhanced and increases the pH levels. Its effect is stronger for high concentrations of 

nitrogen sources and could possibly outweigh the effect from cellular respiration in the case of 

medium A (Figure 6)57. For medium C, pH levels under 4.0 might have inhibited cell growth. 
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Nevertheless, the short supply of nitrogen components was more likely to have had a larger impact 

in reducing cell duplication rate.  

When characterizing invertase activity, it is important to ensure that nitrogen content is the 

only variable parameter. In order to monitor pH levels, no buffer solution was added. Nevertheless, 

pH values could have had an erratic influence on enzyme stability and production throughout the 

cultivation. A pH level near 4.5 promotes invertase stability, while a pH level close to 6.0 promotes 

invertase production. Since the enzyme is relatively stable for a pH range between 3.5 and 6.0, an 

increased production of invertase for higher pH levels should have a greater impact. Because of 

this, the possibility that the major precursor for increased invertase activity could be pH level rather 

than high nitrogen media remains. For an unambiguous conclusion, a buffer solution should have 

had been added to truly ascertain the effect of high nitrogen media on invertase activity.   

 

3.2.3 Bioreactor Fermentation 

 

In baffled flask fermentation, pH levels for Medium A and B were always between the stable 

values for S. cerevisiae. Given the expected profile for normal cell growth and pH levels, it is 

relatively safe to assume there was no strong inhibition from oxygen limitation with an agitation 

rate of 200 rpm and an overhead space of 80 % throughout the experiment. Nonetheless, in order 

to properly compare the results with the scaled-down microreactor, appropriate supply of oxygen 

had to be ensured.  
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Figure 7 – Cell growth profile in a bioreactor culture (1.2 l) and a baffled flask culture (50 ml) for 41 and 86 

hours respectively. For the baffled flask: dots represent the optimized medium with 20 g/l yeast extract and 

7.5 g/l bacto peptone (Medium A); triangles represent medium with 10 g/l yeast extract and 5 g/l bacto 

peptone (Medium B); diamonds represent medium with 2.5 g/l yeast extract and 2.5 g/l bacto peptone 

(Medium C). For the bioreactor: squares represent the optimized medium with 20 g/l yeast extract and 7.5 g/l 

bacto peptone (Medium A). Erratic profile in the bioreactor was due to DO sensor failure that was unable to 

control proper oxygen supply.  

 

A DO controller was used to control agitation rate based on the DO sensor in the medium, 

in order to ensure appropriate oxygen supply to the cell culture. However, at the start of the 

experiment, the DO sensor immediately failed to measure proper values, and was constantly 

indicating DO levels between 1-10 %, when a minimum DO level was set at 30 % of air saturation. 

This lead to a rapid escalation of agitation rate to 600 rpm (maximum allowed), which caused no 

change in DO levels registered by the sensor. In order to avoid damage to the equipment and cause 

shear stress to the cells, the controller was turned off and agitation rate was manually adjusted 

based on the pH sensor levels and samples taken for biomass concentration. 
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Figure 8 - The pH profile in a bioreactor culture (1.2 l) and a baffled flask culture (50 ml) for 41 and 86 hours 

respectively. The pH was initially adjusted to 6.0. For the baffled flask: dots represent the optimized medium 

with 20 g/l yeast extract and 7.5 g/l bacto peptone (Medium A); triangles represent medium with 10 g/l yeast 

extract and 5 g/l bacto peptone (Medium B); diamonds represent medium with 2.5 g/l yeast extract and 2.5 

g/l bacto peptone (Medium C). For the bioreactor: squares represent the optimized medium with 20 g/l yeast 

extract and 7.5 g/l bacto peptone (Medium A). The pH levels were adjusted in the bioreactor by acid/base 

addition through a pH sensor and controller. After 31 h of process time, the pH controller failed to control the 

pH levels in the bioreactor. 

 

With an initial agitation rate of 300 rpm and an air flow of 1.6 vvm, cell doubling time during 

the initial exponential phase was 1.80 h until 5 h of process time, when cell growth suffered some 

inhibition. With a doubling time of 25.88 h, cell duplication was halted and pH levels increased, 

which revealed that the oxygen supply in the medium was under the critical concentration of 

oxygen for the current cell concentration. The cell culture was most likely under oxygen limitation, 

which might have led to the production of ethanol by alcoholic fermentation. Possible ammonia 

production, together with the potential presence of ethanol could have further increased the pH 

levels. To increase oxygen supply, at 16 h of process time, agitation rate and air flow rate were 

adjusted to 400 rpm and 2.0 vvm. However, only after 19 h process time, some changes were 

noticed. Cell culture entered a very short and unnoticeable exponential phase, only to immediately 

suffer new inhibition. The pH level continued to increase until the upper limit (pH 6.0), set by the 
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pH controller. Since the pH levels did not drop after the adjustments, and cell growth showed signs 

of inhibition, it was likely that oxygen supply was still not ideal.  

After 29 h, agitation rate was increased to 600 rpm in a last effort. The cell culture entered 

a new but short exponential phase with a faster duplication rate (7.78 h doubling time). After the 

adjustment, pH level immediately dropped to pH 5.54, but rapidly increased to pH 6.0 after 1 h 

(Figure 8). This suggests that the cell culture returned to aerobic conditions without oxygen 

limitation, and for a moment, the sudden production of organic acids and carbonic acid led to a 

drop in pH during new exponential phase. However the effect was likely swiftly offset by the 

production of ammonia and ethanol. After 31 h, biomass concentration maintained. The most 

likely explanation is that the substrate was consumed and cell culture reached a stationary phase. 

However, since the pH controller failed at that time, there was no addition of acid, which allowed 

the medium to reach pH levels above 7.0. This could have led to cell growth limitation without 

entering a cell death phase through cell lysis. Another explanation could be that the oxygen supply 

was once again insufficient for the amount of cells.  

For the first 16 h of process time, the bioreactor had a kLa of 55 h-1, which was enough to 

maintain oxygen supply to yeast cells until a biomass concentration of around 13 g/l. When 

agitation and air flow rate were increased to 400 rpm and 2.0 vvm, the value of kLa increased to 95 

h-1, which was still not enough to avoid oxygen limitation for increasing biomass concentrations. 

