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Abstract
Food waste is currently used for incineration or methane gas production, while it could be used
to produce more valuable products such as bioplastics. Bioplastics would be a way to reduce
the production of the petrochemically made plastic in the world. Bioplastic have been
researched for this purpose where some such as poly-(3-hydroxybutyrate) (PHB) has been
produced biologically on defined synthetic media results in up to 80 % of the cell dry weight
being PHB. These studies have both been performed with recombinant Escherichia. coli and
the natural producer Cupriavidus necator among others. Although waste products have been
used as substrates in bioprocesses, few have utilised food waste as a substrate. There are
however cases of PHB production on food waste using C. necator rather than E. coli. In this
study, it was shown that food waste could support growth of E. coli and food-waste medium
was nitrogen limiting, if supplemented with glucose. In addition, if supplemented with nitrogen
a diauxic growth pattern was seen which can be circumvented with a fed-batch strategy.
Recombinant E. coli grown on food waste was observed to produce 3.5 g/l PHB, which
corresponds to 50 % of the total cell dry weigh. However, due to unknown reasons 78% of the
bioreactor cultures showed spontaneous cell lysis at stirring rates of 300 RPM and higher. The
results demonstrate that E. coli grows well on food waste, with a growth rate of 0.75 h-1 at 37
°C and a lower growth rate of 0.63 h-1 at 30 °C until the initial nitrogen was depleted. However,
the results also showed that even if the medium is sufficient for growth, the process is not
robust enough due to cell lysis. Hence an upscaling of this process is not encouraged; to proceed
with such a project a more robust process is needed. Therefore, it is suggested is too use a
process similar to anaerobic digestion with natural producers where the volatile fatty acids
could be used for other products.
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Introduction
The amount of food waste in the world has been increasing with a growing population [1];
during 2007 the world produced 1.6 Gtonnes of food waste. These 1.6 Gtonnes food waste
corresponds to 3.3 Gtonnes of CO2 emission, and additionally an unrecorded amount of
methane. Although only 15 % of the food waste comes from Europe the amount of kgCO2 per
capita is still higher in Europe, 700 kgCO2, than the world average, 500 kgCO2 [2]. Of the 1.6
Gtonnes of food waste produced, Sweden produced 1 Mtonnes [3]. Despite a reduction by
0.26 Mtonnes food waste produced by the end of 2016 [4]. Sweden still does not fulfil the UN’s
goal to reduce food waste levels from 50 % from 2015 by 2030 [5], but a 26 % reduction from
2007 to 2016 shows me might be able to.
Composting has long been a method for recycling food waste [6] and is still common today [7;
8]. However, composting is not the only method used; additional methods include, incineration
and anaerobic digestion. A method without an end product are landfills which are used as
deposits for food waste and other garbage. Some landfills in metropolitan areas such as Seoul
can receive 2 500 tonnes food waste per day [9; 10]. In countries like Sweden where landfills
are banned, incineration and anaerobic digestion are often used [11; 12]. In Sweden almost
58 % of the food waste is incinerated and the rest is either composted or used in anaerobic
digestion [7]. Anaerobic digestion is the preferred method due to the lower carbon foot print
[13].
The main use for recycling food waste has so far been for energy. Where incineration gives
heat, composting gives fertilisers and anaerobic digestion produces fertilisers and methane gas
[14]. To develop other products previous studies have used food waste as growth medium for
algae [15] and poly-(3-hydroxybutyrate) (PHB) from the bacteria Cupriavidus necator [16]
(formerly Ralstonia eutropha and Alcaligenes eutrophus [17]). It has also been shown that food
waste contains enough nutrients for Escherichia coli cultivations [18], which enables new types
of processes. This could allow food waste to be valorised into products, such as succinic acid
or bioplastics.
Cellular products can be either intra cellular, collected in the cell [19] or extracellular, excreted
to the medium [20]. A product that is to be produced from food waste should not be
extracellular. This since the food waste is complex with many different components, and hence
purification would be difficult. Instead an intracellular product would be more practical,
because the cells can easier be extracted. Therefore a product such as bioplastic would be
recommended since e.g. PHB is produced intracellularly [21].
If a bioplastic were to be biologically produced from food waste it could also be biodegradable
[22]. This could be used as a potential argument for utilising bioplastics such as PHB instead
of the traditional plastic from petrochemicals. Not only would this reduce problems with plastic
in the world it would also utilise a sustainable source which would lower its carbon footprint
[23].
Plastic today is an environmental problem that is difficult to solve, the oceans and land are
filled with it [24; 25; 26]. The reason for this is that most plastics are not biodegradable, include
both bioplastics and plastics from petrochemical sources [25]. An example of this is PET
(polyethylene therephalate) which can either be a bioplastic or a petrochemical plastic, since it
can be produced from oil or bioethanol and isobutanol [27]. Neither the petrochemical or the
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bioplastic PET are enzymatically degradable [28]. Although
many petrochemical plastics are non-biodegradable, there exist
those that are, e.g. polycaprolactone [29]. However, the
environmental problem that they are made from non-renewable
sources remain. To solve this problem a lot of research has been
done on biodegradable bioplastic. The Biodegradable bioplastic
Biopol
poly-(hydroxybutyrate-co-hydroxyvalerate)
was
produced semi-commercially (PHB-co-PHV) by Zeneca
BioProducts (Billingham, UK) and later by Monsanto (St. louis,
MO, USA) up until 1998 [30]. In addition, Lactic acid, the
substrate for polylactic acid, has been biologically produced since
1881 [31], and is today produced by companies such as Galactic
[32]. However, many biodegradable plastic processes have shown
not to be economically viable, such as the Biopol production,
hence the discontinuation of the production. A common problem
is that the substrate is weighing heavily on the production cost.
The substrate cost is commonly the major cost in economical
assays over theoretical process plants; 2.6 $/kg (PHB) 29% of cost
is substrate [33], 4.75 $/kg PHB 31% of cost is substrate [34],
2.67 $/kg PHB, with 47% medium cost [26] and 50% of the
production cost [35]. Previous studies have tried to use cheaper
substrates such as cheese whey, starch [36] and food waste [16]
to produce PHB, with additional benefit of better usage of
resources.

Figure 1: PHB pathway from C. necator,
two acetyl-COA is used as substrate from
the glycolysis. The enzymes for each of
the reactions are:1; beta-ketothiolase, 2;
Acetoacetyl
reductase,
3;
PHA
polymerase, where cofactors and other
substrates are not shown.

