,_:._ & HIIIVBI'SItY of faculty of science
éﬁﬁ / gro nin gen / and engineering

A techno-economic feasibility study of
phenylalanine production from tertiary
cellulose as a building block for alkyds
utilizing cellulase and Corynebacterium
glutamicum

Master’s Research Project

Author
Fabian Axmann, S3485722

Supervisors
Prof. dr. G.J.W. Euverink

Prof. dr. J. Krooneman



Abstract

This study explores the enzymatic hydrolysis of tertiary cellulose for glucose production and its
subsequent fermentation to phenylalanine using a genetically optimized Corynebacterium glu-
tamicum strain for the production of alkyds. Results reveal that a 13% cellulase concentration
efficiently achieves a 70% yield of glucose from cellulose, being lower than the anticipated 90%
yield in existing literature. Glucose yields from washed and unwashed tertiary cellulose were
consistent, indicating no significant impact of the cellulose purification process on the yield.
Additionally, the type of buffer (phosphate or acetate) used in enzymatic hydrolysis did not
significantly affect the glucose production. A C. glutamicum mutant, engineered through UV
mutagenesis, showed consistent phenylalanine production across various glucose substrates
derived from tertiary cellulose, suggesting that the glucose’s source—whether from pure or
tertiary cellulose—does not significantly influence the phenylalanine yield. Economic analysis
confirmed the feasibility of phenylalanine production from tertiary cellulose-derived glucose
on production scales of 1, 5, and 8 kton/year, emphasizing the cost-effectiveness of enzymatic
over acid hydrolysis. Although the production cost were found economically feasible for large-
scale operations, the economic attractiveness for producing alkyds from phenylalanine remains
uncertain, as the target cost needs to be substantially lower.
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1 Introduction

1.1 Alkyds and its potential for a green economy

In the quest for sustainability, the chemical industry is undergoing a transformation. Em-
bracing biobased alternatives and innovative technologies, this shift also aims to align the
production of paints and coatings with the principles of a green economy. Paints and coat-
ings consist for ~44% of resins, of which 20% is based on alkydes. Alkyd resins are a type
of polyester resin that is particularly used in the production of coatings and paints. They
are synthesised through a reaction between polyols (alcohol with multiple hydroxyl groups),
dicarboxylic acids or their anhydrides, and fatty acids or triglycerides. Alkyds offer good
penetration into wood, ensuring excellent protection and a naturally high gloss finish. Char-
acteristics of alkyd coatings include their good adhesiveness, hardness, chemical resistance,
durability, and ability to cross-link upon exposure to air, facilitated by reaction with oxygen.
This eliminates the need for additional cross-linking agents. Crosslinking is a chemical process
that forms a network of polymer chains that improves the mechanical properties and chemical
resistance of the coating (Hofland, 2012).

Alkyds are synthesised from a blend of components that includes phthalic anhydride (or
acid), fatty acids or triglycerides, and polyols such as glycerol or pentaerythritol. These resins
have been valued for their effective binding properties that contribute to the protective and
aesthetic qualities of finishes. Fatty acids or triglycerides, sourced from natural oils, give alkyds
a significant biobased content, aligning them with eco-friendly principles to some extent (Ifijen
et al., 2022).

However, the conventional alkyd formulation is not without its reliance on fossil resources,
primarily in the form of phthalic anhydride and, in some formulations, benzoic acid. Recognis-
ing this, Covestro has developed a technique to reformulate alkyd resins in a more sustainable
way. This technique involves the synthesis of novel imide structures from amino acids. These
structures are obtained through the reaction of the amino acid with succinic acid and cit-
ric acid, yielding monoacid and diacid compounds, respectively. These new compounds are
poised to replace the conventional benzoic acid and phthalic anhydride, steering the alkyd
composition towards a more sustainable and biobased orientation (Lansbergen et al., 2015).

1.2 Phenylalanine as a building block for alkyds

Amino acids such as glycine, lysine, alanine, and phenylalanine could play a role in the devel-
opment of sustainable alkyds. Its integration into alkyd production, particularly in the cre-
ation of imide structures, signifies a greener approach to coating formulations. This method
allows for the substitution of petrochemical components with more sustainable ones, even
enhancing the final product’s hardness, water resistance, and biobased content. The innova-
tive application of a developed technology for the production of alkyds from imid structures
shows its potential to improve the performance of alkyd resins while contributing to environ-
mental sustainability (Lansbergen et all, 2015). For the production of these imid structures,
phenylalanine has been the preferred amino acid source because of its high hardness, good
water resistance, and high biobased content, due to its high molecular weight. Although the
technology has been patented, it has not yet been commercialised due to the high costs of
phenylalanine (10-20 €/kg), making it unattractive from an economic point of view. There-
fore, the challenge of the developed technology lies in the production of phenylalanine at a
lower price to make the process profitable. A significant factor that influences the high price of
phenylalanine is the raw materials, accounting for 46% of the operating costs, where glucose is
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the most expensive raw material, accounting for 50% of the raw material costs (Pérez-Sanchez
et al., 2021)),(Brian et all, 1997).