After 29 h, agitation rate was increased to 600 rpm and the value of kLa increased to 186 h-1. Only 

then was it possible to resume proper oxygen supply to the cells until new limitation for a biomass 

concentration of around 30 g/l. Baffled flask showed no apparent signs of oxygen limitation with a 

maximum biomass concentration of 40 g/l. Since the estimated kLa value for baffled flask was 

around 168 h-1 (150 ml baffled flask with a 70 ml working volume at 200 rpm with a shaking 

diameter of 30 mm), and the bioreactor reached oxygen limitation with a kLa value of 186 h-1 for a 

biomass concentration of 30 g/l, it is possible that the real kLa value of the baffled flask could be 

over 186 h-1. For a larger baffled flask (250 ml) with less filling volume (50 ml), it is very likely the 

true kLa value is above 168 h-1, or even 186 h-1. However, as mentioned before, it also likely that 

other factors contributed to the cell growth inhibition at 31 h process time, such as the 

accumulation of toxic components, high pH level, or even the shear stress caused by an agitation 

rate of 600 rpm. Since the agitation rate is already maximum for safety reasons, the kLa value can 

only be easily improved with the same equipment and volume, by increasing the air flow rate to a 

maximum of 3 vvm (kLa 210 h-1), which is allowed for 1 litre aerobic bioreactors58.  
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Figure 9 – Invertase activity profile in a bioreactor culture (1.2 l) and a baffled flask culture (50 ml) for 41 and 

86 hours respectively. For the baffled flask: dots represent the optimized medium with 20 g/l yeast extract 

and 7.5 g/l bacto peptone (Medium A); triangles represent medium with 10 g/l yeast extract and 5 g/l bacto 

peptone (Medium B); diamonds represent medium with 2.5 g/l yeast extract and 2.5 g/l bacto peptone 

(Medium C). For the bioreactor: squares represent the optimized medium with 20 g/l yeast extract and 7.5 g/l 

bacto peptone (Medium A). 

 

Figure 10 – Relative invertase activity profile in a bioreactor culture (1.2 l) and a baffled flask culture (50 ml) 

for 41 and 86 hours respectively. For the baffled flask: Dots represent the optimized medium with 20 g/l yeast 

extract and 7.5 g/l bacto peptone (Medium A); Triangles represent medium with 10 g/l yeast extract and 5 g/l 

bacto peptone (Medium B); Diamonds represent medium with 2.5 g/l yeast extract and 2.5 g/l bacto peptone 

(Medium C). For the bioreactor: Squares represent the optimized medium with 20 g/l yeast extract and 7.5 g/l 

bacto peptone (Medium A). 
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Bioreactor invertase activity (Figure 9) did not follow the same profile as Medium A and 

Medium B from the baffled flask culture. In fact, a brief increase in invertase production was only 

registered around 2 h and 29 h of process time with proper supply of oxygen. Enzyme activity at 

the start of the experiment was probably attributed to the residual amount of invertase transferred 

from the seed reactor, which suffered immediate activity loss in the first 2 h of cultivation. It is 

evident that invertase synthesis is repressed under oxygen limitation. When the cell culture is faced 

with a low oxygen supply, yeast cells tend to use the alcoholic fermentation pathway to produce 

ethanol from glucose, instead of the citric acid cycle that produces carbon dioxide and water. Since 

the cell uses several amino acids such as aspartate and glutamate (or by-products from these 

amino acids) for the production of invertase, that are produced in the citric acid cycle, it is possible 

that under oxygen limitation, amino acid synthesis is severely inhibited and the cells must rely 

instead on the amino acids supplied by the nitrogen source in the medium for invertase 

synthesis59. Therefore, appropriate supply of oxygen to the cells is directly linked and indispensable 

for the production of invertase in aerobic conditions. 

 

3.3 Perfusion Microreactor 

 

3.3.1 Microreactor Fermentation 

 

One of the biggest advantages of scaling-down a continuous reactor other than material 

costs, is lowering the operation costs by reducing the amount of feed volume. However, this is only 

useful if it is possible to maintain product yield. To determine miniaturization efficiency when 

comparing a microreactor with bench-scale batch reactors, invertase activity was measured for 

several culture medium dilutions. In this work, due to the irregular profile in the 1.2 l batch 

bioreactor, the baffled flask was chosen instead as the bench-scale batch reactor model. 

In order to compare a batch reactor with a continuous reactor, some assumptions had to 

be made. Extracellular invertase produced in batch mode would be suspended in the medium, 

while invertase produced in perfusion mode would be washed away and collected from the 

microreactor outlet. When performing the enzymatic assay, baffled flask samples taken would 

represent the activity of the invertase suspended in the medium at a specific time, while the 

microreactor sample would represent the activity of the invertase produced in a time interval. 

Therefore, to compare both reactors, samples taken from the microreactor had to be added 
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together to simulate the total amount of enzyme one would find suspended in a batch reactor. 

This method was necessary, since it was not possible to compare a continuous microreactor with 

a bench-scale batch reactor otherwise. One alternative would be protein purification for 

quantification, but such a task would be time consuming.  

 

Figure 11 – Invertase activity profile in a perfusion microreactor with diluted medium and a baffled flask batch 

reactor. Crosses represent baffled flask invertase activity in Medium A with no dilution. Squares, diamonds, 

triangles and circles represent microreactor invertase activity in Medium A diluted 1, 10, 100 and 1000 times 

respectively. Process times were 86 h for baffled flask, and 17, 24, 24 and 54 hours for microreactor with 

medium diluted 1, 10, 100 and 1000 times respectively. 

 

Microreactor experiments were performed until the PDMS sealing was broken and cell 

culture medium leaked. This is attributed to pressure build-up inside the microchannel from 

clogging of cells or PDMS debris. Long duration of the run containing perfused medium diluted 

1000 times was attributed to low cell count and growth. Medium without dilution was performed 

separately on another fabricated device at a different time, which might explain some differences 

on cell count and invertase profile.  

