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Uppsa la unive rsitets logoty p 

Optimisation of expression of trypsin in a bioreactor 

Tova Rane 

Abstract 

In recent years, medical treatments against respiratory tract infections (RTIs) based on trypsin 

from Atlantic cod targeting the surface proteins on viral particles have been approved. 

However, the stability and compatibility in the human body of human trypsin would be 

expected to be greater than that from cod. In this study, the process of producing human trypsin 

recombinantly in E. coli in a fed batch bioreactor was optimised using a Design of Experiment 

(DOE) method with four 2-level factors and two responses. The factors considered were 

temperature, carbon source, induction time point and feeding rate, and the two responses were 

yield and purity. The study was done in 8 consecutive runs in the bioreactor, with controlled 

changes made to the factors for each run. The responses were measured and analysed for 

significance and optimisation of factors. The optimal settings for the highest yield with a purity 

of at least 80% were found to be at 18 °C, glucose based feed at a restricting feed rate and 

induction at a low OD600. Only the induction time has a significant effect on purity, and no factor 

had a stand-alone significant effect on yield. These findings provide a baseline for further 

studies on purification and further production of trypsin recombinantly in E. coli at a larger 

industrial scale. The highest yield achieved was 7.9 g trypsin per litre media, almost 80 times 

higher than comparable methods using shake flasks. However, the sample with over 80% purity 

was 6.3 g trypsin per litre media. 
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Populärvetenskaplig sammanfattning 

Luftvägsinfektioner som influensa och lunginflammation kan orsakas av antingen bakterier 

eller virus. Mot bakteriella infektioner är antibiotika relativt effektivt, men det finns ingen bra 

motsvarande behandling för sjukdomar orsakade av virus. I flera fall har vaccin utvecklats, 

exempelvis mot COVID-19 och säsongsinfluensan, de är dock väldigt specifika för just den 

sjukdomen och inte så allmänna som antibiotika är. Vaccin används dessutom i preventivt 

syfte, och antibiotika behandlar sjukdomen när den redan fått effekt. Under senare år har en ny 

sorts medicinsktekniska produkter  tagits fram både för prevention och för att direkt behandla 

virussmitta från första exponering. Denna medicinsktekniska produkt baseras på ett enzym som 

bryter ner proteiner. Enzymet finns i mag-tarmkanalen hos människor, där det bryter ner 

proteiner i vår föda. Viruspartiklar består av ett skal av proteiner som skyddar virusets DNA. 

Genom att bryta ner och förstöra proteinskalet kan viruset dödas direkt. Det är effektivt mot 

alla virus eftersom enzymerna som används inte behöver känna igen viruset, utan bara bryta 

ner proteinskalet. 

 

Proteaser är enzym som bryter ner proteiner till kortare peptidkedjor i mag-tarmkanalen. 

Trypsin är ett av de proteaser som finns hos människor. Det är som alla enzym och proteiner 

uppbyggt av aminosyror som satts ihop i en lång kedja som sedan veckas på ett specifikt sätt, 

likt kokt spagetti som trasslat ihop sig. Enzymer som trypsin är också mycket större än de flesta 

verksamma ämnen i vanliga läkemedel, nästan 200 gånger större än paracetamol, som i 

huvudvärkstabletter. I och med att det är så stort och komplext är det svårt att framställa på 

syntetisk väg. Eftersom det är ett protein är det möjligt att tillverka med hjälp av bakterier.  

Genom att utnyttja bakteriers förmåga att producera proteiner och ge dem receptet för proteinet 

är det möjligt att producera och därefter rena fram enzymet från bakterier. Detta kan göras på 

olika sätt. Ett är att odla bakterierna i en bioreaktor, mata dem med socker och syre, och sedan 

kemiskt starta bakteriernas produktion av proteinet. 

 

I den här studien har fyra olika faktorer för bästa möjliga enzymproduktion studerats för att 

hitta det optimala tillvägagångssättet för att framställa just trypsin i bioreaktor. Den första 

faktor som studerats är temperatur, vid 37 grader som är då bakterier trivs bäst, och vid 18 

grader för att se om det påverkar hastigheten bakterierna tillverkar enzymet och den möjliga 

renhetsgraden av enzymet. Den andra faktorn var vilket bränsle som används, glukos eller 

glycerol. Bakterierna behöver få i sig grundämnet kol på något sätt och olika socker innehåller 

mycket kol och bryts lätt ner av bakterierna. Faktor nummer tre är matningshastighet. Ju mer 

mat bakterierna får desto mer växer de, men det är inte säkert att det innebär att de producerar 

mer enzym bara för att de får mer mat. Den sista faktorn som undersöktes var vid vilken 

tidpunkt bakterierna blev tillsagda att börja producera trypsin. Att tillverka protein tar mycket 

energi för bakterierna, vilket innebär att de inte växer lika mycket när de börjar producera. 

Frågan var därför om produktion under en längre tid men av färre bakterier var effektivare än 

under en kortare tid av fler bakterier. 