1.3 Tertiary cellulose

Wastewater treatment plants (WWTPs) recognise the value of the cellulose present in the
wastewater streams concentrated within, primarily from toilet paper, termed ’tertiary cellu-
lose’. The Netherlands is notable for its exceptionally high cellulose content in wastewater,
approximately 250 mg /1 (Liu et al., 2022), representing approximately one-third of the total
suspended solids (Ahmed et al}, 2019). However, traditionally, this cellulose has been under-
utilized, often ending up incinerated or landfilled. The Cellvation technology, as highlighted
by the Dutch Water Sector, introduces a transformative approach to harnessing this resource
(Sector, 2024). It involves primary filtering to remove large impurities, followed by advanced
methods to isolate cellulose fibres through processes such as flocculation and flotation, ending
in a purification stage to ensure the quality of the cellulose for subsequent applications (La-
pointe et al), 2022). This system offers a sustainable alternative to primary cellulose sources
and aligns with circular economy principles, converting a once-overlooked waste product into
a valuable and eco-friendly resource. A possible pathway is the valorisation of tertiary cellulose
to glucose to produce phenylalanine by fermentation.

1.4 Production of glucose from cellulose

Production of glucose from tertiary cellulose is the first step in the valorisation of wastse
cellulose and is carried out by hydrolysing, increasing the value from almost no value to
approximately 0.40 €/kg at the wholesale price (Pérez-Sénchez et al., 2021). Hydrolysis is a
chemical reaction involving water that breaks down complex molecules into simpler ones. In
the context of cellulose, hydrolysis targets the -1,4-glycosidic bonds connecting glucose units
in the cellulose chain, resulting in the release of glucose monomers.

Acid hydrolysis

Acid hydrolysis involves treating cellulose with an acid, typically sulfuric or hydrochloric acid,
under controlled conditions of temperature and pressure. The acid acts as a catalyst, breaking
down the cellulose chains into glucose units (Qi et al., 2023). The reaction is efficient, but it
can be challenging to control, with risks of producing unwanted byproducts or degradation
of glucose into hydroxymethylfurfural (HMF) under harsh conditions. The chemistry of the
process demonstrates how a nonbiotechnological approach can effectively depolymerise cel-
lulose (Fig. [ll). Negative aspects of acid hydrolysis are the need for acid recovery, corrosion
in industrial equipment, and the environmental impact of acid disposal (Rinaldi and Schiith,
2009).Yields of 20% are reached for acid hydrolysis, with a reaction time of only 2 hours and
a reaction temperature of 140°C (Morales-delaRosa et all, 2014).
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Figure 1: Reaction pathway of gluocose from cellulose by acid hydrolysis

Enzymatic hydrolysis

Enzymatic hydrolysis uses enzymes, typically cellulases, to break down glycosidic bonds in
cellulose. The process begins with endocellulases, which cleave the cellulose at random points,
primarily targeting its less-ordered regions and yielding longer oligosaccharide chains. Subse-
quently, they are broken down into shorter chains by exocellulases, which methodically act
to release smaller sugars, primarily cellobiose. The final step is facilitated by $-glucosidases,
which efficiently convert cellobiose into glucose (Fig. E) (Anoop Kumar et al), 2018). This
method is highly specific, operating under milder conditions than acid hydrolysis, and pro-
ducing fewer by-products. The enzymes act catalytically to break down the cellulose into
glucose. The enzymatic route is innovative due to its specificity, efficiency, and potential for
integration into biorefinery frameworks, where even eventual enzyme recycling and reuse can
enhance process sustainability (Walker and Wilson, 1991). Yields of 90% are reached for the
enzymatic hydrolysis of pure cellulose, with a reaction time of approximately 48 hours and a
reaction temperature of 50°C (Yeh et al), 2010), showing a high potential for the hydrolysis
of waste cellulose. Despite the higher yield associated with enzymatic hydrolysis, a significant
drawback is the cost of cellulase enzymes, which range from $45 to $60 per kg, making it
unclear and depending on the process whether enzymatic or acid hydrolysis presents a better
economic choice for the overall process ([Taiwo et al), 2023). In the enzymatic hydrolysis of
cellulose, maintaining the optimal pH for cellulase activity, typically around 5.0, yields the
highest enzyme activity. Therefore, buffers play an important role in the enzyme activity
during the reaction. Two potential buffers are an acetate and a phosphate buffer. The acetate
buffer, effective within a pH range of 3.6 to 5.6, aligns well with the optimal pH of the cellu-
lase, potentially improving the hydrolysis efficiency and glucose yield (Cheng|, 1998). However,
phosphate buffer, despite its broader pH range of 5.8 to 7.4, is frequently used in fermenta-
tion media, suggesting practical advantages for subsequent bioprocessing steps. While it may
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not perfectly match the cellulase’s optimal pH and could result in lower hydrolysis yields, its
compatibility with downstream fermentation processes might simplify integrated bioprocess
workflows.
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Figure 2: Reaction pathway of gluocose from cellulose by enzymatic hydrolysis with cellulase