Invertase activity profile in the microreactor (Figure 11) was maintained for all dilutions with 

a very low error margin despite the different amount of cells present in each experiment (Figure 

12). In a perfusion reactor with constant supply of nutrients and constant removal of waste 

products it was expected that enzyme production would follow the cell growth profile. However, 

since the cells caught in the PDMS traps would agglomerate and compress, only the cells that were 

not surrounded by others would have room to duplicate towards the inlet. Moreover, only the cells 
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in direct contact with the medium were more likely to produce invertase. This could explain the 

apparent constant production of invertase throughout the experiment despite the dilution. It 

seems that the only condition for viable production of invertase is enough nutrient renewal in the 

cell microenvironment, which is confirmed up to a dilution factor of 1000. With a continuous flow, 

invertase synthesis is always de-repressed, since sucrose is abundant and glucose is constantly 

being removed from the cell microenvironment.  

 

Figure 12 – Approximate number of cells and estimated exponential profile inside the microreactor during 

perfusion for a medium dilution factor of 1 (square), 10 (diamond), 100 (triangle) and 1000 (circle). Cell count 

was done using the software ImageJ based on cell cluster area and individual cell area.  

 

Cell growth in the microreactor seemed to follow an exponential growth profile despite 

possible entry and exit of cells during the run. Some cells could escape the traps and be washed 

way, which would explain a reduction in the medium diluted 10 times at 24 h of process time 

(Figure 12). Cell duplication did not just occur inside the traps near the inlet as it was expected. 

Some cells became trapped in debris or adhered to the microchannel wall which over time 

duplicated unrestrained. Some cell clumps would then dislodge and adhere further downstream, 

only to again duplicate with less spatial limitation in the PDMS traps. This explains the exponential 

profile of the graph in Figure 11 despite spatial limitation. If cell duplication occurred only in the 

initially trapped cells near the outlet, then the profile would be almost linear since only fixed 

number of cells would grow over time. It is likely that throughout the process there was no oxygen 

y = 599.5e0.0726x

y = 905.78e0.1378x

y = 3014.6e0.1302x

y = 1769.5e0.146x

0

10000

20000

30000

40000

50000

60000

70000

80000

0 5 10 15 20 25 30 35 40 45 50

N
u

m
b

e
r 

o
f 

ce
ll

s

Process Time (h)

1000x

100x

10x

1x



39 

 

limitation, and that an average height of 1 cm of PDMS in the device was enough to allow gas 

transfer. It was estimated that a filled microchannel contained around 70.000 yeast cells.  

After 32 h of perfusion, the microchannel with medium diluted 1000 times had already 

produced 3 times more invertase (4.30 U/ml) than the maximum invertase activity registered for 

baffled flask at the same time (1.40 U/ml). After 54 h of perfusion, the microchannel produced 

almost 6 times more (7.94 U/ml) than the maximum invertase activity for the baffled flask. A 

continuous supply of growth medium meant that yeast cells received an excess of nutrients in a 

constant environment without the consequences of accumulating toxic compounds. Moreover, the 

continuous presence of sucrose in the perfusion medium stimulated the production of invertase 

without glucose repression. With a more efficient medium diffusion to the cells, it is possible that 

invertase production could be further multiplied.  

 

Figure 13 – Semi-log plot of relative invertase activity profile in a perfusion microreactor and a baffled flask 

batch reactor for several dilution factors. Squares represent baffled flask invertase activity in medium A with 

no dilution. Crosses, diamonds, triangles and circles represent microreactor invertase activity in medium A 

diluted 1, 10, 100 and 1000 times respectively. Process times were 86 h for baffled flask, and 17, 24, 24 and 

54 hours for microreactor with medium diluted 1, 10, 100 and 1000 times respectively. 

 

Since invertase production was constant for all dilutions in the microreactor and attributed 

to the first row of cells in direct contact with the medium, relative invertase activity increased for 

dilutions with a lower number of cells. Therefore, cells that were no longer being supplied with 

medium, did not produce invertase and were simply dead space that contributed to channel 
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clogging, given the limited amount of room inside the microreactor. Activity values registered in 

the microreactor without dilution differ from the other measurements since they were performed 

on a different device at a different time. Different velocity profiles from small irregularities in the 

microfabrication process could be relevant enough to alter the results, which would limit 

reproducibility of the experiments.  

The first sample for enzymatic assay from the baffled reactor was taken 8 h after 

cultivation, however it is possible that in the first moments after inoculation, for brief moments, 

relative invertase activity in baffled flask could be close to the values registered for the 

microreactor, stimulated by a sucrose rich microenvironment without glucose repression or the 

accumulation of toxic by-products. 
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4. Conclusion 

 

A continuous microreactor for the production of invertase was developed and 

characterized. Yeast cells were trapped and separated from the perfused product for high dilution 

factors with low cell content. During miniaturization, conditions for culture medium composition 

and temperature were maintained. Differences in pH levels were overlooked due to pH profiling 

with a non-buffered cell culture. Changes in mass and gas transfer were guaranteed only for 

experiment viability. Their variance was disregarded due to the significant difference in the reactor 

geometry and operation between the bench-scale reactor and the microreactor. 

Optimized cell culture medium (20 g/l sucrose, 20 g/l yeast extract and 7.5 g/l bacto 

peptone) increased invertase activity by 38 %, reduced biomass concentration by 39 % and 

increased relative invertase activity by 124 % in microtiter plates when compared to the control 

medium initially found on lab protocols. Low cell content with high invertase production, was 

considered to be very beneficial under microfluidic conditions, in order to avoid microchannel 

clogging and promote longer runs without hindering production. Maximum invertase production 

in baffled flasks with the optimized medium was registered around 32 h of process time (1.40 

U/ml), immediately before reaching stationary phase.  

After 54 hours of perfusion, invertase activity was almost 6 times higher in the continuous 

microreactor (7.94 U/ml) with a dilution factor of 1000, when compared to the maximum invertase 

activity in the baffled flask. Perfused medium with a dilution factor of 1000 at 54 hours used 30,864 

times less amount of nutrients than the baffled flask at the same time. Although it is no surprise 

that a continuous reactor would produce a higher amount of enzyme than a batch reactor, it is 

however noteworthy that in just 12 hours, a 0.02 μl vessel with 360 μl of perfused medium 

managed to produce the same amount of invertase as a batch vessel with 50 ml. By taking 

advantage of the parallelization power of microfabrication, a 50 ml container volume could be 

achieved by fabricating an array of 139 microchannels which would occupy an area of 4 cm x 3.5 

cm without gaps. With the same amount of medium volume and product yield, theoretically, 

invertase production in a microreactor could be further increased 139 times in 12 hours, while 

occupying approximately 95 % less space (without equipment) than the baffled flask.  