 

För att undersöka hur de fyra faktorerna påverkar produktionen av trypsin utformades åtta 

experiment med olika kombinationer av faktorerna för att kunna se om det fanns kopplingar 
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mellan faktorerna. Resultaten från experimenten har sedan analyserats med matematiska 

modeller. Under arbetets gång har det framkommit att många av bakterierna efter några 

generationer tappar bort receptet på hur de skulle tillverka enzymet. Så efter några dagar 

producerade de inte längre enzymet även om de fått instruktionen om att göra det. Studien 

behöver därför göras om med DNA-receptet för enzymet inlagt i bakteriernas eget DNA istället 

för via en tillförd plasmid. Analysresultaten visar att det bästa sättet att få så mycket trypsin 

som möjligt med hög renhet är med glukos som kolkälla, vid 18 grader, med för lite mat och 

tidigt start av enzymtillverkning. 

  



4 

 

Introduction 

This study will cover an optimization of cultivation and expression of the human protease 

trypsin in Escherichia coli in a standard bioreactor. The bioreactor can monitor and regulate 

pH, dissolved oxygen level (DO) and temperature, as well as automatically feed at a desired 

rate. For optimization purposes, the study will focus on four factors to vary: temperature, 

carbon source, feeding rate and induction time for protein production. The aim is to find the 

circumstances for maximal recombinant production of trypsin in E. coli using a bioreactor. 

Background/theory 

RTIs and viral proteins 

Respiratory tract infections (RTIs) are a major cause of mortality. In fact, lower respiratory 

tract infections alone have been one of the top three causes of death and disability in both 

children and adults for decades [1]. Some infections can be treated with antibiotics, but most of 

them, especially viral infections, are without cure [2]. The most commonly detected viruses 

affecting the respiratory tract are respiratory syncytial virus (RSV), parainfluenza virus (PIV) 

and rhinovirus (RV) [3]. In addition to these, different types of SARS-CoV (covid-19 for 

example) and avian viruses have emerged in recent years. In light of the recent outbreak of 

covid-19, along with the seasonal influenza, it is increasingly important to find preventions and 

cures for such infections. 

 

An approach that drugs and medical devices can have for such infections is to target surface 

proteins on the bacteria and viruses. Surface proteins are important for cell attachment and the 

invasion of the pathogens and are thus an early target for reducing the infectivity of the 

pathogens [4]. Therefore, a medical device or pharmaceutical for degradation of the viral 

surface proteins is desirable.  

Trypsin as a biopharmaceutical 

In recent years, a medical device based on the protease trypsin, extracted from Atlantic cod 

(Gadus morhua), has been approved for medical use. Trypsin specifically cleavespeptide bonds 

C-terminal of the basic amino acid residues lysine and arginine. It is normally synthesised in 

the pancreas in the form of the inactive proenzyme trypsinogen, which is then activated in the 

duodenum. Research on the proteolytic activity of trypsin was compared to 11 other similar 

proteases, showing the superiority of cod trypsin in the ability to cleave cell surface receptors 

[5].  

 

The studies on the efficiency of trypsin as a medical device against viral proteins have so far 

been conducted using Atlantic cod or bovine trypsin, and there is a significant difference in 

degradability in favour of the former. However, the bovine trypsin is more thermally stable 

than the cod analogue. The activity of bovine trypsin was virtually unchanged over the 
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monitored 24 hours, whereas the activity of cod trypsin was decreased by 15 % over the same 

time period [6]. Therefore, the activity and the stability of the human trypsin could be compared 

to the bovine analogue rather than the Atlantic cod analogue.  

Optimization process 

Human trypsin is normally expressed by cultivation of E. coli in shake flasks with terrific broth 

(TB) as the media. TB media contains all amino acids and other trace elements necessary for 

bacterial growth. However, since it is derived from yeast and milk, there is a large interbatch 

difference when cultivating in TB, which makes the method poorly replicable. The cells are 

normally grown overnight and then harvested and disrupted either by using a sonicator or 

mechanically before being washed and centrifuged. The inclusion bodies containing 

trypsinogen are then extracted and resolubilised. Normal yields using this method is 100-150 

mg protein/L culture, with a purity of 80%. 

 

A plasmid containing the gene for trypsinogen is inserted in E. coli cells, in this study the strand 

BL21(DE3) was used, and is grown in a bioreactor. Upon expression, trypsinogen is folded, 

and the structure subsequently stabilised by four disulphide bonds, a common post translational 

modification. Usually, bacteria can successfully manage these modifications, however not on 

trypsinogen specifically. The result is that the trypsinogen produced is not folded and stabilised 

in its native form. It is therefore not soluble but accumulates in inclusion bodies, making it 

necessary to extract it after cell lysis and solubilize and analyse from the extract. By refolding 

and subsequently autoactivation of the protein, the target enzyme trypsin is retrieved. 

 

Generally, glucose is the preferable carbon source for cultivation of E. coli. However, there is 

a risk of acetate build up when used for protein overexpression [7]. An alternative source is 

glycerol, while resulting in a lower specific growth rate than with glucose, the risk of high 

acetate production is minimal so the production of trypsinogen may be higher using glycerol. 

It is also a more sustainable alternative that is less expensive, since it is an automatic by-product 

of the production process of biodiesel [7]. 