PHB belongs to poly-hydroxyalkanoates which is a group of
thermostable plastics that, depending on the incorporated
copolymers, receive different properties [37]. These plastics can
be used for moulding bottles and similar products [38]. PHB is
naturally produced in C. necator under substrate limitation of
phosphate or nitrogen when carbon is in excess [39], where it
serves as a carbon storage which can be used during carbon
limitation. The PHB-producing C. necator was discovered in the
1920s [40] and since then many others have been found [21].
While the product is similar in all species, different pathways
have been found [21]. In Figure 1 the pathway of one of the more
studied species C. necator can be seen [41]. With the different
pathways over 150 different hydroxyalkanoates have been found
[42; 43]. The variation in products come from the broad substrate
specificity of the PHA synthase, as it can incorporate different
substrates as monomers in the polymer [42]. The result of this is
that the polymers produced with the different monomers receives
different properties [21]. An example is Biopol which was
produced from glucose and propionic acid resulting in a mix of
3-hydroxyvalerate and 3-hydroxybutyrate in the plastic [44]. This
resulted in a plastic that was less brittle and easier to work with.
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As with many other genetic pathways, the genes from C. necator for producing PHB have been
transferred to E. coli. This allows easier handling and the ability to utilise cheaper substrate.
This was performed in 1988 [45; 46], at a time where the genes were not identified. A year
later the genes were identified which allowed for more efficient plasmids to be developed [47].
Research to develop a more efficient plasmid with higher yields has since then continued [48].
Some recombinant E. coli cultivations can now result in 80 % cell content PHB from 109 g/l
cell dry weigh (CDW) [49] or 77 % cell content PHB from 204 g/l CDW [50] on defined
medium. These cultivations are long and have a high demand for specific carbon source
concentrations, though a biological process that is economically feasible seems to be possible.
To reduce the effects on the environment both food waste and plastic waste must be handled.
It has been shown that E. coli can be grown on food waste [18]. Therefore, by then combining
recombinant PHB-producing E. coli and the food waste a more environmentally sustainable
production can be created, as well as an economical process.
This project will aim at utilising a recombinant E. coli strain to produce PHB in a cultivation
medium made from food waste. The aim is to construct a pre-treatment process for food waste,
characterise nutrient content in food waste, characterise the wildtype E. coli’s growth on the
produced food-waste medium and to produce PHB from food waste with the recombinant E.
coli.

Materials and methods
Chemicals and reagents
Chemicals and reagents were mainly bought from Sigma Aldrich and VWR.

Strain
Wild type E. coli W3110 was used in all experiments unless otherwise stated. The production
strain used is E. coli W3110 ΔfadR containing plasmid, pCnCAB, with 3 genes from
R. eutropha constructed in South Korea [51].

Media
The minimal salt medium is used for the reference cultivations and also as inoculation
cultivations to food-waste medium unless otherwise stated, which has been described
previously [52] as nitrogen limited minimal medium.
Lysogeny broth medium was used for cell stocks frozen at -80 °C and is previously described
[53].
The food-waste medium was prepared from food waste acquired on the 30th of January 2017
from Scandinavian Biogas, Gladö kvarn, Huddinge, Sweden. The food waste consisted of
sorted and grinded food waste form the municipalities Huddinge, Haninge, Botkyrka, Salem
and Nynäshamn collected at SRV återvinning AB’s recycle facility in Gladö. The food waste
was transported to KTH, Alba Nova in food grade buckets and stored at -20 °C. Before use,
the food waste was thawed for 24 h at room temperature.
The food waste was pretreated by blending in a food processor (Bosch Food processor
MCM64060 at 1200 W 1.5 l food waste) for 0, 5, 10 or 15 min. To establish the best work flow
samples for each blending time was divided into 3 fractions that where 1) autoclaved (20 min
at 121 °C and 1 bar overpressure); 2) centrifuged (Avanti™ J-20 XP with Rotor head JA-10
6
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for 4000 xg and 4 °C for 15 min) and autoclaved, or 3) left untreated. The 10 minutes blending
and work flow 2, with additional hygienisation, se below, was selected as the blending step for
all further experiments.
A hygienisation step was compared to pre-treatment without hygienisation. The hygienisation
was performed by heating the blended food waste using a water bath for 3 hours at 70 °C. The
hygienisation step were included in the final pre-treatment.
The pH of the food waste was adjusted from pH 4.8-5, depending on bucket, to 7.0 using NaOH
(10 M) after the hygienisation step. It was then centrifuged as above and the supernatant was
collected and autoclaved. The autoclaved food waste liquid fraction was stored at 4 °C for
maximum one week before use.
Before use the food-waste medium was filtered, using autoclaved filters; coffee filter (Eldorado
14:9), cotton (U.S Cotton™) in a beaker, sterile paper or filter paper (Whatman®). The cotton
filter was used in the final used in the final pre-treatment. The filtered food-waste medium was
stored at 4 °C and used within 48 hours.

Cultivations
Cultivations were performed in either shake-flasks or in bioreactors. The shake-flasks
cultivations were incubated at 37 °C, 180 revolutions per minute (RPM) and 100 ml total
volume, unless otherwise stated. Bioreactor cultivations were performed at 37 °C, pH 7.0, 0.2
bar overpressure and a varied stirring and airflow to keep dissolved oxygen levels above 20 %
saturation, these settings were used if nothing else is stated. Cultivations were inoculated with
exponentially growing cells from seed culture grown on minimal salt medium overnight in
shake-flasks, unless otherwise stated.
Reference shake-flask cultivation of the strain was performed on minimal salt medium with
5 g/l glucose with inoculation from a lysogeny broth pre-culture.
A reference batch cultivation on minimal salt medium was performed in a stainless steel
bioreactor (15 l total volume, Belach Bioteknik, Sweden) at 8 l working volume with 15 g/l
glucose and base titration with ammonium hydroxide solution (24 %(w/w)).
Growth tests cultivations in shake-flask were performed in food waste, 1) sterile control. 2) no
supplementation. 3) supplemented with 15 g/l glucose and standard concentration of trace
element and magnesium solutions [52]. The shake-flasks were inoculated from a -80 °C
minimal salt medium glycerol stock.
Limitation experiment with six different shake-flask cultivations on food-waste medium were
performed with additions (g/l): NaCl 2.25; glucose 5, NaCl 2.16; glucose 5, K2PO4 1.6, NaCl
1.99, standard concentration of trace elements and magnesium solutions from minimal salt
medium; glucose 5, (NH4)2SO4 5, NaCl 1.94; glucose 5, 40 mM MOPS
(3-(N-morpholino)propanesulphonic acid), NaCl 1.26. The cultivations were inoculated from
minimal salt medium to the same optical density (OD600). A sterile control was made with
only the addition of NaCl 2.25 g/l and no inoculation.
Specific growth rate (µ) characterisation experiment were performed in shake-flasks on
food-waste medium with additions of glucose 5 g/l and 80 mM MOPS.
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A dilution experiment was cultivated on food-waste medium which was diluted 50 times and
cultivated in shake-flasks. All shake-flasks contained: glucose 5 g/l, MOPS 80 mM and either
NaCl 6.93 g/l or (NH4)2SO4 5 g/l and NaCl 6.71 g/l. The inoculum was centrifuged (6000 xg
for 30 seconds, Heraeus Biofuge Primo R) and the pellet was resuspended in NaCl and
inoculated to the same volume and concentration in all flasks.
The scale up of the limitation experiment was cultivated as batch cultivations on food-waste
medium in a 6 parallel stainless steel bioreactor system (Greta, Belach bioteknik AB, Sweden)
at a working volume of 800 ml. The food-waste medium with glucose 15 g/l was supplemented
in four different ways (g/l): NaCl 0.855; (NH4)2SO4 5, NaCl 0.630; KH2PO4 1.6,
Na2HPO4*2H2O 6.6, NaCl 0.711; glucose 10, (NH4)2SO4 5 g/l, NaCl 0.881, standard addition
of trace elements and magnesium from minimal salt medium. All cultivations had a base
titration of NaOH (1 M), except the nitrogen only supplemented cultivation that was titrated
with ammonium solution (24 %). The bioreactors inoculum was centrifuged (6000 xg for 5
minutes, Heraeus Biofuge Primo R) and pellet resuspended in NaCl 9 g/l, spun down and
resuspended in NaCl. The bioreactors inoculated with the same volume and concentration.
Fed-batch experiment, was performed on food-waste medium in a 6 parallel stainless steel
bioreactor system (Greta, Belach bioteknik AB, Sweden) that were performed at an initial
volume of 700 ml. The food medium was supplemented with glucose 10 g/l and NaCl 1.11 g/l.
The feed was food-waste medium with addition of glucose 15 g/l and (NH4)2SO4 5 g/l. The
reactors had a base titration with NaOH (1 M). The bioreactors inoculum was prepared same
as above. The feeding profile was calculated volumetrically from Equation 1, with a µ of 0.1
h-1 and the cultivation was fed for 5 hours.
Equation 1