Production of glucose from tertiary cellulose

Hydrolysis of waste cellulose for glucose production has already been researched for several
years, with cellulose in the form of food, fuel, chemicals or corn stover sometimes being pre-
treated with HCI, sulfuric acids or other acids, in order to disrupt the crystalline structure
of cellulose, increasing its porosity and surface area, making the cellulose more accessible to
enzymes (Mandels et al), 1974),(Spano et all, 1976). Recently, interest has increased for the
hydrolysis of cellulose captured from wastewater, and technologies are being developed for
the efficient filtration and capture of cellulose in wastewater treatment plants (Libardi et al,,
2022). The hydrolysis of waste cellulose has also been used for fermentation purposes already,
mainly for the production of bioethanol (Brethauer and Wyman|, 2010), (Achinas et al., 2019).
The use of enzymes versus sulfuric acid plays an important role in environmental evaluation.
Despite the high cost of enzymes—even when produced in-house—the sustainability angle
favours enzymatic hydrolysis. If a method is developed to efficiently separate acetic acid (e.g.,
using catalytic or anion exchange resins), the remaining waste could be safely discharged into
sewage systems, offering an environmentally friendly advantage (Sun et al), 2013). In contrast,
acid hydrolysis with sulfuric acid generates numerous by-products that require costly disposal
methods, which have a negative impact on the environmental sustainability of the process.

1.5 Production of phenylalanine from glucose
The production of glucose-derived phenylalanine increases the economic value when comparing
the costs of glucose (0.4 €/kg) and phenylalanine (10-20 €/kg).

The shikimate pathway and phenylalanine synthesis
Phenylalanine is produced by Corynebacterium glutamicum via the shikimate pathway, a
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metabolic pathway within microorganisms that facilitates the production of aromatic amino
acids, including phenylalanine. This pathway transforms phosphoenolpyruvate (PEP) and
erythrose-4-phosphate (E4P), derivatives of glucose metabolism, into various aromatic com-
pounds, phenylalanine being one of the end products (Haslam|, 1993).

The process begins with the enzyme 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase,
catalysing the initial step that combines erythrose-4-phosphate and phosphoenolpyruvate.
Following this, a sequence of enzymatic transformations follows, involving the enzymes 3-
dehydroquinate synthase, 3-dehydroquinate dehydratase, and NADP'-dependent shikimate
dehydrogenase, leading to the formation of shikimate. Subsequent enzymatic actions facil-
itated by shikimate kinase, 5-enolpyruvyl-shikimate-3-phosphate synthase, and chorismate
synthase steer the pathway towards producing chorismate, the precursor for phenylalanine
synthesis. Other enzymes in the shikimate pathway are NAD™ and 3-dehydroshikimate dehy-
dratase, which play a role in the pathway, but do not lead to the production of phenylalanine
(Haslam, 1993). After the production of chorismate, the biosynthesis of L-phenylalanine (L-
Phe) involves three enzymatic steps. Initially, chorismate undergoes a transformation catal-
ysed by chorismate mutase, which converts it into prephenate. This step marks the diver-
gence from chorismate to specific pathways that lead to different aromatic amino acids. The
enzyme prephenate dehydratase (PDT) then acts on prephenate, catalysing its conversion to
phenylpyruvate through a decarboxylation and dehydration process. This reaction is steer-
ing the pathway specifically towards L-Phe synthesis. Subsequently, the enzyme aromatic
amino acid aminotransferase facilitates the transfer of an amino group from L-glutamate to
phenylpyruvate, forming L-Phe. A different route is the production of phenylalanine from cho-
rismate facilitated by the enzymes phrephenate aminotransferase and arogenate dehydratase

(Fig. B).

Feedback activation and inhibition

In the shikimate pathway, several enzymes play an important role through feedback mecha-
nisms. These enzymes catalyse or inhibit specific reactions leading to the formation of inter-
mediates and end products. These feedback mechanisms can be split into feedback activation
and feedback inhibition. This regulation prevents the overaccumulation of aromatic amino
acids, which could lead to toxic effects, disrupting cellular balance, and potentially causing
cell death. By fine-tuning enzyme activity, these feedback controls ensure the efficient use of
metabolic resources, maintaining cellular health and viability.

Activation:

Chorismate mutase (CM) and Arogenate dehydratase (ADT) are subject to regulatory acti-
vation by aromatic amino acids: tryptophan activates CM, increasing the flux toward pheny-
lalanine and tyrosine synthesis, whereas tyrosine is known to activate ADT, redirecting the
flux of the pathway towards phenylalanine production (Yokoyama et all, 2021).

Inhibition:

The enzyme DAHP synthase is inhibited by the end products phenylalanine, tyrosine, and
tryptophan (Herrmann, 1995). Anthranilate synthase (AS), which leads the pathway toward
tryptophan synthesis, is inhibited by tryptophan itself. Furthermore, chorismate mutase is
inhibited in the presence of its product’s downstream metabolites, phenylalanine and tyro-
sine (Liitke-Eversloh and Stephanopoulos, 2005). Similarly, phenylalanine has an inhibitory
effect on ADT, regulating its own synthesis through a feedback loop. Additionally, TyrA, an
enzyme that contributes to tyrosine synthesis, is feedback inhibited by tyrosine ([Yokoyama
et al), 2021)).
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Strain engineering
The engineering of strains of C. glutamicum, to optimise this pathway, shows progress in
metabolic engineering and bioprocess technology. These strains are genetically mutated to en-
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hance the flux through this pathway, efficiently directing it towards phenylalanine production
and reaching phenylalanine production up to 20 g/l (Shu and Liag, 2002). This optimisation
is important for the industrial-scale synthesis of phenylalanine, where its efficiency, yield, and
cost-effectiveness are assessed. To enhance phenylalanine production through strain improve-
ment of C. glutamicum, various strategies have been used, focussing on genetic modifications
and process optimisation to increase yield and efficiency. For example, the integration of the
bifunctional enzyme chorismate mutase-prephenate dehydratase from E. coli into C. glutam-
icum and subsequent optimisation of the oxygen supply in the fermentation process have been
used to enhance phenylalanine production. The introduction of the pheA gene into C. glu-
tamicum significantly increased the relevant enzyme activities, leading to an 35% increase in
phenylalanine levels, with concentrations achieving up to 23 g/L. Furthermore, adjusting oxy-
gen transfer rates in fermentation of a high-producing C. glutamicum strain demonstrated that
optimised oxygen availability could mitigate feedback inhibition, achieving concentrations as
high as 23.2 g/L (Ikeda et all, 1993),(Shu and Liag, 2002).