 

Lowering the expression temperature generally results in a higher purity of the protein. At 

lower temperatures, although transcription, translation and cell division slows down, so does 

normal protein aggregation, resulting in a higher percentage of soluble product [8]. At lower 

temperatures, enzymes also have a lower activity. Since trypsin is quite an effective protease, 

lowering the temperature therefore also reduces self-degradation by any correctly folded 

trypsinogen present in the cells as well as degradation of trypsin or other proteins in the cells 

by other proteases that may be present [9], [10]. 

 

Studies show that the top limit for growth of this strain of bacteria reaches an optical density 

of 180-200, and after that the bacteria will start to degrade [11], [12]. Therefore, a lower feeding 

rate, resulting in a lower specific growth rate, has the potential to reprioritize the energy to 

produce more protein rather than propagate, giving a longer time for protein production and 

thus a higher output. However, if the experiment is to be stopped before reaching the critical 
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upper limit, then a higher growth rate results in a larger number of bacteria that can produce 

trypsin.  

Design of experiment 

Design of experiment (DOE) is a method for studies of the effects of multiple variables or 

factors on one or more output responses simultaneously. The experiment consist of a series of 

runs where changes are made to the input factors and monitor the effect on the response. DOE 

can be used to determine the significance of the factors to rank them in order of effect on the 

response. From the DOE results, the factor settings for the optimised response can be 

extrapolated [13].  

 

In this paper, four factors affecting the growth and trypsinogen production were studied. 

Factors considered are expression temperature, carbon source, optical density at induction and 

different feeding rates resulting in different specific growth rates. The two responses 

considered were maximum yield and purity. The study is a fractional 4 factorial study at 2 

levels, which means that all four factors have two levels that are studied, and it consists of 8 

runs in total with no replicates. This results in a resolution IV design, where no main effects 

from either of the four studied factors are aliased with two-factor interactions, but two-factor 

interactions are aliased with each other [14]. When two outputs are aliased, there is no way to 

separate the impact of one interaction from the other, so for example, the potential effect of a 

temperature-carbon source interaction shows the same outcome as the potential effect of an 

induction time-feeding rate interaction. Since these interactions should be minimal, this 

aliasing effect was estimated to have a low impact on the results. 

 

The design is based on a full factorial design, where all possible combinations of the levels of 

factors are studied, resulting in a 16 run experimental plan. However due to time restraints, 

only 8 runs were possible. Therefore, this fractional design is implemented. The premise for 

this design is that no interactions between the factors are known nor expected, since some of 

the two-factor interactions are aliased with each other. Since the factors in this study are all 

independent from each other, this is possible. For the experiment setup, the notations (+) and 

(-) were used for the two levels of each factor and each factor labelled A, B, C and D for 

convenience, see table 1. Mathematically, the factor D is exactly the multiplicator of sign (+/-

) of the factors ABC and is therefore impossible to distinguish from the interaction of the three 

other factors. Hence, the possible interaction of change in these three factors (carbon source, 

temperature and induction time) will be impossible to separate from the effect of changing the 

feeding rate. The combinations of the other 8 runs not included in the study are achieved if the 

factor D is chosen to be the exact opposite (- instead of + and vice versa) for all runs. 
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Table 1: Overview of the experiments in the study. Factors A= temperature, B = carbon source, C = induction time, D = 

Feeding rate. The signs (+/-) refers to the two levels of each factor used in the study. For temperature, 18 and 37 °C, the two 

carbon sources were glucose and glycerol, the two induction times were at OD 10 and 100 respectively and the feed rate were 

either following the growth rate of the bacteria or restricting to half the growth rate. 

Combination A B C  D 

a + - - * + 

b - + - * + 

ab + + - * - 

c - - + * + 

ac + - + * - 

bc - + + * - 

abc + + + * + 

control - - - * - 

 

The temperature for the runs is 37 °C until the start of induction, where high temperature 

indicates keeping it constant at 37 °C, and low temperature means 18 °C during expression. 

The carbon sources used are glucose and glycerol, which are used from the upscaling of the 

day culture to overnight culture, until the end of the run. 

The bacteria are either induced early, around OD 10, along with the start of feed, or later, at 

around OD 100 or 48 hours after inoculation at the latest. 

For the two feeding rates, a program for exponential feeding in the software BioCommand 

Batch Control was used. For the high rate, the multiplication factor used is based purely on the 

doubling time. For the lower rate, this was divided by 2 to restrict growth. 

Materials 

Chemicals 

Trace elements (50x): 5 g/L Fe(III)citrate , 68 mg/LCo(II)Cl2 , 480 mg/L MnCl2, 76 mg/L 

CuCL2⠐2H2O, 150 mg/L H3BO4, 126 mg/L NaMoO4⠐2H2O, 400 mg/L ZnCl2 

 

10x buffer: 133 g/L KH2PO4, 40 g/L (NH4)2PO4, 17.8 g/L Citric acid  

 

LB media: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl 

 

Growth media: 0.6 g/L MgSO4, 4.5 mg/L Thiamine, 1x Trace elements, 50 µg/mL Ampicillin, 

0.75 mL Antifoaming agent (20% in 70% ethanol) 