𝐹 = 𝑉0 ×µ×𝑒 µ×𝑇

Two different feed start times were used based on previous experiment, one at the end of first
exponential growth and another one at the start of the second exponential growth (Figure 2).
The first feed profile was scaled up to a larger stainless steel bioreactor (15 l total volume,
Belach bioteknik AB) with a starting volume of 4 l and a smaller stainless steel bioreactor (8 l
total volume, Belach bioteknik AB) with a starting volume of 2.5 l.

Figure 2: The two-different feed start points used in this experiment. Note there was only one feed profile per
cultivation. Feed one was started at the end of the first exponential growth (after 4 hours) and feed two at the
second exponential growth (after 11 hours).
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PHB production experiments were cultivated in shake-flasks with the PHB production strain
on food-waste medium with supplemented glucose 15 g/l, MOPS 80 mM and NaCl 0.225 g/l
or (NH4)2SO4 5 g/l. The cultivations were inoculated with a -80 °C minimal salt glycerol
medium stock.
The production experiment was cultivated as a fed-batch cultivation in food-waste medium
with the production strain in both a 15 l and an 8 l bioreactor (Belach bioteknik AB) with the
initial volumes 8 and 5 l respectively. The cultivation was performed at 30 °C, ampicillin
100 mg/l, an initial antifoam (Breox B125) concentration of 50 µl/l and dissolved oxygen
tension levels above 10 %. The food-waste medium was supplemented with glucose 10 g/l and
base titration with NaOH (5 M). The feed was supplemented with glucose 15 g/l and
(NH4)2SO4 5 g/l. The feed profile was calculated according to Equation 1 where µ is 0.1 h-1
and started after the first exponential phase (Figure 2), and was fed for 2 hours. The bioreactor
was inoculated from a minimal salt medium pre-cultivation. The cell dry weighs (CDW) were
washed in the same way as the PHB analysis during this experiment.

Analyses
OD600 was measured by table-top spectrometer (Thermo Scientific Genesys 20) where each
sample was diluted with NaCl 9 g/l to receive within 0.08-0.12 absorbance units (abs units),
where the blank was NaCl 9 g/l.
CDW were analysed with tubes dried at 105 °C for at least 24 h then put in a desiccator until
cool enough to be weighed. 5 ml cell suspension samples were collected in a pre-weighed CDW
tube and centrifuged (Hermble Z 206 A) for 15 min at 2000 xg, the pellet was then dried at
105 °C for at least 24 h and put in a desiccator until cool enough to be weighed.
Glucose and acetic acid were analysed by high-performance liquid chromatography (HPLC)
from pooled supernatant from CDW that was filtered through a 0.45 µm filter, samples were
either analysed directly or stored at -18 °C until analysed. For the reference batch rapid
sampling cell inactivation [54] was used where, 2 ml 0.13 M cold perchloric acid was used for
2 ml sample. Samples were centrifuged (Hermble Z 206 A) for 15 min at 2000 xg, 3.5 ml of
supernatant was added to 75 µl potassium carbonate (500 g/l) and incubated on ice for 15 min
before centrifuged again for 5 min at 2000 xg. The supernatant was then stored in -18 °C before
analysis or analysed on HPLC directly.
HPLC samples were centrifuged (Heraeus Biofuge fresco) at 13600 RPM for 5 min before
loading on the HPLC (Waters, Alliance system 2695 separation module) with Biorad Aminex®
HPX-87H column 0.4 mM H2SO4 mobile phase with refractive index (Waters 2414 RI
Detector) and 210 nm absorbance (Waters 2996 Photodiode Array Detector) analysis. Samples
were run for 60 min with 50 µl injection at ambient temperature.
PHB tubes were dried for at least 24 hours at 105 °C then put in a desiccator until cool enough
to be weighed. 5 ml sample was collected in a dried PHB tube and centrifuged (Hermble Z 06
A) for 15 min at 2000 xg, the pellet was resuspended in NaCl and spun down again. The pellets
were dried for 24 h and then put in a desiccator until cool enough to be weighed. The dried
pellet was dissolved in 2 ml chloroform with an internal standard of benzoic acid (15 mM) and
2 ml of methanol with 3 % (v/v) H2SO4, the tubes were sealed with an air tight lid and put in a
heat block (Heap Labor Consult HBT 130) for 3.5 h at 100 °C. Once cooled to room
temperature 1 ml distilled H2O was added to each sample followed by blending with a rotator
9
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(Stuart Equipment, Rotator SB3) for 10 min at 40 revolutions per minute. Finally, the
chloroform phase was extracted and stored at 4 °C or analysed directly using gas
chromatography (GC).
GC samples were loaded on the GC (Hewlett-Packard 5890) with CP-Sil 5 CB (30 m long,
0.25 mm diameter and 0.25 µm film column) with He as carrier gas. The temperature program
used was: 80 °C for 1 min, increase 8 °C/min to 150 °C then 10 °C/min to 250 °C which was
held for 5 min.

Results
Food-waste medium preparation
The food waste pre-treatment was performed to replicate an industrial process but as well some
other steps that increased the reproducibility of the experiments. From the food waste only the
liquid fraction was used, making it a simpler process. The was then performed by several steps;
blending, hygienisation, pH adjustment, centrifugation, autoclaving and filtration.

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

A

Glucose concentration [g/l]

Glucose concentration [g/l]

To investigate the effect of blending over time, food waste was blended in a household blender
with different time intervals. The food waste was sampled at 0, 5, 10 and 15 min where each
sample was split into 3 samples that were treated with autoclavation, centrifugation followed
by autoclavation or untreated. From the initial experiment, the glucose concentration does not
seem to be correlated with the blending (Figure 3 A). The results showed that the glucose
concentration was initially 0.1 g/l increasing after 5 min of blending to 0.9 g/l where it then
decreased again. It was concluded that the sampling method of pouring out of the blender and
bucket had to low reproducibility. Due to the inhomogeneity of the food waste the pouring
caused different ratios of liquid and lumps in the sample. This inhomogeneity was decreased
by switching to a scooping method, where a beaker was used to scoop up the food waste more
uniformly. The scooping sampling showed results that were not affected by the blending, where
the glucose concentration was around 3 g/l and did not increase over time with longer blending
(Figure 3 B). To find out how much the scooping affects the concentration, replicates would
be necessary. However blended food waste was by standard pooled when used for cultivations
hence removing the effect of the sampling. Since the food waste still contain chunks, blending
for 10 min was included as an initial step in the pre-treatment. This allow for better
reproducibility of the experiments and simplified analysis.