Random strain mutation and selection using F-phenylalanine

An easier method for mutating a C. glutamicum strain for enhanced phenylalanine production
involves random mutagenesis, executed by UV-C exposure. The selection of phenylalanine-
overproducing strains is facilitated using the amino acid analogue F-phenylalanine. This ana-
logue can be used in isolating mutants with deregulated prephenate dehydratase (PDT) en-
zymes, crucial in the phenylalanine biosynthesis pathway.

Mutants resistant to F-phenylalanine are indicative of alterations in PDT enzyme regulation
or activity, manifesting in several distinct forms: resistance to L-phenylalanine feedback inhi-
bition, deregulated or constitutive enzyme synthesis, altered enzyme kinetics with decreased
Km for prephenate, or a combination of these (Fazel and Jensen, 1979). Such modifications
enable strains to avoid normal feedback inhibition mechanisms, potentially leading to ele-
vated phenylalanine production. Resistance to feedback inhibition implies that these mutants
can maintain high levels of enzyme activity despite the presence of end-product phenylala-
nine, which would typically suppress the pathway. This is evidenced by mutants exhibiting
a complete or partial loss of sensitivity to L-phenylalanine’s inhibitory effects, maintaining
significant enzyme activity or displaying altered regulatory properties that are helpful for
phenylalanine synthesis (Euverink, 1995).

Research on mutant strains resistant to phenylalanine analogues, such as p-
fluorophenylalanine (PFP), showed the potential for strain selection. A C. glutamicum
strain, after mutagenic treatment, showed the ability to produce phenylalanine, yielding
up to 9.5 g/L (Hagino and Nakayama|, [1974). Also, in (De Boer and Dijkhuizen, 2005), a
C. glutamicum strain was isolated using p-fluorophenylalanine resulting in a phenylalanine
production of 12.5 g/1, indicating a promising route for strain selection.

The potential of auxotrophic mutants

Besides strain optimisation, there are other strategies to reduce the cost of phenylalanine pro-
duction. An approach explored the in vitro reconstruction of the phenylalanine biosynthesis
pathway in E. coli, by using the shikimate’s pathway enzymes without the use of microor-
ganisms. By analysing the impact of excess of different enzymes, the study by Ding et al.
quantitatively analysed the impact of enzyme concentrations on phenylalanine yields, reveal-
ing that increasing specific enzymes could significantly boost production. By enhancing the
levels of shikimate kinase (AroL) and EPSP synthase (AroA) 2.5 times, the phenylalanine
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vield increased, with in vivo experiments showing a production reaching 62.47 g/L (Ding
et all, 2016). While replicating this enzyme-driven process on an industrial scale might be
expensive due to the high amount of enzymes required, an alternative could be creating an
auxotrophic mutant that produces enzymes up to a certain absorbance. Beyond this point,
the carbon source will be redirected from biomass growth to increased product yield, offering
a strategic method to improve production efficiency.

Production of phenylalanine from tertiary cellulose

Another possibility of reducing the cost of phenylalanine production involves the use of cheaper
substrates; converting tertiary cellulose into glucose presents a cost-effective source of raw
materials. This approach aligns with the broader goal of making phenylalanine production
more economically viable for applications within the alkyd resin production by Covestro.
The company’s interest lies in assessing the technical feasibility and cost per kilogramme of
phenylalanine at production scales of 1 and 5 kilotons annually. Given the relatively small
scale of this operation compared to other fermentation processes, this research also considers
the implications of scaling up to 8 kilotons per year. The goal is to evaluate whether the
production of phenylalanine from tertiary cellulose can meet the cost targets necessary to
render the novel alkyd production technique economically feasible, thereby supporting the
transition toward more sustainable industrial practices.

1.6 Research questions

In this research, an alternative biotechnological route for the production of phenylalanine is
sought. It starts from readily available and cheap renewable resource waste cellulose. The
waste cellulose is converted to glucose by enzymatic hydrolysis, and the resulting glucose is
converted to phenylalanine using a C. glutamicum strain. The research questions are listed
below, where the metabolic and growth parameters considered are phenylalanine production,
glucose consumption, ODggg, and ammonia concentration.

R1: What differences in metabolic and growth parameters are observed when cultivating a
phenylalanine-producing strain of Corynebacterium glutamicum on glucose derived from en-
zymatic hydrolysis of tertiary cellulose using cellulase compared to pure glucose?

R1.1: If there are, what are the differences in glucose yield by enzymatic hydrolysis of tertiary
cellulose, washed tertiary cellulose, and pure cellulose using cellulase?