IPTG 1 M, NH4OH 10% 
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Feed solution: 20 g/L MgSO4, 66.4 mg/L Thiamine, 50 µ/mL Ampicillin, 3x Trace elements, 

up to 500 ml glucose/glycerol 

Lysis buffer: 100 mM Tris-HCl pH 8.0, 5 mM K-EDTA 

Inclusion body wash buffer: 100 mM Tris-HCl pH 8, 2% Triton X-100 

Solubilisation buffer: 100 mM Tris-HCl pH 8, 4 M guanidinium HCl, 30 mM DTT 

Refolding buffer: 100 mM Tris-HCl pH 8, 0.9 M guanidinium and 1 mM L-cysteine/L-cystine 

(The redox pair was added at the time of use from a stock solution of 25 mM each) 

Activation buffer: 100 mM Tris-HCl pH 8.0, 5 mM CaCl2 

Trypsin assay buffer: 200 mM Tris-HCl pH 8.0, 10 mM CaCl2 

Equipment 

Bioreactor 

 BioFlo 120, Eppendorf International, 2 litres 

 Culture Mode for E. coli 

 BioCommand Batch Control software 

Cooler for bioreactor 

 Microcool MC 600 circular chiller, Lauda 

Autoclave 

 5075ELV Autoclave, Tuttnauer  

 121 degrees, cooling 

Spectrophotometer for optical density 

 Ultrospec 10 Cell density meter, Biochrom Spectrophotometers 

 600 nm 

Sonikator 

 Vibra-Cell VCX 130, Sonics 

 5 sec on/off 1 minute, 70 W 

NanoDrop 

 Nanodrop ND-1000 Spectrophotometer, Thermo Scientific 

 ND-1000 V3 3.0 software 

 280 nm protein analysis 

Plate reader 

 Spectramax 190 Microplate reader, Molecular Devices 

 Settings: 570 nm (glucose assay) 

 SoftMax Pro 5.2 software 

Centrifuges 

 High-speed centrifuge Avanti J-26S, Beckman Coulter, 1-6 L 

Rotor JLA 10-500 
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5000 g, 1 hour 

 

Universal 320 R, Hettich, up to 100 ml sample tubes 

4000 g, 20 minutes, 4 degrees 

 

 Centrifuge 5424, Eppendorf, up to 1.5 ml sample tubes 

 15000 g, 30 minutes 

Incubators 

 Orbital Shaker-incubator ES-20/80, BioSan 

 37 degrees, for bottles 

  

 B6 Function Line, Heraeus Instruments, 73 L 

 37 degrees, for plates 

Thermal cycler for SDS-PAGE samples 

 PCR thermal cycler XT96, VWR 

 95 degrees, 5 minutes 

Software for analysis 

Microsoft Excel for ongoing analysis and tracking of progress 

 

Image Lab 6.1 for SDS-PAGE gel analysis 

 

Minitab 21 for DOE and optimisation analysis 

 

GraphPad Prism 8.0.1 for graphs and statistical analysis 

Procedures 

Bioreactor runs 

Preparations 

Before each run the bioreactor was autoclaved with 860 ml distilled water and 100 ml 10x 

buffer left to cool. pH probe was calibrated before autoclaving and DO probe after polarising 

for at least 6 hours after autoclaving. The pump for the feed was calibrated to desired pumping 

rate. After autoclaving, the media in the reactor was supplemented as shown for growth media, 

the reactor heated to a constant temperature of 37 °C. pH-meter was restandardized to an 

external measurement, and pH was corrected to 7.00 for the whole run. 0.75 mL Antifoaming 

agent were added when visually deemed necessary during the whole run, at least once every 

24 hours, along with ampicillin. For the last two runs, ampicillin was added twice every 24 

hours. 
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Inoculation 

For the first three runs, a day culture of a single E. coli B21 TG bacteria colony in 1 ml LB-

media and ampicillin (1:1000) was incubated at 37 °C 220 rpm for at least 6 hours before 

scaling up in 100 ml growth media overnight with the same conditions. For the consecutive 

runs, a 1 ml freeze culture was used by scaling it up the same way as the day culture.  

 

The day of the run, the overnight culture was centrifuged (4000g, 20 min) and the pellet was 

dissolved in 60 ml media from the prepared bioreactor from the day before and added back to 

the reactor through the inoculation diaphragm.  

Induction and feeding 

The feeding was started at around an optical density at 600 nm (OD600) of 10 by connecting 

the corresponding pump and starting the feed program. The feeding solution was prepared 

under sterile conditions as described above depending on the carbon source in the run. 

 

The protein production was induced by addition of 1 ml IPTG (1 M) via the inoculation 

diaphragm. For the runs with protein production at 18 °C, (see table 1), the temperature was 

lowered at this point. 

Sampling and ongoing analysis 

During the run, samples were drawn (ca 6 ml) from the reactor at intervals, with a total of 8-10 

samples per run. For each sample, OD was measured using a spectrophotometer at 600 nm, a 

plate for live cell count was done as control and the sample was centrifuged down at 4000g for 

20 minutes. The wet weight was noted and pellet and supernatant frozen at -80 and -20 

respectively. 

Harvest 

When OD reaches 100 or the run has gone for at least 60 hours the cells were harvested from 

the reactor, centrifuged at 5000g for 60 minutes and the pellet frozen at -80 for further analysis. 