0

5

10

Blending time [min]

15

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

B

0

5

10

Blending time[min]

15

Figure 3: Blending effects on food waste where food waste has been blended for 0, 5, 10 and 15 min. Grey:
Centrifuged and autoclaved. Black: Autoclaved food waste. Striped: Food waste with no treatment. [A]: sampling
by pouring. [B]: sampling by scooping.

10

Master thesis 30 credits

Bioplastic from food waste liquid fraction

Emil Sundäng Peters

Hygienisation of blended food waste was investigated to see if the nutrient content changed
during the process. The nutrients were thought to increase due to a higher activity of the
hydrolytic enzymes present in the food waste [55]. The process is also commonly used in the
industry and was used in this study for a better resemblance to industrial processes. The glucose
and acetic acid concentrations were sampled over the whole pre-treatment. The glucose
concentration increased by 0.9 g/l, 23 %, during the hygienisation while the other steps did not
affect the glucose concentration (Figure 4 A). The concentration of the growth inhibiting acetic
acid did not change during any of the pre-treatment steps. To further investigate the other
nutrients besides glucose, E. coli was cultivated in shake-flasks with hygienised or
non-hygienised food-waste medium (Figure 4 B). The hygienised food waste cultivation
supplemented with nitrogen had a cell mass of OD600 of 0.81 abs units after 30 hours which
was 0.33 abs units higher than the non-hygienised food waste cultivation supplemented with
nitrogen. Though both the hygienised and the non-hygienised food waste without nitrogen
addition had one sample each at an OD600 of 0.2 abs units with the replicate samples of 0.46
and 0.35 abs units respectively. This gave an indication that the hygienisation did increase the
free nutrient content of other nutrients than nitrogen. Because of the inconsistence between the
duplicates from the cultivations without nitrogen it is hard to tell if there is an increase in
nitrogen or not. Although the increased growth indicates that more nutrients were released,
which nutrients could not be determined and requires additional experiments to determine.
6

B

0.9

5

0.8

4

0.7

3
2
1
0

OD600 [abs units]

Concentration [g/l]

A

0.6
0.5
0.4
0.3
0.2
0.1
0
0

10

Time [h]

20

30

Figure 4: [A] The concentrations of [Black] glucose and [Grey] acetic acid during the different steps in the
pre-treatment of the food waste. [B] E. coli cultivated in shake-flasks on 50 times diluted food-waste medium
supplemented with glucose (5 g/l); [◊,♦] with hygienisation step; [○,●] with hygienisation and added nitrogen
source; [□,■] no hygienisation with added nitrogen source; [△,▲] No hygienisation step.

The food waste had a pH of 4.9 when received and was adjusted to pH 7 since E. coli has a
higher viability at pH 7, also to precipitate proteins before the centrifugation. This step was
performed after the hygienisation to lower the amount of maillard reactions that occurs when
glucose is heated with amino acids at high pH [56]. This reaction creates toxic compounds,
furans, which are harmful for living cells. The pH adjusting is performed before the
centrifugation since it causes protein precipitation, that can be removed with the solid food
waste fraction. In this study, a temperature of 4 °C has been used while centrifuging the food
waste, which resulted in fat solidifying on the walls of the centrifuge tubes (Figure 5 A).
However it did not rid the food waste liquid fraction of all fat as was noticeable after the food
waste liquid fraction was autoclaved.
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C

Figure 5: [A]: Centrifuge tube with centrifuged food waste. At the top and to the right fat can be seen sticking to
the tube and to the right the solid food waste fraction. [B]: Autoclaved food waste with coagulated protein. [C]:
Autoclaved food waste with a layer of fat at the surface.

The food waste liquid fraction was sterilised through autoclaving to keep it sterile which
increases reproducibility of the experiment. The autoclaving is not applicable in industrial
settings, where hygienisation is used instead. Both the hygienisation and the autoclaving
increases the amount of maillard reactions due to its high heat. Other than the maillard reaction
a decreased pH after autoclaving was observed, pH 7.0 to 6.5. A variance in colour was also
observed after autoclaving the food waste with differences between the different food waste
buckets, the colours were between orange and dark brown. More than that autoclaving resulted
in two different kinds of separations; the coagulation of proteins (Figure 5 B) or fat separation
from the liquid creating a two phase system (Figure 5 C).
The sterilised food waste liquid fraction was filtered to remove fats, coagulated proteins and
lighter particles that were not removed by centrifugation. This allowed for higher
reproducibility of experiments and analysis of samples, even though there is low applicability
in industrial settings. There were four different filters tested: coffee filter, sterile paper, filter
paper and cotton. The sterile paper and the filter paper gave similar results; both clogged
directly and had no flow though even when vacuum was applied. The coffee filters had a flow
through with an OD600 of 0.2-0.4 abs units. However, the filters clogged easily and had a low
flow though the filter, which increased the time the contamination risk due to it being exposed
for longer time. The cotton filter (Figure 6 A) gave a food-waste medium with higher OD600
compared to the coffee filter, of 0.4-0.9 abs units. The particles in the medium sedimented to
the bottom after a few days or could be centrifuged down. Even though the effluent of the
cotton filter had a higher OD600 it did remove most particles and gave a much higher flow rate
through the filter. The higher flow allowed the cotton filter to filter 1 l of food waste in about
10 min where the coffee filter took almost an hour. An additional benefit was that the filter was
easy to recover; the filter was recovered by removing the dirty top layer of the cotton (Figure
6 B, C). The cotton filter was hence the filter that was used in the final pre-treatment of the
food-waste medium.
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Figure 6: [A]: The filter setup used to filter the food-waste medium, where the beaker is filled with cotton that
hinder fat, protein, and other light particles. [B]: The bottom of the filter beaker, the holes only keep the cotton in
the beaker but do not block any particles. [C]: Used cotton filter where it can be seen how much fat, protein and
other particles that has been hindered by the filter.

Cultivations
Reference cultures on minimal salt medium
As a reference for cultivations on food-waste medium E. coli was cultivated on minimal salt
medium in shake-flasks, while also performed for initial characterisation of the growth and
increased cultivating knowledge. The data was plotted and fitted with an exponential trendline
where a fit, R2 of 0.98 and a µ of 0.38 h-1 (Figure 7 A). The trendlines was observed not to
follow the data well and hence was plotted with a logarithmic y axis to reveal the exponential
areas (Figure 7 B). The data is exponential with a logarithmic axis, if the data points are linear
and therefore only the linear data points are fitted with a trendline. With only the exponential
area fitted with an exponential trendline a fit, R2 of 0.99 with a µ of 0.46 h-1 was observed. This
µ was seen as low compared to a general minimal salt medium literature value for E. coli,
0.85 h-1 [57].
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Figure 7: A reference cultivation of E. coli grown on minimal salt medium in shake-flasks. [A] OD600 overtime
where a trendline is fitted to the data. [B] OD600 over time with a logarithmic y axis, where the linear data points
are fitted to a trendline.