Invertase production on microreactors was superior to batch reactors, which shows 

incredible potential for process parallelization. However, for more consistent results, comparison 

with a fed-batch reactor or a continuous packed bed reactor with immobilized invertase is needed. 
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5. Future Work 

 

A batch reactor is not an ideal model to compare the results obtained from a perfusion 

microreactor. At bench-scale, a fed-batch reactor or a packed bed reactor are better choices for 

invertase production since both have medium renewal and are more likely to produce a better 

yield. Additionally, an economic analysis would allow to determine the saving costs on material and 

operation when miniaturizing the system, in order to determine industrial viability after 

parallelization.  

Microreactor design can still be further improved. Given the incredible efficiency of 

individual cells and the large dead volumes occupied by cells that are not in direct contact with the 

medium, the reactor can still be reshaped for maximum nutrient perfusion by reducing the 

available space used for cell trapping. By making sure that a few hundreds of cells are appropriately 

nourished throughout the experiment, the microreactor can be shortened, thus decreasing its 

complexity and increasing its parallelization potential.  

Medium optimization in a perfusion reactor at microscale has far more different 

implications than in a batch reactor at bench-scale. Small volumes enable the use of more 

expensive supplements, while medium renewal eliminates accumulation of by-products. In a 

microfluidic environment, molecular interaction between the nutrients and the cells becomes 

increasingly significant in order to maximize invertase production. This means that the ideal media 

could be far more different than what is consensual in the literature. 

Finally, two important laboratory tasks were unfortunately not performed in the available 

time. Biomass concentration is not ideal to quantify cell density and a quantification by cell dry 

weight was necessary for more consistency in the results. Moreover, specific invertase activity was 

not calculated due to some difficulties with the Bradford assay protocol at the time, that didn’t 

quantify enough protein. Even though it was not critical for this study, it is necessary for result 

consistency and when comparing other values in the literature.  
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Appendix I - Microplate Screening Raw Results 

 

Table 6 – Absorbance measurements of the first microplate screening samples at 540 nm after DNS 

colorimetric assay for invertase activity determination. Dilution factor and blank were already taken into 

account in the results. 

 

Microplate Reducing Sugar Abs (540 nm)  Samples after 24 hours 

Supplement Concentration 1 2 3 4 5 6 Mean Standard Error 

Calcium Chloride 0.2 g/l 2.199 2.197 2.018 2.094 2.346 1.964 2.136 0.052 

Ammonium Chloride 0.5 g/l 3.947 4.046 4.738    4.243 0.203 

Citrate Buffer (pH 6.0) 0.1 M 3.185 3.072 2.701    2.986 0.119 

PEG 3350 2 g/l 4.476 5.243 4.137    4.618 0.267 

Urea 2 g/l 4.172 4.039 4.024    4.078 0.038 

Urea 5 g/l 2.470 2.548 2.453    2.490 0.024 

L-Histidine 0.2 g/l 4.651 3.844 3.548    4.014 0.269 

L-Histidine 2 g/l 4.160 3.254 3.027 3.083 2.271 3.164 3.160 0.225 

Yeast Extract 10 g/l 14.647 14.263 15.942 15.358 16.000 17.051 15.543 0.377 

Glucose 20 g/l 1.784 1.483 1.306 1.444 1.280 1.373 1.445 0.068 

Control  5.601 5.096 3.962 3.564 2.770 3.269 4.043 0.408 

 

Table 7 – Optical density measurements of the first microplate fermentation samples at 600 nm for biomass 

concentration. Dilution factor was already taken into account in the results. 

 

Microplate Biomass Concentration (g/l) Samples after 24 hours 

Supplement Concentration 1 2 3 4 5 6 Mean Standard Error 

Calcium Chloride 0.2 g/l 6.060 5.300 5.300 5.460 5.430 5.240 5.465 0.113 

Ammonium Chloride 0.5 g/l 7.260 8.567 8.390       8.072 0.334 

Citrate Buffer (pH 6.0) 0.1 M 7.890 8.160 8.030       8.027 0.064 

PEG 3350 2 g/l 7.700 7.673 6.833       7.402 0.232 

Urea 2 g/l 8.380 7.540 8.670       8.197 0.277 

Urea 5 g/l 8.620 8.220 8.430       8.423 0.094 

L-Histidine 0.2 g/l 9.153 7.270 6.530       7.651 0.638 

L-Histidine 2 g/l 6.840 6.970 6.470 6.500 7.260 7.290 6.888 0.133 

Yeast Extract 10 g/l 15.350 15.500 17.320 14.540 14.440 15.410 15.427 0.386 

Glucose 20 g/l 6.800 6.940 7.030 7.220 6.720 6.210 6.820 0.129 

Control  9.747 8.870 9.000 6.540 6.220 6.740 7.853 0.567 
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Table 8 – Absorbance measurements of the second microplate screening samples at 540 nm after DNS 

colorimetric assay for invertase activity. Dilution factor and blank were already taken into account in the 

results. 