Lysis, refolding and activation 

After thawing, sample pellets were dissolved in 2 ml lysis buffer (100 mM Tris-HCl pH 8, 5 

mM K-EDTA) and sonicated for 1 minute at 5 second intervals at 70 amp. The solution was 

then transferred to Eppendorf tubes and centrifuges at 15 000 g for 30 minutes. Supernatants 

were saved separately at 4 degrees, pellets washed with 1.5 ml IB wash buffer (100 mM Tris-

HCl pH 8, 2% Triton X-100) by dissolving and centrifuging at 15 000 g for 30 minutes a total 

of 3 times. 

 

The pellet from the last wash was dissolved in 500 μl resuspension buffer (100 mM Tris-HCl 

pH 8, 4M GuaHCl, 30 mM DTT) and shaken at RT for at least 60 minutes before centrifuging 

again as above. Supernatants containing resuspended inclusion bodies were saved and analysed 
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using a Nanodrop. 5 μl was diluted 1:10 in 8M urea for purity and molecular weight analysis 

on an SDS-PAGE gel. The data collected was later analysed and processed using the Minitab 

21 software.  

 

The refolding of the protein (10 μl) was done with 2 mM L-cysteine and 2 mM L-cystine in 1 

ml refolding buffer at 4 degrees overnight. The samples were dialysed to 1 ml activation buffer 

(100 mM Tris, 5 mM CaCl2) to remove GuaCl and salts for 4 hours at RT and overnight at 4 

degrees in renewed activation buffer. 

 

The dialysed samples were concentrated using Millipore centrifugal filter units (Sigma, 

Amicon μltra 0.5 ml) at 14000 g, 10 minutes. The autoactivation was done at 37 °C for 2 hours.  

Analysis 

Trypsin activity 

The activated trypsin was diluted 100-fold in activation buffer, and in triplicates were 50 μl 

trypsin assay buffer and 100 μl protein incubated for 10 minutes in a 37 °C plate reader before 

50 μl substrate (1 mM benzyloxycarbonyl-Gly-Pro-Arg-paranitroanilide (Z-Gly-Pro-Arg-

pNA)) was added to each well and the enzymatic activity was measured immediately at 405 

nm for 20 minutes, with measurements every 20 seconds. 

Glucose assay 

For the four runs based on glucose, an assay was done on the supernatants from the samples to 

confirm that the glucose concentration in the media was low enough for the bacteria to not be 

overfed. 

 

Standards were prepared according to kit to achieve 0, 2, 4, 6, 8, 10 nmole/100 μl standard 

curve. Samples were diluted 1:100 in glucose assay buffer. To each well, 14 μl diluted sample 

was added and the final volume brought to 50 μl to fit in the standard curve. A master reaction 

mix was prepared according to table 2 and 50 μl of the reaction mix was added to each sample, 

standard and control. The plate was incubated at 37 °C for 30 minutes covered to protect from 

light before absorbance was measured at 570 nm in plate reader. 

 
Table 2: Contents of glucose assay reaction master mix. The master mix was done for 1 96 well plate for all samples and 

standards in duplicates. 

Reagent Samples and positive control 

[μl] 

Background control mix [μl] 

Glucose assay buffer 46 48 

Glucose Probe 2 2 

Glucose enzyme mix 2 - 
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Acetate assay 

 

Acetate is produced by the bacteria when overfed and/or the oxygen level is too low. Thus, an 

assay on the acetate levels for each experiment shows if the levels were too high and may cause 

problems during protein production. 

 

 

 Standards were prepared according to the kit to achieve 0, 2, 4, 6, 8, 10 nmole/100 μl standard 

curve in duplicates. All samples were diluted 1:50 in acetate assay buffer to achieve 

concentrations within the standard curve. In duplicates, 10 μl diluted sample was added to wells 

and the volume was brought to 50 μl with acetate assay buffer. A reaction master mix was 

prepared according to table 3 and 50 μl reaction mix was added to each well, including the 

standard curve. Two sample blanks without acetate enzyme mix were added as well. The 

reaction solutions were mixed by horizontal shaking before incubating for 40 minutes at room 

temperature protected from light. The absorbance was measured at 450 nm in a plate reader.  
 

Table 3: Contents of acetate assay reaction master mix. The master mix was done for 1 96 well plate for all samples and 

standards in duplicates. 

 

 

 

 

 

 

 

 

 

 

Software analysis 

SDS-PAGE gels were analysed using the Image Lab software with the Coomassie blue stained 

setting and PageRuler Unstable molecular ruler. Gels are in appendix. Band purity percentages 

were retrieved using the analysis feature in the software. 

 

Absorbance measurements from Nanodrop were recalculated with consideration of dilutions, 

sampling volumes and purity from Image Lab. The yield and purity of the purest sample for 

each run were input in the DOE analysis table in Minitab. In the software, the factorial design 

was analysed with purity and yield set as responses, and all terms up to 3rd order interactions 

were included. The achieved results were ranked bar charts of the effects on both responses 

(fig. 1 and 2). The second analysis in the Minitab software was the response optimizer, with 

both responses yield and purity set to maximize, with a minimum of 80% purity and default 

setting for yield. The results given were the optimisation plot (fig. 4) and list of 5 generated 

optimal experimental settings (fig. 5). 