A reference E. coli batch cultivation in a stainless-steel bioreactor on minimal salt medium at
8 l was performed, to get a better reference growth pattern, a negative PHB sample and more
extensive cultivating knowledge. This resulted in a µ that was higher at 0.71 h-1 compared to
0.46h-1 in the shake-flasks, with a fit, R2 of 0.999 (Figure 8 A). The CDW from this cultivation
was harder to compare to other results, due to background noise. The background noise came
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Figure 8: Reference batch cultivation of E. coli grown on minimal salt medium in a stainless-steel bioreactor.
[A] The biomass during the cultivation where a trendline is fitted to the OD600, where: ■, is the CDW, ▲ is the
OD600. [B] The HPLC data for ■ acetic acid and ▲ glucose.
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Food-waste medium cultivations
Food waste cultivations were cultivated in shake-flasks, to see if E. coli could grow on the
food-waste medium. To confirm that the shake-flasks were not infected but had E. coli growing
in them sterile control was used without inoculation of cells. The growth in food-waste medium
was seen to halt at OD600 of around 1.5 abs units for both the culture with added glucose, trace
element and magnesium (Figure 9). While this did show that E. coli could grow on the
food-waste medium the growth was lower than expected, where on minimal medium it is
common to have OD600 of above 3 abs units. The sterile control flask did show a different
behaviour than expected, it grew to an OD600 of almost 4.5 abs units. As this cultivation was
not inoculated contamination was concluded. Since the food-waste medium is a complex
medium it is easily contaminated due to the varying nutrient content that can suffice for
different microorganisms. Other shake-flask cultivations (not shown) were also contaminated
by unknown microorganisms. This is thought to be due to the open filtration and insufficient
sterile work. To lower the contamination risk, the sterile work around the filtration was changed
so that the food-waste medium was less exposed to the open air in the laminar flow bench.
14

Acetic acid concentration [g/l]

from salts and glucose left in the pellets due to them not being washed in this experiment. A
correlation of 2.6 OD600 per CDW was observed, which is similar to literature values [58].
The acetic acid produced as overflow metabolite increased with the cell mass with a yield of
0.9 g acetic acid per g CDW until the last data point where it was 0.12 g acetic acid per g CDW
(Figure 8 B). However due undetectable acetic acid concentrations in the beginning only the
last data points can be considered, also the CDW due to the background noise does interfere in
the calculations. The substrate, glucose, decreased as expected with cell mass, though the initial
3 data points showed a glucose concentration that increased 21.1 g/l to 21.3 g/l (Figure 8 B).
This did not reflect the concentration that was added to the cultivation (15 g/l). It can depend
on either a dilution error or analysis error with the HPLC. The concentration of glucose in the
cultivation can be calculated from the CDW, 8.58 g/l where a 53.5 % yield of gram cells per
gram glucose was calculated. From this a concentration of about 16.0 g/l glucose could have
been present in the bioreactor, also in this calculation the CDW background noise can affect
the outcome. Therefore, a higher concentration of glucose could have been present in the
bioreactor initially, however the results from the HPLC shows a value that is too high. The
negative control samples for PHB analysis had 0 g/l PHB in this reference cultivation.
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Figure 9: E. coli cultivated on food-waste medium in shake-flasks; ■ sterile control. ● with no supplements,
▲ supplemented with glucose, trace elements and magnesium addition.

To further investigate the growth of E. coli on food-waste medium the limiting compound was
investigated by supplementing shake-flask cultivations with different nutrients. The
cultivations supplemented with glucose did not show any effect in this experiment, from the
HPLC 2.8 g/l glucose was measured as initial concentration hence not limiting any of the
cultivations (Figure 10 B). While the nitrogen supplemented cultivations gave a higher cell
concentration, though only an increase in OD600 of 0.5 abs units which can be within normal
variance (Figure 10 A). More interestingly is the higher OD600 of the MOPS and phosphate
supplemented cultivations. From the pH data over time for all cultivations the MOPS
supplemented cultivation had a slower pH decrease (Figure 10 C, D). Since a low pH can inhibit
growth of E. coli [59] it would allow the cells to grow to a higher concentration with buffer.
The MOPS and the phosphate does have a buffering effect and it could explain why they gained
a higher OD600 compared the other cultivations. To gain any further information a higher
buffer concentration or pH control was implemented in future cultivations.
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Figure 10: E. coli shake-flask cultivations on food-waste medium where different nutrients were supplemented to
the cultivations to find which the limiting compound is; [A] the OD600 in the cultivations over time where: △, ▲
with additional glucose, phosphate, trace element and magnesium; ○, ● with additional glucose and nitrogen; □,
■ with additional glucose and buffer MOPS. The buffered solution reached the highest cell density. [B] the OD600
in the cultivations over time where: □, ■ only food-waste medium; △, ▲ with additional glucose; ○, ● sterile
control. [C] The pH in the cultivations over time where the different cultivations were: △, ▲ with additional
glucose, phosphate, trace element and magnesium; ○, ● with additional glucose and nitrogen; [D] The pH in the
cultivations over time where the different cultivations were: □, ■ with additional glucose and buffer MOPS. □, ■
only food-waste medium; △, ▲ with additional glucose; ○, ● sterile control.