 

Microplate Reducing Sugars Abs (540 nm) Samples after 24 hours 

Supplement Yeast Ext./Peptone Concentration (g/l) 1 2 3 Mean Standard Error 

Yeast Extract / Bacto Peptone 

2.5 / 2.5 6.774 6.535 6.408 6.572 0.088 

2.5 / 5.0 6.820 7.453 5.718 6.664 0.414 

2.5 / 7.5 7.415 6.955   7.185 0.163 

5.0 / 2.5 7.693 7.618 7.706 7.672 0.022 

5.0 / 5.0 8.141 7.526 8.068 7.912 0.159 

5.0 / 7.5 8.340 8.024 7.856 8.073 0.116 

10.0 / 2.5 8.458 8.705 9.030 8.731 0.135 

10.0 / 5.0 8.005 8.598 8.670 8.424 0.172 

10.0 / 7.5 8.063 6.686 8.741 7.830 0.494 

15.0 / 2.5 8.073 7.778 8.289 8.047 0.121 

15.0 / 5.0 7.821 7.575 8.531 7.975 0.234 

15.0 / 7.5 9.030 8.466 8.348 8.615 0.172 

20.0 / 2.5 8.072 8.539 8.266 8.292 0.111 

20.0 / 5.0 9.177 9.190 9.150 9.172 0.010 

20.0 / 7.5 9.136 9.204 9.112 9.151 0.023 

 

Table 9 – Optical density measurements of the second microplate screening samples at 600 nm for biomass 

concentration. Dilution factor was already taken into account in the results. 

 

Microplate Biomass Concentration (g/l) Samples after 24 hours 

Supplement Concentration (g/l) 1 2 3 Mean Standard Error 

Yeast Extract / Bacto Peptone 

2.5 / 2.5 28.300 27.350 29.050 28.233 0.402 

2.5 / 5.0 24.350 23.450 27.050 24.950 0.883 

2.5 / 7.5 25.450 24.050   24.750 0.495 

5.0 / 2.5 25.700 26.550 25.100 25.783 0.343 

5.0 / 5.0 25.300 24.800 25.100 25.067 0.119 

5.0 / 7.5 25.350 25.200 23.150 24.567 0.579 

10.0 / 2.5 21.550 22.400 23.600 22.517 0.486 

10.0 / 5.0 19.650 20.400 18.200 19.417 0.527 

10.0 / 7.5 16.400 17.450 17.900 17.250 0.363 

15.0 / 2.5 16.200 16.600 16.150 16.317 0.116 

15.0 / 5.0 16.850 17.050 15.100 16.333 0.506 

15.0 / 7.5 15.900 16.400 17.450 16.583 0.373 

20.0 / 2.5 15.000 15.000 14.400 14.800 0.163 

20.0 / 5.0 15.450 16.400 13.950 15.267 0.582 

20.0 / 7.5 14.300 15.200 16.200 15.233 0.448 
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Appendix II - Baffled Flask Raw Results 

 

Table 10 - Absorbance measurements of the baffled flask samples at 540 nm after DNS colorimetric assay for 

invertase activity. Two cultivations were performed with duplicates of each yeast extract and bacto peptone 

ratio. Dilution factor and blank were already taken into account in the results. 

 

Baffled Flask Reducing Sugar Absorbance (540 nm) 

Experiment 

Yeast 

Ext./Peptone 

Conc. (g/l) 

Process Time (h) 

8 12 16 20 24 28 32 36 40 44 48 78 86 

C
u

lt
iv

a
ti

o
n

 I
 

2.5 / 2.5 I 
4.406 3.449 3.966 1.992 2.534 - 2.776 2.604 2.638 1.833 1.880 - 1.781 

5.184 3.564 5.008 2.407 2.592 - 2.496 2.704 2.612 1.734 1.734 - 1.680 

2.5 / 2.5 II 
4.599 3.969 3.736 2.903 2.350 - 3.628 2.548 2.610 2.325 1.820 - 1.693 

4.599 4.103 3.758 2.167 2.319 - 2.786 2.464 2.868 1.887 2.048 - 2.135 

10.0 / 5.0 I 
4.748 4.875 5.014 7.398 7.284 - 9.108 9.176 9.732 5.600 6.068 - 6.576 

4.748 4.973 5.735 6.496 7.343 - 9.756 6.870 10.486 5.574 5.254 - 6.291 

10.0 / 5.0 II 
4.414 4.236 4.652 6.733 7.370 - 10.158 5.876 9.732 5.926 5.674 - 4.895 

4.615 4.144 4.436 6.693 7.303 - 10.044 10.040 10.108 5.447 5.940 - 4.928 

20.0 / 7.5 I 
3.990 4.287 5.642 9.650 10.164 - 14.316 6.739 - 11.362 7.848 - - 

3.984 4.740 4.544 11.255 10.182 - 13.390 13.478 14.476 11.439 10.397 - - 

20.0 / 7.5 II 
4.126 4.168 4.225 8.268 9.092 - 13.414 13.654 13.353 9.041 8.751 - 8.899 

4.372 5.298 4.601 8.853 10.121 - 13.826 13.756 13.353 10.981 9.640 - 9.993 

C
u

lt
iv

a
ti

o
n

 I
I 

2.5 / 2.5 I 
2.529 3.800 2.064 - 2.846 2.820 2.658 2.241 1.953 - - 1.723 - 

2.179 3.429 2.854 - 2.956 2.880 2.992 2.168 2.058 - - 1.812 - 

2.5 / 2.5 II 
2.478 4.865 2.734 - 2.930 2.602 3.036 2.147 2.078 - - 1.981 - 

2.370 4.530 2.854 - 3.100 2.852 3.270 2.103 1.867 - - 2.058 - 

10.0 / 5.0 I 
7.592 4.422 7.312 - 8.334 8.234 8.728 6.067 6.362 - - 5.387 - 

6.495 4.781 7.778 - 9.078 8.590 8.676 5.978 6.645 - - 7.013 - 

10.0 / 5.0 II 
5.451 3.749 8.820 - 12.484 11.870 11.558 7.912 5.344 - - 7.435 - 

6.871 4.022 8.980 - 6.594 10.426 11.566 7.182 5.341 - - - - 

20.0 / 7.5 I 
9.294 4.227 9.774 - 13.510 13.396 14.916 10.006 8.053 - - 9.940 - 

9.087 4.362 9.216 - 12.834 13.294 16.228 10.570 8.350 - - 10.566 - 

20.0 / 7.5 II 
8.838 - 9.986 - 14.346 14.104 15.672 10.256 10.182 - - 9.566 - 

8.991 4.118 8.350 - 13.846 14.070 14.565 10.126 9.997 - - 10.302 - 

Mean 

2.5 / 2.5 3.543 3.963 3.372 2.367 2.703 2.789 2.955 2.372 2.336 1.944 1.870 1.893 1.822 

10.0 / 5.0 5.616 4.400 6.591 6.830 8.224 9.780 9.949 7.388 7.969 5.637 5.734 6.611 5.672 

20.0 / 7.5 6.585 4.457 7.042 9.506 11.762 13.716 14.541 11.073 11.109 10.706 9.159 10.093 9.446 

Standard Error 

2.5 / 2.5 0.416 0.172 0.305 0.171 0.097 0.055 0.120 0.078 0.127 0.113 0.057 0.066 0.092 

10.0 / 5.0 0.400 0.146 0.615 0.170 0.622 0.733 0.377 0.513 0.742 0.088 0.156 0.510 0.384 

20.0 / 7.5 0.874 0.148 0.835 0.561 0.686 0.186 0.341 0.804 0.909 0.488 0.478 0.188 0.387 
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Table 11 - Optical density measurements of the baffled flask samples at 600 nm for biomass concentration. 