Reagent Samples and standards [μl] 

Acetate Assay Buffer 42 

Acetate Enzyme Mix 2 

ATP 2 

Acetate Substrate mix 2 

Probe 2 
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Results 

Yield 

In table 4, the concentrations of the resuspended inclusion bodies and the final yield 

concentrations of activated trypsin from the absorbance measurements are presented, along 

with the purities calculated from Coomassie blue stained SDS-PAGE gels using the Image Lab 

6.1 software. Only the samples with the highest purities of trypsin versus other contaminants 

was used for further calculations and analyses in the Minitab 21 software.  

 
Table 4: Experimental setups along with the highest purity samples from each run, retrieved from SDS-PAGE gels in 

ImageLab. The yields of resuspended inclusion bodies containing trypsinogen calculated from the purities and absorbance 

measurements, final yields of refolded and activated trypsin.  

Run 

Order 

Temperature 

[°C] 

Carbon 

source 

Induction 

time 

[OD600] 

Feed 

rate 

Purity 

[%] 

Yield 

[g/L] 

Final yield 

[g/L] 

1 18 glucose 10 ½ 82.9 6.34 0.08 

2 37 glycerol 100 1 9.55 2.98 2.61 

3 37 glucose 100 ½ 18.1 4.55 0.86 

4 37 glucose 10 1 71.7 7.89 1.28 

5 37 glycerol 10 ½ 54.8 5.15 1.31 

6 18 glycerol 10 1 72.1 4.90 0.66 

7 18 glycerol 100 ½ 18.2 5.39 2.27 

8 18 glucose 100 1 15.5 7.26 1.04 

 

In general, the yields of protein in resuspended inclusion bodies as well as the final yields of 

activated protein from most runs are much higher than the comparable yields from shake flasks 

(100-150 mg/L for inclusion bodies, 25-50 mg/L for refolded trypsin from previous studies by 

the research group). However, the loss of protein during the refolding and dialysis leading up 

to the activation of the protein were up to 99%. Therefore, the concentrations obtained were 

not representative of the bioreactor experiments, but of the whole process which was not in the 
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scope of this study. All further analyses were thus done based on the concentration of 

resuspended inclusion bodies containing the inactive protein and not on the purified and 

activated protein itself.  

Significance of factors 

Part of the analysis of the factorial design is to identify the most important effect of the factors 

or interaction of factors. This analysis shows which, if any, of the factors have a significant 

effect on the response analysed, see figure 1 and 2. The bar chart shows the magnitude and 

importance of the effects of factors and interactions and arranges them from highest to lowest. 

It does not however take the direction, if it affects the response positively or negatively, into 

consideration. The red line shows statistical significance at α = 0.05. 

 

The factorial regression analysis estimates the significance of the four main factors as well as 

the interaction effects of the main factors. The response optimization feature determines the 

optimal settings for the given factors. Both analyses take all interactions up to 3rd degree in 

consideration for the most accurate results. 

 
Figure 1: Ranked bar chart over the significance of the factors and the interactions of the factors for maximal yield of protein. 

None of the factors analysed had a significant effect on the yield alone. 
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Figure 2: Ranked bar chart over the significance of the factors and the interactions of the factors for the purity. The induction 

time is the only factor with a significant effect on the purity. 

 

The hypothesis was that there were no interactions, however, the analysis showed that it was 

not the case (fig. 1 and 2). The influence of the temperature setting impacted the effect of all 

three other factors. However, none of the interactions had a significant effect on the outcome, 

which was as hypothesised.  The influence of temperature on the feeding rate was observed 

during the experiments since the rate had to be adjusted considering the slower growth rate at 

lower temperatures. As can be seen in the graph in figure 1, none of the factors in the study had 

a significant (α=0.05) effect on the protein yield. The graph in figure 2 shows that only the time 

of induction has a significant effect on the purity.  

 

A plot of change in OD600 as a result of change in temperature and feeding rate respectively 

over time shows the importance of the factors (fig. 3). Both graphs show the difference in 

projected OD before and after the change of factors at around OD 10. 
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The optimization plot and optimal settings for the desired outcome can be seen in figure 4. The 

plot shows the variance in response depending on each factor and extrapolates the optimal 

conditions to achieve the desired outcome, in this case the highest possible yield (g/L) with a 

purity over 80%. 

 
Figure 4: Optimisation plot for maximum yield with a purity of minimum 80%. Columns represent the four factors in 

consideration and rows are the two responses as well as the composite desirability. Gray area on purity graph represents the 

possible settings resulting in a purity lower than 80%. 

Figure 4 shows how the settings of the factors (columns) impact the two desired outcomes, 

purity and amount of produced protein, as well as the composite desirability (rows). Here, the 

composite desirability (0.79) is quite close to 1, indicating that the chosen factors in the study 

can be used to achieve the desired outcome, but could be better optimised. If the composite 

Figure 3: Left: The effect of temperature on the growth rate, measured in OD600. Dotted line is the extrapolated continuation 

at 37 degrees. Data from run 6 where the temperature was changed from 37 °C to 18 °C when OD reached 10. 