The µ of E. coli on food-waste medium was investigated in shake-flasks cultivations, to
characterise the growth pattern. The data showed that the growth was only exponential for
small periods and did not have a continuous exponential phase (Figure 11), hence no conclusion
could be drawn about the µ for E. coli on food waste in this experiment.
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Figure 11: E. coli shake-flask cultivations on food-waste medium with glucose addition only. Performed to find
the µ of E. coli on food-waste medium.
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The limitation experiment previously performed was scaled up, and cultivated in a 6 parallel
bioreactor system with a working volume of 800 ml. This was performed to gain more control
over the cultivation as well as to be able to gain more data of the limiting effects on the medium.
All these cultivations where performed with excess of glucose (15 g/l) that should support
around 7.5 g/l CDW. The CDW result showed an end concentration of around 7.5 in both the
nitrogen and phosphate supplemented cultivations (Figure 12 C). Though the phosphate
supplemented cultivation had a background noise higher than the nitrogen supplemented
cultivations, hence a lower cell mass. However only one of the cultivations showed a
continuously increasing pattern in the CDW, resulting in the CDW being unreliable. A reason
for this can be that since the pellets of the CDW were not washed resulting in more salts, sugars
and food waste in the pellet. This results in a background noise for all cultivations which was
highest in the phosphate supplemented cultivations. Since the pellets were not washed the
CDW are of bad quality and a background noise is hard to subtract and see the real cell mass.
From the OD600 data the nitrogen supplemented cultivations, 19.65 abs units, is seen to have
a higher cell mass than both the control and the phosphate supplemented cultivation with about
9 units each (Figure 12 A). Another observation, was that similar to the CDW the phosphate
supplemented cultivation had a higher background OD600 than the other cultivations, 0.7 abs
units compared to 0.47 abs units. The phosphate solution could have caused precipitation hence
resulting in higher OD600 and CDW than the others. Due to the bad quality CDW as well as
the background noise in both DW and OD600 the correlation between OD600 and CDW is
affected. The only cultivation which had a correlation was one of the nitrogen supplemented
cultivations (Figure 12 C) where the correlation was 2.75 OD600 per 1 g/l CDW. It could as
well be seen that the glucose concentration was 0 g/l by the end of the cultivation hence causing
it to be glucose limited instead of nitrogen.
From the online-data it could be seen that the nitrogen-supplied cultivations had diauxic growth
curves (Figure 12 B). The first exponential phase could indicate that the already present
nitrogen source is being consumed, based on initial growth being similar between all
cultivations. After about 10 hours the nitrogen supplemented cultivations had a new
exponential growth for 2.5 hours, only visible in the dissolved oxygen tension from the online
sensor. This would indicate that the added ammonium is being consumed. After this second
exponential growth fluctuations in the dissolved oxygen tension was observed which could
indicate other unknown nutrients depleting.
One of the phosphate supplemented cultivations suffered from cell lysis which decreased the
cell mass from an OD600 of 1.8 abs units to 0.9 abs units. This happened simultaneously as an
RPM increase in the bioreactors. The hypothesis at this point was that it was caused by an
addition of antifoam that was injected to remove the intense foaming that was observed after
the RPM increase.
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Figure 12: E. coli cultivated in a 6 parallel stainless steel bioreactor on food-waste medium: [A] OD600 from
the different cultivations that has been supplemented with: △, ▲ glucose; □, ■ glucose and phosphate; ○, ●
glucose and nitrogen. [B] Dissolved oxygen tension in the cultivation over time; [Blue dark] addition of
glucose 1; [Light blue] addition of glucose 2; [Dark yellow] addition of glucose and nitrogen 1; [Light yellow]
addition of glucose and nitrogen 2. Where in the start the adjustment to stirring and gas flow causes the
dissolved oxygen tension to fluctuate. [C] CDW from the different cultivations that has been supplemented
with: △, ▲ glucose; □, ■ glucose and phosphate; ○, ● glucose and nitrogen.
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Two fed-batch cultivation strategies were created, the two feeds were calculated volumetrically
with a µ of 0.1 h-1. The first feed profile was to start after the first exponential growth and the
second feed when the second exponential growth started (Figure 2). The feed strategy was
performed to reduce the effect of the diauxic growth, the first feed was to prolong the
exponential growth and see if it shifts the second exponential growth further away in time. The
second feed was performed to see if the cells can consume both nitrogen sources at the same
time. These cultivations ran into an unexpected end, after 2.5 hours cultivation 3 out of 6
cultivations had spontaneous cell lysis, with the 3 others soon following. This was seen
previously in Phosphate 1 during the limitation experiment. The difference was that the lysis
was more intense this time and the OD600 did get reduced back to the background noise of the
medium. The hypothesis in this experiment was either phage contamination or toxins, this
resulted in a thorough cleaning of the lab. With a cleaned lab and negative phage controls, the
experiment was recreated. Though it lasted for one hour longer the result was the same, after
3.5 hours 4 out of 6 bioreactors had cell lysis with the others following within the hour. Since
the lysis had been seen at a stirring increase when the dissolved oxygen tension was running
low the hypothesis at this point was that the membranes had been weakened and the mechanical
force from the impeller lysed the cells.
Due to restrained availability of the 6 parallel bioreactor system also allowing a new bioreactor
geometry, the experiment was redone in two larger reactors. This time with sett stirring speed
of the impeller, to avoid changes in the sheer forces in the cultivation. The stirring was fixated
at 500 RPM in the smaller 8 l bioreactor and 800 RPM in the larger 15 l bioreactor. The
bioreactors had a starting volume of 2.5 l and 4 l respectively. After 3.5 hours cell lysis occurred
again. What was different this time was that the cultivation was more visible due to better
windows on the bioreactors hence a new observation was done. Foaming could be seen at a
low stirring of 300 RPM and at the sett stirring of 500 RPM an intense foaming was seen which
doubled the volume of the medium (Figure 13). The hypothesis is that compounds in the
medium increase the cell stress which weakens the membrane of E. coli and in combination
with sheer forces from bubbles it could cause spontaneous cell lysis [60].

A

B

Figure 13:Food-waste medium in an 8 l stainless-steel bioreactor [A]: without any stirring with. [B]: with stirring
of 500 RPM.
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Production of PHB on food-waste medium
The PHB production strain was cultivated in shake-flasks at 30 °C to see if it would maintain
the plasmid and if it would produce PHB in food-waste medium. The cells where sampled after
an overnight cultivation and showed a PHB per CDW content varying between 39 and 50 %,
Table 1. This proved the cells viable for further experiments.
Table 1: PHB production in shake-flasks on food-waste medium in 30 °C, where Glucose addition 1 and 2 had
additional glucose 15 g/l added and Nitrogen addition 1 and 2 had additional glucose 15 g/l and nitrogen 5 g/l
added. The food-waste medium is pure food waste with no additions.

Sample

CDW*

PHB

PHB per CDW

g/l

g/l

%

Food-waste medium

0.00

0.00

0.00

Glucose addition 1

2.37

0.93

39.1

Glucose addition 2

2.44

1.00

40.8

Nitrogen addition 1

3.08

1.57

50.9

Nitrogen addition 2

2.63

1.14

43.6

* The food-waste medium has 0.54 g/l background noise that is subtracted from all CDW samples.