Two cultivations were performed with duplicates of each yeast extract and bacto peptone ratio. Dilution factor 

was already taken into account in the results. 

 

Baffled Flask Biomass Concentration (g/l) 

Experiment 

Yeast 

Ext./Peptone 

Conc. (g/l) 

Process Time (h) 

0 8 12 16 20 24 28 32 36 40 44 48 78 86 

C
u

lt
iv

a
ti

o
n

 I
 

2.5 / 2.5 I 
0.037 1.920 7.000 10.920 14.900 17.150 - 20.300 20.200 22.750 22.100 23.550 - 19.900 

0.037 1.920 6.940 10.980 14.600 17.650 - 19.550 19.800 23.000 22.500 23.750 - 20.400 

2.5 / 2.5 II 
0.037 1.800 6.760 11.020 15.900 17.400 - 20.450 19.150 23.250 22.900 23.850 - 19.750 

0.037 1.800 6.740 10.780 16.200 17.200 - 19.600 19.200 22.950 22.400 23.900 - 20.050 

10.0 / 5.0 I 
0.037 2.460 10.120 16.600 25.700 30.000 - 39.650 39.700 41.250 42.250 41.000 - 35.500 

0.037 2.200 10.200 16.960 26.800 29.900 - 38.950 39.050 40.300 39.850 41.400 - 36.300 

10.0 / 5.0 II 
0.037 2.300 10.080 16.520 25.350 29.400 - 38.000 37.200 40.600 41.400 39.950 - 35.550 

0.037 2.280 10.300 16.260 26.250 30.050 - 38.650 36.550 40.100 39.800 40.100 - 34.900 

20.0 / 7.5 I 
0.037 2.240 11.500 17.840 27.500 30.700 - 37.350 36.300 42.950 42.550 41.350 - 37.450 

0.037 2.260 11.420 17.940 26.650 31.700 - 36.450 37.200 42.100 42.000 40.750 - 36.950 

20.0 / 7.5 II 
0.037 2.540 11.300 17.560 27.800 32.300 - 37.900 36.950 42.250 42.350 41.150 - 38.600 

0.037 2.360 11.680 17.400 26.550 31.250 - 37.950 36.100 41.850 41.550 41.200 - 38.550 

C
u

lt
iv

a
ti

o
n

 I
I 

2.5 / 2.5 I 
0.037 1.560 6.080 11.450 - 19.050 17.900 21.650 22.900 23.450 - - 20.200 - 

0.037 1.620 5.840 12.450 - 17.300 17.550 22.100 22.550 20.150 - - 19.500 - 

2.5 / 2.5 II 
0.037 1.520 5.620 11.050 - 18.900 18.100 22.150 23.000 22.400 - - 20.850 - 

0.037 1.540 5.640 12.000 - 17.050 17.550 21.600 21.700 21.300 - - 20.100 - 

10.0 / 5.0 I 
0.037 1.860 8.180 20.500 - 33.350 31.500 42.600 42.350 41.700 - - 35.900 - 

0.037 1.820 7.700 20.800 - 31.000 32.000 41.150 42.900 41.500 - - 36.100 - 

10.0 / 5.0 II 
0.037 1.860 7.760 19.300 - 31.750 31.850 40.800 38.550 39.000 - - 35.600 - 

0.037 1.840 7.620 19.300 - 29.700 31.550 39.600 38.300 39.300 - - 34.350 - 

20.0 / 7.5 I 
0.037 1.980 9.060 20.850 - 33.300 33.250 41.950 43.000 42.300 - - 38.850 - 

0.037 2.040 8.600 20.100 - 31.350 32.850 42.050 42.700 43.050 - - 39.250 - 

20.0 / 7.5 II 
0.037 1.920 8.900 20.250 - 31.750 32.950 42.700 43.100 42.400 - - 39.050 - 

0.037 1.880 8.780 21.150 - 31.550 33.050 42.200 42.100 41.800 - - 39.800 - 

Mean 

2.5 / 2.5 0.037 1.710 6.328 11.331 15.400 17.713 17.775 20.925 21.063 22.406 22.475 23.763 20.163 20.025 

10.0 / 5.0 0.037 2.078 8.995 18.280 26.025 30.644 31.725 39.925 39.325 40.469 40.825 40.613 35.488 35.563 

20.0 / 7.5 0.037 2.153 10.155 19.136 27.125 31.738 33.025 39.819 39.681 42.338 42.113 41.113 39.238 37.888 

Standard Error 

2.5 / 2.5 0.000 0.056 0.196 0.197 0.334 0.265 0.118 0.356 0.548 0.373 0.143 0.067 0.239 0.121 

10.0 / 5.0 0.000 0.086 0.421 0.626 0.275 0.441 0.104 0.498 0.750 0.328 0.522 0.303 0.340 0.248 

20.0 / 7.5 0.000 0.077 0.470 0.527 0.268 0.258 0.074 0.867 1.086 0.152 0.190 0.111 0.177 0.355 
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Appendix III - Batch Bioreactor Raw Results 

 

Table 12 - Absorbance measurements of the 1.2 l bioreactor samples at 540 nm after DNS colorimetric assay 

for invertase activity determination. Dilution factor and blank were already taken into account in the results. 