R1.2: If there are, what differences in glucose production and process design are observed
when using cellulase for enzymatic hydrolysis of tertiary cellulose in an acetate buffer versus
a phosphate buffer?

R1.3: What are the observed differences in metabolic and growth parameters during fermen-
tation of a phenylalanine-producing strain of C. glutamicum with glucose from G-(W)TC-AC,
G-(W)TC-PH, and G-TC-AH compared to glucose from pure cellulose and pure glucose?

R2: Considering a production capacity of 1, 5, and 8 kilotons of phenylalanine per year, what
are the estimated costs per kilogramme of phenylalanine production from tertiary cellulose
sourced from wastewater treatment plants?

R 2.1: What does the industrial-scale process design entail, and what are the estimated costs
per kg glucose when producing glucose from tertiary cellulose through enzymatic and acid
hydrolysis when considering a phenylalanine production capacity of 1, 5, and 8 kton/year?
R 2.2: What does the industrial process design entail and what are the estimated costs per
kg of phenylalanine when producing phenylalanine by fermentation with a phenylalanine-
producing strain of C. glutamicum when considering a phenylalanine production capacity of
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1, 5, and 8 kton/year?

1.7 Hypotheses
Hypotheses for the research questions are provided below:

H1: It has been proven by literature that the enzymatic conversion of cellulose to glucose
and the subsequent fermentation to phenylalanine will be technically feasible. Therefore, no
significant differences are expected in the fermentation process efficiency or phenylalanine
yields when using glucose derived from tertiary cellulose compared to pure cellulose. This
expectation is based on the assumption that glucose, regardless of its source, should serve as
an equivalent substrate for the phenylalanine-producing strain of C. glutamicum.

H1.1: It is expected that washing tertiary cellulose will effectively remove soluble impurities
but will convert cellulose to glucose with the same yield, regardless of the purity of the cellulose
substrate.

H1.2: It is expected that the enzymatic hydrolysis of tertiary cellulose will yield higher
glucose concentrations in an acetate buffer than in a phosphate buffer, due to the optimal pH
condition (pH 5.0) for cellulase activity to be more stably maintained by the acetate buffer.

H1.3: The removal of soluble impurities is expected to enhance phenylalanine production,
assuming that such impurities could interfere with the metabolic pathways or growth of C.
glutamicum. If not removed in the process, the buffer and other chemicals used during G-
TC-AC, G-TC-PH, and G-TC-AH are expected to influence metabolic pathways and growth,
where the glucose produced in the presence of a phosphate buffer is assumed to obtain the
highest phenylalanine yield, and as the same buffer is present in the medium, these changes in
metabolism are expected to be less than the acetate present from the acetate buffer or other
chemicals present after acid hydrolysis.

H2: The scales on which the process will be designed (1, 5, and 8 kilotons per year) are
expected to be relatively small compared to the industry, making it harder to compete with
the market. Nevertheless, it is expected that producing phenylalanine from glucose derived
from tertiary cellulose on an industrial scale will be cost-effective, significantly reducing the
cost per kilogram of phenylalanine in comparison with phenylalanine costs on the market.

H2.1: The industrial-scale process design for the production of glucose from tertiary cellulose
is expected to be economically advantageous compared to the price of glucose on the mar-
ket. Here, glucose production by acid hydrolysis is expected to be more cost-efficient than
enzymatic hydrolysis due to its significantly faster reaction time (2 vs. 48 hours) and the
anticipated high costs associated with the acquisition of cellulase.

H2.2: The industrial-scale production of phenylalanine from the phenylalanine-producing
strain of C. glutamicum using glucose from tertiary cellulose is expected to result in a reduced
cost per kg of phenylalanine in comparison with the price on the market. This cost reduction
is expected due to the low-cost substrate (tertiary cellulose) and the elimination of the profit
margin required when purchasing phenylalanine from external suppliers. The production on
the higher scales is expected to further increase the cost-effectiveness through economies of
scale.
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2 Materials & methods
2.1 Analytical methods

Glucose assay

To determine the glucose concentration during glucose and phenylalanine production, the
Megazyme D-Glucose Assay Kit (GOPOD format) was used in a 96-well microtiterplate. This
assay contains glucose oxidase, peroxidase, p-hydroxybenzoic acid, and 4-aminoantipyrine.
Here, glucose reacts with oxygen, water, and glucose oxidase to D-gluconate and hydrogen
peroxide. Subsequently, the hydrogen peroxide produced reacts with p-hydroxybenzoic acid,
4-aminoantipyrine, and peroxidase to Quinoneimine; a dye that can be quantified using pho-
tospectrometry at A=510 nm. The assay was used within its linear range, which is between
0.0-1.0 g/1 glucose when adding 10 pl sample to 300 ul reagent. The absorbance was measured
after adding and mixing the reagent with the sample and sealing and incubating the microtiter
plate at 40°C for 30 minutes. The calibration line was made with samples in triplicate. The
experimental samples were analysed in duplicate.