A fed-batch production was performed with the PHB production organism on food waste in
two bioreactors, one at 15 l total volume and a second at 8 l total volume. The bioreactors were
both run at a low stirring RPM and with antifoam to reduce the foaming, causing the oxygen
concentration to be lower than before. However, since the production strain is cultivated at
30 °C the growth rate is lower compared to the wild type in 37 °C, reducing the demand for
oxygen. This resulted in reduced foaming in the cultivations. However, after 8 hours of
cultivation the 8 l bioreactor had cell lysis at a stirring of 300 RPM. The larger bioreactor did
not have any cell lysis until after 27.5 h of the cultivation (Figure 14 A). From this cultivation,
it could be seen that the feed had an effect on the growth. The feed was calculated on a µ of
0.1 h-1 while the achieved µ from the CDW data was 0.095 with a R2 of 0.993. This feed does
show that the diauxic growth can be avoided somewhat; a second exponential was not seen and
compared to the limitation experiment a higher cell mass was achieved. The higher cell mass
can come from different nutrient in the food waste compared to the previous experiment, but
also from accumulation of fat, proteins or polymers in the cells. From the PHB analysis it was
seen that the cells contained 3.5 g/l PHB in the end (Figure 14 C), which is 50 % of the cell
content (Figure 14 B). This accumulation results in a higher OD600 and CDW hence it is hard
to compare the previous limitation experiment to this experiment. A hypothesis could be that
the low amount of added nitrogen to the feed do not result in a secondary exponential phase or
that it would require more time to deplete the other nitrogen sources. If assumed that none of
the added nitrogen had been utilised yet, then with the CDW the amount of utilised nitrogen
can be calculated. The final CDW before lysis was 7.11 g/l with 50.5 % being cell mass, hence
3.59 g/l was cells without PHB. Assuming 14 % of a E. coli is nitrogen 0.50 g/l nitrogen must
have been utilised. This seems to be higher than in previous experiment while still not that
much more. Though it must also be considered that the cell ratio of elementary composition
will be shifted when it produces PHB. The PHB causes the cell to have a larger volume hence
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more membrane is needed compared to a non PHB producing cell causing the ratio of
elementary composition to be shifted.
The PHB content was increasing with the cell density until about 50 % of cell content, this
increased most during non-exponential phases (Figure 14 B). In the non-exponential phases
the PHB content increased from 20 % to 43 % after the first exponential and further to 50 %
after the feed phase. After the feed it stayed constant until the cell lysed where the PHB
increased since PHB can still be centrifuged down even though it is not in a cell. This hints on
that the PHB might be accumulated during nitrogen limitations, but also that in exponential
phases it increases with the cell mass. From this study, it seems as if the PHB content in this
strain does not go above 50 % though to confirm this further research would be needed.
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Figure 14: Two ´bioreactor cultivations of E. coli with plasmid pCnCAB for PHB production cultivated in foodwaste medium, one bioreactor at 15 l total volume and a second at 8 l total volume. [A], ■ CDW for the 15 l
bioreactor; ▲ OD600 for the 15 l bioreactor; ● CDW for the 8 l bioreactor; ♦ OD for the 8 l bioreactor. [B] ● PHB
per CDW from the 15 l cultivation. [C] ▲ CDW concentration from the 15 l bioreactor cultivation; ♦ PHB
concentration from the 15 l bioreactor cultivation.

21

CDW [g/l]

OD600 [abs units]

6
20

Master thesis 30 credits

Bioplastic from food waste liquid fraction

Emil Sundäng Peters

Discussion
Goal and summary
In this project, a pre-treatment method for food waste was created containing; blending,
hygienisation, pH adjusting, centrifugation, autoclaving and filtration resulting in food-waste
medium for bacterial cultivations. The food-waste medium contained around 4 g/l glucose.
When supplemented with glucose the food-waste medium was nitrogen limited. E. coli growth
on the food-waste medium was then characterised; E. coli grew with a µ’s of 0.75 h-1 and the
medium could support a cell density of 3.5 g/l CDW. Additionally, a PHB production in
food-waste medium was performed that produced 3.5 g/l PHB which was 50 % of the cell
content.

Food waste characteristics; sterility, analysis and fat.
As a result of the food-waste medium characteristics, it was not easy to work with, with regards
to preparation and contamination risk. The food-waste medium was easily contaminated due
to its complexity of different nutrients. Therefore, the food-waste medium can be considered
similar to lysogeny broth medium. However, this food-waste medium was contaminated much
easier than a standard lysogeny broth, because of the need for a filtration step. During the
filtration step the medium is exposed to open air in a laminar flow bench, which may reduce
the micro-organisms althought is not a total removal of such. The contaminations were mainly
seen in the beginning of the project, hence some of the contaminations were due to inexperience
and insufficient sterile work. However, contaminations where still seen though-out the
experiments although they were fewer, likely from the filtration step. Therefore, when
shake-flasks were cultivated sterile controls were used, and a contamination was easily
indicated with either colour or a higher OD600 than the other flasks.
The different analysis methods commonly used were affected by the food-waste medium. The
OD600 analysis showed that the food-waste medium had a background noise of 0.4-0.9 abs
units. This results in a problem measuring cell mass at low concentrations, but also creates
more errors since it must be diluted from the beginning of the cultivations. Due to the fine
particles that passed through the filtration the background OD600 fluctuates and does not give
stable values in the beginning. Both these problems lower the reliability of the OD600 analysis.
However, the CDW had even less reliability where the samples were not washed. As was seen
in the CDW from the limitation experiment the cell concentration fluctuated a lot but also had
a high background noise (Figure 12 C). In the PHB production where the cell pellets were
washed the CDW’s showed a stable growth and did not fluctuate at all, which means that
CDW’s must be washed to have any reliability. Therefore, it can be said that the OD600 and
unwashed CDW’s were unreliable while the washed CDW’s were reliable.
The food waste was observed to contain a varying amount of fat (Figure 5 A) in each food waste
bucket. Most fat was removed with the filtration step in the pre-treatment, although some fat
could be in emulsion with the food-waste medium. This could cause interference with the
analysis methods by increasing OD600 and sticking to surfaces, lowering the reliability.
However, a high fat content can give rise to problems even before that. The problem is the
saponification reaction that converts lipids into fatty acids in the presence of hydroxy ions at
higher temperatures [61]. Even if the pH is adjusted after the hygienisation step the food waste
has not cooled down before adjusting the pH. Therefore, fatty acids could be released into the
food waste. This itself wouldn’t be a problem if it did not have an inhibitory effect on E. coli
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cells. The fat in the food-waste medium does hence decrease repeatability of the experiments
and lower the reliability of the analysis methods.

Lab versus large scale
The used pre-treatment in this study have several steps that are not considered as necessary or
practical in an industrial setting. In this lab setting that have been used it has been important to
keep the food waste sterile, easy to work with, analysable and most of all to be reproducible.
Most of the time these steps have only been used for the lastly named reason, reproducibility,
which is also required in the industry. Of the steps it was blending, cooling in centrifugation,
autoclaving and filtration that was unnecessary or impractical for industrial use. The blending
allows the food waste to be easier to work with while centrifugation at lower temperature
allowed more of the fat to be removed from the food waste. The fat did not only cause
interference with analysis but could also at industrial scale clog piping, membranes and
equipment. This was one of the reasons why filtration had to be applied at lab scale. The
filtration removed a lot of fat and particles (Figure 6), but still let some through. For this study,
it was enough while for industry the filtration would not matter, due to more specialised
equipment. Without the filtration at lab scale our instruments would have a layer of particles
and fat. This would remove any reliability from the analysis if the instruments were not cleaned
between the experiments. For this reason, it was also autoclaved, to keep it clear from other
micro-organisms to increase the repeatability. Even if most micro-organism die during
autoclaving some bacteriophages can survive extreme conditions in some cases [62], which
could be a problem for scaling up.

Food waste as nutrient source
The food-waste medium is a good nutrient source, with all components needed for E. coli
growth. In this study the glucose concentration was 4 g/l, which is less compared to a previous
study [18]. This concentration has been seen to fluctuate over the year [Erica Rosander,
unpublished results]. Hence the food waste is mainly limited by glucose if not supplemented
with it. The glucose in non-supplemented food waste can then support around 2.1 g/l CDW
with the substrate yield calculated earlier. The other sugars that are present in the food waste
do not affect the cell mass, due to the downregulation of other uptake routes when glucose is
consumed [63]. The limiting compound after this is the nitrogen source, which allowed a cell
mass of 3.27 g/l CDW. This cell mass can be used to calculate the amount of nitrogen in the
food-waste medium, assuming E. coli contains 14 % nitrogen. From this a concentration of
0.46 g/l nitrogen atoms in the medium was calculated. They are thought to come from amino
acids rather than salts, since E. coli has a faster uptake rate for amino acids compared to free
nitrogen [64]. However, in a previous study it is also seen that when E. coli is grown on amino
acid rich medium, supplemented with glucose and ammonium salt, glutamic acid is produced
[Erica Rosander, unpublished result]. This could cause a lower cell mass per nitrogen yield. To
increase the cell growth further on this medium, the proteins and polysaccharides would be
needed to be degraded to monomers. This is due to E. coli’s inability to excrete proteases and
hydrolytic enzymes, hence not all nutrients are being utilised.