 

Bioreactor Reducing Sugar Absorbance (540 nm) 

Process Time (h) 
Samples 

Mean Standard Error 
1 2 

0.00 5.681  - 5.681 0.000 

2.23 3.777 4.048 3.912 0.096 

5.00 4.127 4.165 4.146 0.013 

6.67 4.558 4.596 4.577 0.014 

13.42 4.431 4.831 4.631 0.141 

15.50 4.800 5.031 4.915 0.082 

17.50 5.075 4.869 4.972 0.073 

19.00 4.657 4.765 4.711 0.038 

20.83 4.716 4.863 4.790 0.052 

22.83 4.741 4.674 4.707 0.024 

25.00 4.472 4.219 4.345 0.089 

27.00 4.678 4.752 4.715 0.026 

28.50 4.881 4.776 4.828 0.037 

29.75 5.936 5.220 5.578 0.253 

30.50 6.161 5.615 5.888 0.193 

31.33 6.019 5.531 5.775 0.173 

41.17 3.924 3.306 3.615 0.219 
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Table 13 - Optical density measurements of 1.2 l bioreactor at 600 nm for biomass concentration. Dilution 

factor was already taken into account in the results. 

 

Bioreactor Biomass Concentration (g/l) 

Process Time (h) 
Samples 

Mean Standard Error 
1 2 

0.00 1.850 1.800 1.825 0.018 

2.23 4.450 4.500 4.475 0.018 

5.00 12.600 12.900 12.750 0.106 

6.67 15.200 14.700 14.950 0.177 

13.42 17.450 17.900 17.675 0.159 

17.50 19.850 20.150 20.000 0.106 

19.00 20.500 20.200 20.350 0.106 

20.83 22.250 22.450 22.350 0.071 

22.83 23.800 23.050 23.425 0.265 

25.00 24.400 24.900 24.650 0.177 

27.00 24.900 24.650 24.775 0.088 

28.50 24.850 24.900 24.875 0.018 

29.75 26.600 27.350 26.975 0.265 

30.50 30.200 29.450 29.825 0.265 

31.33 30.200 30.200 30.200 0.000 

41.17 30.450 30.250 30.350 0.071 
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Appendix IV - Microreactor Raw Results 

 

Table 14 - Absorbance measurements of perfusion microreactor samples at 540 nm after DNS colorimetric 

assay for invertase activity determination. Dilution factor and blank were already taken into account in the 

results. 

 

Microreactor Reducing Sugar Absorbance 

Dilution 

Rate 

Process Time (h) 

2.0 4.8 7.7 10.5 13.5 13.7 16.7 19.7 22.7 24.2 25.7 27.7 38.3 41.3 44.7 47.7 50.7 53.7 

1 

1.523 2.294 1.512  4.267  2.555            

1.732 2.383 1.742  4.562  2.647            

1.738 2.300 1.775  4.460  2.663            

10    6.090  5.682 5.980 6.002 5.809 6.023         

100 
   5.365   6.217 6.138 6.447 -0.013 -0.034         

   6.126   4.440 6.179 6.406 -0.047 -0.042         

1000 
   5.627   6.199 6.461 6.460 6.533   6.138 5.980 6.207 6.349 6.663 7.422 8.011 6.658 

   5.775   5.194 6.656 6.085 6.361   4.555 6.202 6.235 6.291 6.761 7.698 7.944 5.753 

Mean 

1 1.664 2.326 1.676   4.430   2.622                       

10    6.090  5.682 5.980 6.002 5.809 6.023         

100    5.745  5.328 6.158 6.427 0* 0*         

1000    5.701  5.696 6.559 6.273 6.447  5.347 6.091 6.221 6.320 6.712 7.560 7.978 6.206 

Standard Error 

1 0.058 0.023 0.068   0.071   0.028                       

10 - - - 0.000 - 0.000 0.000 0.000 0.000 0.000 - - - - - - - - 

100 - - - 0.269 - 0.628 0.014 0.014 0.012 0.003 - - - - - - - - 

1000 - - - 0.053 - 0.355 0.069 0.133 0.061 - 0.560 0.079 0.010 0.021 0.035 0.098 0.024 0.320 

* Negative absorbance values were considered to be zero  
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Table 15 – Cell counting in the perfusion microreactor with the aid of the imaging software ImageJ.  

 

Microreactor Cell Counting 

Dilution 

Rate 
Dimensions (um2) 

Process Time (h) 

0.0 2.0 4.8 7.7 11.1 13.5 16.7 20.6 26.2 38.8 44.9 

1 

Total Cell Area 24301 22535 33841 35149   121216 192533         

Individual Cell Area 23.80 

Estimated Nº Cells 2556 2370 3559 3697   12750 20251         

10 

Total Cell Area 147568       987014     1799691 956397     

Individual Cell Area 63.41       52.35     28.79 21.80     

Estimated Nº Cells 2327       18852     62503 43877     

100 

Total Cell Area 57048       156972     505342 951176     

Individual Cell Area 53.01       49.79     36.54 29.72     

Estimated Nº Cells 1076       3152     13832 32004     

1000 

Total Cell Area 53235       34778     70023 163656 491378 440720 

Individual Cell Area 65.48       34.44     35.25 38.08 36.15 31.15 

Estimated Nº Cells 813       1010     1986 4298 13591 14148 

Standard Error 

1 
Individual Cell Area 2.01 

Estimated Nº Cells 506 469 704 731   2523 4007         

10 
Individual Cell Area 3.48       5.72     2.93 1.22     

Estimated Nº Cells 134       3016     6730 2093     

100 
Individual Cell Area 3.78       4.48     2.47 3.09     

Estimated Nº Cells 77       239     905 3303     

1000 
Individual Cell Area 2.75       3.88     3.11 3.27 4.48 3.40 

Estimated Nº Cells 33       111     214 371 1595 1563 
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Appendix V – Oxygen Transfer Coefficient  

 

Microtiter Plate 

 

The following volumetric oxygen transfer coefficient kLa [s-1] correlation was established 

for microtiter plates54: 

kLa = C1 ∙ DW 
α
∙ nβ ∙ d0 

γ
∙ gδ ∙ ρ

L
ε  ∙ Wθ ∙ VL

-1 ∙ D0.64 η-0.32      (6) 

where DW [m] is the well diameter, n [1/s] is the shaking frequency, d0 [m] is the shaking diameter,  

g [m/s2] is the acceleration of gravity, ρL [kg/m3] is the density of the liquid, VL [m3] is the filling 

volume, W [kg/s2] is the wetting tension between the liquid and the microtiter plate material, D 

[m2/s] is the diffusion coefficient, η [Pa.s] is the dynamic viscosity, and C1, α, β, γ, δ, ε, θ are 

parameters dependent on the microtiter plate size.  