Individual volatile fatty acids assay

The presence of acetic acid in the glucose solution produced was determined using a TLC assay
(Robert-Peillard et al), 2019), which was developed for the low-cost and easy determination
of individual volatile fatty acids. The mobile phase was made of a mixture of cyclohexane
and ethyl acetate (40/60, v/v). Thin-layer chromatography plates (aluminum/silica, 20 x 20
cm) were used. First, 300 pl HOAT + EDAN solution was mixed with 40 ul EDC and 250
pl sample in a 1.5 ml Eppendorf cup. After 5 minutes of waiting, 75 pl KoPOy4 was added
and mixed. After waiting 1 minute, 3 pl of the prepared solution was spotted on the TLC
sheet, 1 ¢cm above the bottom and 1 ¢m from each other. Following the drying of the plate
with a hair dryer set to medium heat, the TLC sheet was immersed in the mobile phase.
After 30 minutes, the front developed to a maximum of 1 cm below the top of the plate and
the sheet was removed and dried. After the sheet was dried using a hair dryer at medium
heat, the TLC plate was sprayed with a PMA solution, after which the eventual presence of
acetic acid (and other individual volatile fatty acids) in the sample became visible directly.
A sample of the acetic acid buffer used in glucose production was used as a standard. Acetic
acid was activated using the reaction shown in Fig. f. The EDC and HOAT solution ensure
activation of the fatty acid at low pH. The EDAN solution amidiates the activated acid.
Rf — NHj is a fluorescent amine that was stained using the PMA solution. For this assay,
the HOAT + EDAN solution consisted of 6 g/l 7-aza-1-hydroxybenzatriazole (HOAT) and
2 g/l N-(1-naphthyl)ethylenediamine (EDAN) in Milli-Q water with a final pH set at 3.6.
The EDC solution consisted of 100 g/1 N’(3-dimethylaminopropyl)-N-ethylcarbodiimide) in
absolute ethanol. The KHoPO, solution serving as pH buffer consisted of 0.25 M KHyPOy
in 0.35 M NaOH solution. The PMA solution consisted of 3% w/v phosphomolybdic acid
hydrate in water.

(0] -
Activation O idati (0]
)J\ Amidation J\
R® OH Epc HOAT R” “R* EDAN R “NH
pH=4 pH>7 Il?f

Figure 4: Reaction scheme of reaction during the activation and amididation step during the
VFA assay described by Robert-Peillard et al| (2019)
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Amino acid assay

To identify and quantify the presence of phenylalanine and other amino acids, the TLC assay
described in Pachuski et al| (2002) was used. For this assay, 1% (w/v) ninhydrin in pure
ethanol was used as the staining solution. The mobile phase consisted of a mixture of n-
butanol:acetic acid:water (3:1:1, by volume). Three microlitres of the sample were spotted
on the TLC plate, which was subsequently dried using a hair dryer set to medium heat.
Subsequently, the TLC plate was immersed in the mobile phase for approximately 45 minutes.
The plate was then dried using a hair dryer at medium heat, and stained with ninhydrin using
a spray bottle until the plate was completely covered. Subsequently, the plate was placed on
a tissue layer in a drying oven at 60°C for 30 minutes. The amino acid was identified and
quantified using the online software ’Justquantify’ which measures the intensity of a spot. To
quantify, a calibration curve was made on the same silica sheet as the samples. Here, it should
be kept in mind that the quantification is highly dependent on the accuracy of the pipets used
and therefore could vary.

Ammonia assay The ammonia concentration during fermentation was determined using an
assay provided by Megazyme that contains measurements using photospectrometry in a 96-
well microtiterplate. The assay was used within the linear range between 0-70 mg/l ammonia.
An aliquot of NADPH solution (30 ul), 2-oxoglutarate (20 ul), and water (180 ul) was added
to each well. After mixing and waiting 2 minutes, the absorbance was measured at A=340 nm,
to quantify the presence of NADPH. Subsequently, 2 p | glutamate dehydrogenase solution
and 20 pl water were added to each well, facilitating the reaction between NADPH and 2-
oxoglutarate to produce L-glutamic acid, NADP™, and water. After 5 minutes of waiting, the
absorbance was measured, after which every minute the plate was stirred and measured until
the absorption values increased again, implying that all ammonia had reacted and thus could
be measured by measuring absorbance again at A=340 nm. The consumption of NADPH is
stoichiometric for the amount of ammonia present. The ammonia amount was quantified by
subtracting the absorbance of the second measurement from the first measurement.

2.2 Production of glucose utilising cellulase

Cellulose was hydrolysed enzymatically using Cellic Ctec2, a cellulase enzyme supplied
by Sigma-Aldrich. The enzyme demonstrates optimal activity at 50°C and a pH of 5.0
(Novozymes, 2010). To evaluate the efficiency of glucose production, three cellulose variants
were used as substrates: pure cellulose, tertiary cellulose, and washed tertiary cellulose. Pure
cellulose acted as a control to determine whether variations in subsequent production stages
were attributable to the glucose production process itself or the constituents within the ter-
tiary cellulose. The use of washed tertiary cellulose was intended to assess the impact of
potential contaminants on the conversion efficiency to glucose and phenylalanine. Two pH
buffers were tried; an acetate and phosphate buffer. The selection of the acetate buffer was
guided by its ability to inhibit bacterial consumption of the generated glucose, and thus the
procedure did not have to be performed under sterile circumstances. The phosphate buffer
was found to be promising as, although sterile circumstances are assumed to be necessary,
the risk of inhibiting subsequent fermentation processes was minimised with the phosphate
buffer, in contrast to the acetate buffer, which might inhibit microbial growth.