Physiology of E. coli on food-waste medium; growth, diauxic growth and cell lysis.
Some of the experiments aimed at characterising E. coli on food-waste medium. From these
the general growth was characterised, where it could be seen to have a µ higher than on minimal
salt medium. This is not surprising, since the food-waste medium contains amino acids [Erica
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Rosander, unpublished results] as a lysogeny broth medium. These types of complex mediums
commonly allow higher µ than on minimal mediums. However, the µ on food-waste medium
was lower than the µ on lysogeny broth. This is thought to be due to the different nutrient
components in the food-waste medium that causes the E. coli to change metabolite often, hence
a lower µ is observed. Another observation is that there was hardly any lag phase between
minimal salt medium and food-waste medium. A previous study had reported that long lag
phases was seen before an exponential growth phase [Erica Rosander, unpublished results],
however another E. coli strain was utilised in the study. This would either indicate that the
growth varies between these strains or that the growth varies depending on the food waste.
When an additional nitrogen source was added to the cultivations, diauxic growth was
observed. The hypothesis as mentioned earlier is that the amino acids in the medium was
consumed first, and later the added nitrogen source. However, between these two exponential
phases there is a long lag phase. During this lag phase, oxygen was still consumed at a constant
rate. This could indicate that the cells are only running a maintenance metabolism to adjust its
uptake pathway to the new nitrogen source. The long time-period could indicate that there are
several nitrogen sources, at low concentrations that must be depleted hence no growth can be
seen. It also could be due to an inhibitory compound preventing the new uptake system, or a
downregulation in the cell. To circumvent the diauxic growth a fed-batch strategy was applied.
The cultivation that was fed was the PHB production experiment. It had a feed that only lasted
for 2 hours and a fed-profile that was volumetrically calculated. During this time, the cell
growth was exponential, however a secondary exponential growth was not seen. This could be
due to a longer lag phase at 30 °C compared to 37 °C. However, this shows that the exponential
phase could be prolonged with a feed and therefore remove some of the effect from the diauxic
growth.
The low amount of data on the feed is due to that most experiments had cell lysis during the
bioreactor cultivations. Only 5 out of 22 bioreactor cultivations did not suffer any premature
cell lysis. This was not observed in any of the shake-flask cultivations. The hypothesis for the
cause of the cell lysis first consisted of phage contamination. Due to lysis only being present
in the bioreactor cultivations, it was later confirmed that there was no phage contamination.
However, since the cells lysed often at the same time as the stirring speed was increased, sheer
forces are a more likely cause of cell lysis [60]. Though E. coli is normally seen as quite a
sturdy cell and can withstand higher impeller speeds then those used during lysis, e.g. in the
reference cultivation 1100 RPM was used. However, the cell membrane could be weakened
due to specific metal deficiencies or fatty acids in the food-waste medium [65]. The mechanical
force that comes from the impeller would, even with weakened membranes, not have force
enough to lyse the cells. However, the food-waste medium was foaming heavily. Foam is
known to cause lysis problems with more fragile cells, such as animal cells [60]. If all these
effects where to be combined; fatty acids, metal deficiency and foaming, cell lysis could
happen. Therefore, the current hypothesis is that the combination effect of these caused the cell
lysis.

PHB production
In the last experiment, a production of PHB from food-waste medium was performed. This was
made possible due to the low amount of foaming compared to previous experiments. The
foaming was kept down with both antifoam and a low stirring RPM, and a low dissolved
oxygen tension down to 10 %. This resulted in low oxygen concentrations in the food-waste
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medium which could not sustain the µ of the wild type in 37 °C. However, since the plasmid
only was stable in 30 °C the PHB production strain demanded less oxygen allowing this setup.
During the PHB production experiment, a cell mass was measured at 7 g/l, and a PHB
concentration of 3.5 g/l. For an industrial process, this is not sufficient. Though the fed-batch
strategy did increase the exponential growth time, allowing the cells to accumulate more PHB.
However, since the cultivation medium is the same as the feed, the end cell mass will still be
the same since they contain the same concentration of nutrients. The product was also found to
be growth coupled and was not up regulated when nitrogen limitation occurred. Therefore, it
could be discussed if the cells do accumulate more PHB at lower growth rates rather then
higher.

Outlook
To continue this project some steps in the process must be sorted out. The food-waste medium
itself worked fine as nutrient source, though when the medium is not filtered the fat will remain.
From the cultivations, it is now known that the cells in the process is sensitive to sheer forces.
These sheer forces cause cell lysis which must be resolved to have a robust process viable for
scaling up. However, this is not the only problem in an industrial process, contaminations could
still be a possible problem. This is due to “sterilisation” in industry is the hygienisation step,
which does not always kill all spores and inactivate all bacteriophages. This leaves the
monoculture vulnerable to infections. Also, the cell mass was not sufficient for an industrial
process since the product were growth dependant. If these problems can be solved the process
would be more robust and hence more viable. However, as it is now it is considered not to be
viable for scale up.
As a proposal, a more robust process should be considered. This type of process chould contain
a multiculture to reduce the amount of disturbances that can come with the food waste such as
phage contamination. Also, a natural occurring micro-organism cultivation could be utilised to
reduce the contamination risk. If the process is also cultivated anaerobically the sheer forces
from the stirring is reduced since oxygen does not have to be solvated. This process would
result in a process similar to anaerobic digestion. However, by increasing the dilution rate in a
anaerobic digester it can be converted into a volatile fatty acid producer [66]. If these volatile
fatty acids can be purified they can be used as feed stock for chemical reactions or as substrate
for other bioprocesses such as PHB production.

Conclusion
This study has developed a pre-treatment for house hold food waste to use as medium for E.
coli cultivations. The pre-treatment contained blending, hygienisation, pH adjustment,
centrifugation, autoclavation and filtration. What was seen was that the medium was hard to
keep sterile. As well as it was seen that the cells can grow with a µ of 0.75 h-1 in 37 °C and
0.32 h-1 in 30 °C. Indifferent of the temperature cell densities of about 3.5 g/l dry cells, where
with the production strain 3.5 g/l PHB can also be produced. The cultivations performed in this
medium had a success rate of 22 % where the non-successful cultures had cell lysis suspected
to be caused by stress from the medium and sheer forces.
Due to the nature of this medium that have not been favourable for E. coli in bioreactor
cultivations it is not recommended to proceed with this medium for monocultures. The
recommended process type would be a more robust process that can both utilise the full nutrient
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capacity and with a higher cell robustness, such as multicultures. Preferred would be a process
with less sheer forces as low stirring and low gas flow if any, hence fermentations or anaerobic
processes.
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