 

Table 16 – Parameters used to estimate the kLa value for a polypropylene 24-well microtiter plate with 2 ml 

cell culture working volume at 200 rpm in a 25 mm orbital shaker.  

 

Microtiter Plate 

Parameter Description Unit Value 

DW Well diameter m 0.017 

n Shaking frequency s-1 3.333 

d0 Shaking diameter m 0.025 

g Gravity acceleration m/s2 9.80 

ρL Liquid density Kg/m3 1050 

W Polypropylene-fermentation broth (cell free) wetting tension Kg/s2 0.0012 

VL Cell culture volume m3 2.00E-06 

D Oxygen-water diffusion coefficient m2/s 2.62E-09 

η Dynamic viscosity Pa.s 0.001 

C1 

24-well Microtiter plate parameter 

m-1 320.12 

α   3.42 

β   2.4 

γ   0.86 

δ   -0.83 

ε   0.35 

θ   -0.03 

kLa Volumetric oxygen transfer coefficient h-1 23.76 
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Shake Flask 

 

No kLa correlation for baffled flasks was found. Instead, one for shake flasks was used. 

Baffled flasks have a higher maximum oxygen transfer rate at low shaking frequencies, therefore 

the real kLa value should be higher than those found on unbaffled flasks. The following kLa 

correlation was established for shake flasks54: 

kLa = 0.5 ∙ d 

73

36  ∙ n ∙ d0 

1

4  ∙ V
L

-
8

9 ∙ D
1

2 ∙ ν-
13

54 ∙ g-
7

54         (7) 

where d [m] is the maximum inner flask diameter and ν [m2/s] is the kinematic viscosity. 

 

Table 17 - Parameters used to estimate the kLa value for a 250 ml baffled flask with 50 ml cell culture working 

volume at 200 rpm in a 25 mm orbital shaker. 

 

Baffled Flask 

Parameter Description Unit Value 

d Maximum inner flask diameter m 0.081 

n Shaking frequency s-1 3.333 

d0 Shaking diameter m 0.025 

VL Cell culture volume m3 5.00E-05 

D Oxygen-water diffusion coefficient m2/s 2.62E-09 

ν Kinematic viscosity m2/s 9.52E-07 

g Gravity acceleration m/s2 9.80 

kLa Volumetric oxygen transfer coefficient h-1 104.14 
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Batch Bioreactor 

 

The following kLa correlation was established for a wide variety of small bioreactors60: 

kLa = 19.89 (
Pg

VL
)

0.53

(νs)0.43(μ
ap

)-0.12         (8) 

where Pg [W] is the gassed power consumption, νs [m/s] is the superficial gas velocity, and μap [Pa.s] 

is the apparent dynamic viscosity. Pg was estimated through a correlation proposed by Michel and 

Miller obtained for experimental systems in cell cultivations61: 

Pg = 0.69 (
PC

2 ∙ n ∙Di
3

Q0.56 )
0.45

         (9) 

where PC [W] is the corrected ungassed power consumption, n [rps] is the agitation rate, Di is the 

diameter of the impeller and Q [m3/s] is the air flow rate. The corrected ungassed power 

consumption is an adjustment made for non-standard tank dimensions in order to apply Eq. 9: 

fc = √
[
Dt
Di

 × 
HL

n0Di
]
real

[
Dt
Di

 × 
HL
Di

]
standard

                (10) 

PC = fc × P0 

where HL [m] is the liquid height in the tank and n0 is the number of turbines. A standard ratio of 

3 was used for tank and impeller diameter, as well as liquid height and impeller diameter. The 

ungassed power consumption P0 [W] can be calculated through the power number (Np): 

P0 = Np ∙ n0 ∙ ρL 
∙ n3 ∙ Di

5     (11) 

Since the bioreactor used Rushton turbines under turbulent flow, the power number is 6. Some 

parameters were presumed and might contain some degree of error. Fermentation broth was 

assumed to have Newtonian properties due to its low cell density at 30 ⁰C with apparent and 

dynamic viscosity similar to water (1 mPa.s). Broth density was assumed to be 1050 kg/m3 and 

liquid height in the tank was assumed to be 3 times the size of the impeller diameter, according to 

standard ratio.  
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Table 18 – Bioreactor dimensions and cell culture properties for kLa estimation. 

 

Batch Bioreactor 

Parameter Description Units Value 

ρL Liquid density  kg/m3 1050 

Dt  Tank diameter m 0.110 

Di  Impeller diameter m 0.054 

Np  Power number   6 

n0  Number of turbines turbines 2 

VL Liquid volume  m3 0.0012 

μap  Apparent viscosity Pa.s 0.001 

fc Correction factor  0.583 

HL Liquid height in tank m 0.162 

 

Table 19 – Parameters registered at several stages of the bioreactor process for kLa value estimation in the 

2.5 l stirred bioreactor with 1.2 l cell culture working volume. 

 

Batch Bioreactor 
Stirring Speed (rpm) 300 400 600 

Air flow rate (vvm) 1.6 2.0 2.0 

Parameter Description Units Value 

n Agitation rate  rps 5.00 6.67 10.00 

P0 Ungassed power consumption  W 0.72 1.71 5.79 

PC Corrected ungassed power consumption W 0.42 1.00 3.37 

Pg Gassed power consumption  W 0.17 0.40 1.45 

Q Air flow rate  m3/s 3.20E-05 4.00E-05 4.00E-05 

νs  Superficial gas velocity m/s 3.37E-03 4.21E-03 4.21E-03 

kLa Volumetric oxygen transfer coefficient  h-1 54.84 94.72 186.39 

 

 

 