2.2.1 pH buffers

Acetate buffer

The acetate buffer was found to be effective within a pH range of 3.6-5.6. This pH range aligns
with the optimal conditions for the cellulase enzyme used in the process (Swamy and Jaffe,
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1983). The buffer solution was composed of 0.2 M acetic acid and 0.35 M sodium acetate,
diluted in water, and its pH was adjusted to 5.0 using NaOH. Both acetic acid and sodium
acetate were added to ensure sufficient amounts of both tha acid and its conjugate base,
enhancing the buffer’s capacity to maintain the pH at 5.0. The high concentration of acetic
acid was chosen to prevent the consumption of the glucose produced by microorganisms.

Phosphate buffer

The phosphate buffer used during the enzymatic conversion of cellulose to glucose is the same
as the buffer used in the media in the phenylalanine production step. It is suitable within the
pH range of 5.8-7.4 (Gomez et alf, 2001). The phosphate buffer consisted of 100 g/l KH2POy,
and 200 g/l KoHPO,4 and was brought to pH 5.8 using NaOH.

2.2.2 Washing tertiary cellulose

Prior to washing, the mass of tertiary cellulose was determined. Subsequently, 3 grammes
of this material was introduced into a large beaker containing 2 litres of Milli-Q water and
stirred for one hour. Given the insolubility of cellulose, it was necessary to immerse the
material repeatedly beneath the water surface to ensure thorough saturation and submersion.
This process was facilitated by vigorous immersion during the stirring phase. Subsequently,
the material was filtered using the Biichner apparatus, as shown in Fig. R5. After filtration,
the material was placed in an ultrasonic bath with 1 litre of water maintained at 25°C for an
additional hour, after which Biichner filtration was used once more.

2.2.3 Defining weight of water content and soluble impurities in cellulose and
glucose

As yield was defined by the grammes of glucose produced over the grams of cellulose at t=0,
the water content in ’dry’ PC and TC was determined to account for this when calculating
the yield. To quantify the effect of washing on the soluble impurities present, the weight of
soluble impurities lost after washing was defined. To quantify the weight of soluble impurities
in TC that were removed by washing, 3 grammes of TC were weighed and subsequently dried.
The weight decrease was observed as m1, representing the water content in 3 grammes of dry
mass. Subsequently, another 3 grammes of TC was weighed (m2), washed, dried again, and
reweighed to obtain m3. The weight difference minus the water content in the dry material
(m2-m3-m1) signifies the weight of soluble impurities removed.

The amount of soluble impurities present in the produced glucose was found by defining the
theoretical glucose weight by its concentration and subtracting this from its dry weight after
vacuum distillation. It was assumed that the observed weight difference (m4) of G-PC consist
of water and eventually precipitated acetate. Knowing the weights of water and acetate per
gramme of glucose, the additional weight difference for G-TC and G-WTC were assumed to
be soluble impurities.

The effect of washing on impurity content can be used for defining the feasibility of performing
pretreatment washing steps on an industrial scale.

2.2.4 Defining the amount of cellulase needed, and quantifying cellulose content
in TC

To be able to compare the glucose production profiles of cellulose, the PC, TC, and WTC

samples should contain the same amount of cellulose at t=0. Therefore, it was assumed that

PC consisted of 100% cellulose, and it was investigated how much cellulose was present in

TC. The necessary enzyme concentration was also defined. This information was found by
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producing glucose with 1.5, 3, 13, and 30% (w/w, g enzyme/g cellulose) with 100 mg of
cellulose material (PC, TC, and WTC) with 6.5 ml buffer in duplo under optimal conditions
(50°C, pH 5.0) Novozymes. 10 ml of buffer was chosen to ensure that the TC was suspended
in the tubes to ensure mixing. It was assumed that 30% (w/w) would be excess, to define
the maximum yield. Before adding cellulose to the buffer and enzyme mix, a sample t=0 was
taken, as the cellulase contains an unknown amount of glucose. An alternative would be to
use a g25 column to separate glucose from the enzyme. The samples were incubated in 15
ml tubes with parafilm on the screw to prevent liquid from escaping on a tube rotator at
15 rpm. Each day, samples were taken at the same time for four days. Before analysis, the
cellulose in the samples was removed by spinning at 14,000 rpm, as the particles would affect
photospectrometric results.

2.2.5 Production of glucose from cellulose

In an acetate buffer

Glucose was produced from PC, TC, and WTC using the enzyme concentration defined in
the previous section (13%, w/w), and a normalised amount of PC, TC, and WTC for the
defined cellulose concentration in the previous section (1.8, 3, and 3 grammes respectively)
to account for variations in cellulose content. Glucose production was performed in triplicate
in 50 ml tubes with 45 ml buffer. Insurance for the full suspension of the cellulose was taken
into account when determining the cellulose weight. Consideration was given to ensuring
cellulose suspension and, thus,effective mixing in the tube rotator when determining the
quantity of cellulose. Taking into account the existing water content in WTC, its amount of
water was determined by the weight difference between post-washing and pre-washing and
the subtraction of the defined impurity content. On the basis of the water content present,
a tailored buffer was prepared to match the concentrations and water levels consistent with
the buffer used for PC and TC. The glucose solution produced was centrifuged at 20,000 rpm
and filter sterilised for fermentation in later experiments. The samples were filter sterilised,
as in the autoclave the Maillard reaction was initiated due to the presence of amino acids and
glucose in the solution (Fig. @ in Ap. @)

In a phosphate buffer

A single experiment was carried out in phosphate buffer for 1.8 g PC and 3 g TC. The
cellulose and phosphate buffer were autoclaved separately. The enzyme (13%, w / w) was
sterilised with a filter. The two 50 ml sterile tubes containing cellulose, buffer, and enzyme
were incubated at 50°C and rotated at 15 rpm. The samples were taken each day at the same
time for three days in a sterile environment.