Right: The effect of restricting the feeding rate on the growth rate, measured in OD600. Dotted line is the extrapolated 

continuation at the higher feeding rate. Data from run 5 where the feed rate was restricted when all originally added glycerol 

was consumed.  
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desirability were lower, it would indicate that the target results could not be reached with the 

chosen levels of the chosen factors, and the approach would have to be modified. The cells for 

each factor-response graph shows on the y-axis how the response or composite desirability 

changes as a function of the factor with all other variables fixed at the value in the red “Cur” 

row. To the left on the x-axis in each cell is the lower setting with the higher to the right, i.e., 

for temperature from 18 °C to 37 °C, induction times at OD 10 to 100 and the feed rate from 

½ to 1. For the categorical factor carbon source, the dots represent the two alternatives, glucose 

to the left, glycerol to the right. Because of the restriction of purity above 80%, that is the output 

of importance in the analysis, at the cost of possible settings for a higher yield. As further 

purification steps will result in a higher yield loss, this approach is more favourable. 

 

This plot in combination with the significance of the factors, see figure 1 and 2, gives the 

optimal settings for each of the factors. Minitab gives a list of possible experimental settings 

for different theoretical combinations of maximised yield and purity to reach the desired 

target for future studies, see figure 5. 

   
Figure 5: The experimental setups generated by Minitab as the optimal settings of the factors to achieve maximum yield with 

as high purity as possible. 

The suggested solutions listed above in fig. 5 are the top 5 optimal settings on each of the four 

factors, as well as the predicted resulting yield and purity. As can be seen, all solutions are very 

similar, which suggests that there is only one optimal combination of settings that result in the 

desired yield and purity. It shows that glucose is preferable to glycerol in both yield and purity, 

which is mostly in line with previous work. The solutions also show that an early induction of 

protein production is preferable to later. This is the most expected result, as a longer expression 

time would intuitively result in a higher production of protein. A lower feeding rate seems 

preferable to the higher, supporting the hypothesis that restricting the bacteria growth results 

in a higher production rate. There seems to be a slight trend that higher temperature results in 

a higher yield but a lower purity, which could be explained with an overall higher protein 

production at higher temperature and not specifically a higher trypsin production.  
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Activity 

The activity assay is based on the cleavage of Z-Gly-Pro-Arg-pNA by the activated trypsin. 

The resulting activity was measured as moles Z-Gly-Pro-Arg-pNA per minute. Generally, the 

correlation between protein concentration and activity is linear, so the activity measured can 

be used as a yield of active trypsin. Due to time and economical constraints, only the samples 

with the highest yield and purity from each experiment were analysed for activity of the 

refolded protein. The activity assay done in the study is purity sensitive, hence high purity was 

of importance. As can be seen in the graph, some of the samples tested were too contaminated 

and thus showed no activity (fig. 6). 

 
Figure 6: Plot over activity of refolded trypsin. Samples from run 1, 2, 3 and one from 4 were too contaminated to show 

activity. Samples from run 4 are at 6.5 hours (top) and 23.5 hours (bottom) after induction. Samples from run 5 are at 6 hours 

(top) and 30 hours (bottom) after induction. Samples from run 6 are at 17 hours (middle), 23 hours (bottom) and 46 hours 

(top) after induction. 

There is little to no correlation between the highest measured yield from each run and the 

highest activity measured at different times. For a more accurate activity assay, further 

purification steps would be necessary for comparisons of all samples. 

Glucose and acetate assays 

Both the glucose and acetate assays were done as verification of the procedure to confirm that 

the glucose and acetate concentrations in the media were low enough not to intervene with the 

protein production. A high glucose concentration would indicate that the feeding rate was too 

high, resulting in a overfed batch of bacteria which could affect the protein yield. Acetate is a 

side product that the bacteria produce when they are overfed or the oxygen level is too low, so 

the assay would show if the runs in the bioreactor were biased in those aspects. Both assays 

were colorimetric where a high concentration of the studied substance resulted in high light 

absorbance of the respective coloured substrate. 

 

For the glucose assay, some of the samples had concentrations too low for the assay to detect, 

(fig 7). For the higher concentrations, they were still below the expected concentrations (up to 
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30 g/L)[11]. There could not be seen any signs of suppressed growth due to constricted feeding 

in the experiments with a higher feeding rate. 

 
Figure 7: Results from glucose assay on the four glucose based experiments. The y axis shows the concentration of glucose in 

g/L, the x axis shows sample number in order of time from start of each experiment. Mean and standard deviation are plotted 

for each point. 

Normal acetate production is up to 8 g/L depending on the E. coli strain, where the BL21 strain 

usually accumulates around 2-3 g/L[15], [16]. The increase of acetate during the runs was 

expected, since it is produced by an increasing amount of bacteria. In this study however, the 

concentration of acetate seems to reach 10 g/L in some of the experiments, see fig. 8. 

 
Figure 8: Results from acetate assay on all experiments. y axis shows the concentration of acetate in g/L, x axis shows sample 

number in order of time from start of each experiment. Only five samples per run were chosen for the analysis. Mean and 

standard deviation are plotted for each point. 

Two of the three experiments with a higher acetate formation were glycerol based, which 

contradicts the hypothesis that a glycerol based feed would result in a lower acetate production. 

All three of the highest (run 1, 6 and 7) were conducted at 18 degrees, which may have an 

impact on the production of acetate. The fourth experiment at 18 degrees, run 8, had an acetate 

concentration below 3 g/L the whole run. There is little to no correlation between a higher 

glucose concentration in the media and a higher acetate concentration, thus this is not expected 

to affect the outcome of the experiments and is not taken into further consideration. 
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Loss of plasmid 

During the first experiments, the live cell count, wet pellet weight and OD600 did not correlate 

as expected. A theory was that the bacteria mutate to remove the plasmid containing the gene 

for trypsin if left long enough in the bioreactor. Since the plasmid also contains the gene for 

ampicillin resistance, this could be used to confirm the theory. Bacteria was plated on LB agar 

plates, one with ampicillin and one without for each sample. As can be seen in the left graph 

of figure 9, the suspicion was confirmed when the live cell count (LCC) on the plates without 

ampicillin follows the increase in OD600, whereas the LCC on the plates with ampicillin does 

not. This phenomenon can be observed in the difference in protein production for a short versus 

a long experiment. As can be seen the right graph in fig. 9, run 8 (circles) still had increasing 

protein production at the time of harvest at approximately 5 hours after induction. Run 5 

however (squares) had an increasing OD600, but with a rapidly decreasing protein yield at the 

time of harvest, almost 48 hours after induction. 

A solution to this would be further studies in the incorporation of the protein production gene 

into the bacteria DNA. This is however an extensive and time consuming study and was not 

included in this project. 

  

Figure 9: Left: Plot over Live cell count (LCC) and OD600 against elapsed time for experiment 6. Squares represent LCC on 

plates without ampicillin, and triangles represent plates containing ampicillin. OD600 can be read on the right y axis. X axis 

shows time from induction. 

Right: Protein production (left y axis) and OD600 (right y axis) for two runs. Run 5 follows the upper x axis and the faster run 

8 follows the lower x axis. 
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Conclusion 

To conclude, the optimal settings for producing the human recombinant protein trypsin in E. 

coli BL-21 is with glucose as the carbon source with a restricting lower feeding rate and 

induction of protein production at an early stage, at around OD600 10. The most optimal 

temperature is 18 degrees, or slightly above. The most influential factor to consider is the 

induction time in the case of purity, and none of significance for difference in yield. 

 

If this study was to be repeated, there are a few desirable approaches. First a preliminary study 

of the behaviour of the bacteria in the bioreactor would give a reference to the optimization. 

Responses to study would be growth rates on the different media and temperatures used, the 

required amount and intervals of ampicillin additions and acetate as well as trypsin production 

under standard conditions. If these pre-studies had been made, the whole optimization study 

could have been based on a more replicable procedure. A more extensive analysis of activity 

and protein concentrations of the activated protein would have been made. The loss of protein 

in the refolding and activation steps is high enough to troubleshoot in which step the largest 

loss is, and how to prevent it. 

 

In order to optimise the procedure even further and forgo the problems with less than expected 

protein production due to loss of plasmid, studies on integrating the gene into the DNA would 

be of importance. The experiments when using a bioreactor are usually more than 24 hours, 

which differentiates them from standard procedures and expected responses in shake flask 

experiments. Before upscaling to a larger bioreactor, studies on downstream processes would 

be done. The largest loss of protein is during the refolding and activation steps and during 

dialysis, so for maximal yield this is a field to explore and optimise. This study is a baseline 

for further work to scale up the production of trypsin using this method for an industrial 

production scale. 
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Appendix 

SDS-PAGE gels 

 
Figure A 1: SDS-PAGE gel of resuspended inclusion bodies from run 1, increasing time since induction from left to right. 

 
Figure A 2: SDS-PAGE gel of resuspended inclusion bodies from runs 4 (left) and 2 (right). Increasing time since induction 

from right to left in both parts of the gel. 
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Figure A 3: SDS-PAGE gel of resuspended inclusion bodies from run 3. Increasing time since induction from right to left. 

 

Figure A 4: SDS-PAGE gel of resuspended inclusion bodies from runs 8 (left) and 6 (right). Increasing time since induction 

from right to left for both runs. 
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Figure A 5: SDS-PAGE gel of resuspended inclusion bodies from runs 5 (left) and 7 (right). Increasing time since induction 

from left to right. 

 

Figure A 6: SDS-PAGE gels with activated trypsin. 

Left: run 1 (lane 2, 3), run 2 (lane 4), run 3 (lane 5, 6) and run 4 (lane 7, 8) 

Right: Run 5 (lane 2, 3), run 6 (lane 4, 5, 6), run 7 (lane 7), run 8 (lane 8). Picture is enhanced in Image Lab for better visibility 

of bands.  
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Run Purity [%] Yield [g/L] 

1 0.50 0.08 

2 7.91 2.61 

3 4.54 0.86 

4 4.13 1.28 

5 26.7 1.31 

6 17.4 0.66 

7 78.2 2.27 

8 20.0 1.04 
Table A 1: Purity and calculated yield for the refolded and activated trypsin. Purity calculated from gels in fig. A6 and A7. 