Removal of acetic acid from the glucose mixture

Vacuum distillation was performed to remove acetic acid from the glucose solution at 25 mbar
and 50°C. As a pretreatment, the mixture was acidified below its pKa value (4.7) using HCI
to ensure it was in its uncharged molecular form, as it would not evaporate in its ionised form.
After all the liquid had evaporated, the mixture was diluted again, acidified, and evaporated
under the same conditions for three cycles to remove as much acetic acid as possible. The
individual volatile fatty acid assay was used to confirm the removal of acetic acid. After
this trajectory, the remaining dry material inside the round-bottom flask was weighed, after
which the glucose was dissolved and the glucose concentration was determined. The glucose
concentration and the dry weight were used to determine the weight of the impurities present.
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2.3 Production of L-phenylalanine utilizing C. glutamicum

2.3.1 Strain

The strain used was Corynebacterium glutamicum wild-type DSM 20300. It is known that
this strain does not produce phenylalanine.

2.3.2 Cultivation Media

The cultivation medium chosen was a slightly modified version of the mineral medium (MM)
described in Baumchen et al| (2007) (Tab. [If). The medium contains glucose as a carbon
source, a fosfate buffer to maintain the pH at 7.2, ammonium chloride as an ammonium
source, and protocatechuic acid (PCA) as an iron chelator. Ammonium chloride was used as
the ammonium source instead of ammonium sulphate because ammonium chloride was not
available in the lab. The concentration was recalculated to have the same amount of ammonia.
The concentration of ferrous sulphate was reduced compared to the original amount, as foggy
precipitation was formed on the bottom of the flask after one day when 0.01 g/1 was used.
This might be due to iron oxidation.

Table 1: Components in MM defined by (Bdumchen et ali, 12007) with alterations made for
this research C. glutamicum

Baumchen et al| (2007) (g/1) MM used (g/1)
D-glucose 10 10
(NH4)2S04 10
NH,4CI 8.075
KHsPOy4 1 1
KoHPO4 2 2
MgSO, - TH,0 0.25 0.25
CaCly 0.01 0.01
FeSOy4 - TH2O 0.01 0.0005
MDSO4 : HQO 0.01 0.01
ZnS0, - TH2O 0.001 0.001
CuSOy 0.0002 0.0002
NiCly - 6H20 0.0002 0.0002
Biotin 0.0002 0.0002
Protocatechuic acid 0.03 0.03

To validate the efficacy of the medium, C. glutamicum was grown in mineral medium (MM)
and BHI (brain heart infusion, rich medium) in 100 ml Erlenmeyers containing 20 ml of
medium in a shaking incubator at 30°C for comparison. The inoculum originated from precul-
tures grown in the same medium in which they were inoculated. Growth was measured by
spectrophotometry at A = 600 nm (Lira-Parada et al), 2021)) after dilution to an OD at a
measurement between 0.05-0.4. After growth, the culture broth was inspected under the mi-
croscope (*1000) to assess its purity. The reason for the use of a mineral medium instead of
BHI is that phenylalanine is present in BHI and thus the amino acid analogue is expected to
function less optimally. In addition, it would be more difficult to quantify the production of
phenylalanine if it is already present.

2.3.3 Strain optimisation

Random mutation of strain DSM20300 of wild-type C. glutamicum was carried out by expos-
ing the bacteria in a small amount of media in a Petri dish to UV-C light in the flow cabinet.
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The strain selection was performed using the amino acid analogue F-phenylalanine.

Finding the MIC

To define the amount of F-phenylalanine to add, the MIC should be found. The minimal in-
hibitory concentration (MIC) is the concentration from which the growth is inhibited. With
a too-high concentration of F-phenylalanine, more mutations are expected to be needed to

survive. The MIC was found by growing the wild type in Erlenmeyers with different concen-
trations of F-phenylalanine: 25, 50, 100, 500, 1000, and 2000 1 g /ml.

UV mutagenesis on agar plates

After finding the right amount of analogue and seconds of UV-C exposure, the bacteria were
mutated and grown on plates. The plates contained mineral medium and different concen-
trations of F-phenylalanine: 0, 25, and 50 pg/ml. 100 pl of inoculum was transferred to the
plates at dilutions of x1000 and x100, and exposed to UV-C light for 0, 15, 30, 45, and 60
seconds. The plates were incubated in an incubator at 30°C for a maximum of one week.

Liquid UV-mutagenesis
Liquid mutagenesis was performed by exposure of liquid biomass to UV-C light and growth
in liquid media, after which phenylalanine-producing strains were isolated on agar plates
containing F-phenylalanine.

Finding the right exposure time

Using the determined MIC, the optimal duration of UV-C light exposure was determined to
find the right balance between sufficient irradiation to cause beneficial mutations and avoiding
excessive exposure that could result in significant damage or lethality. Mutation should be
done with as little exposure time as possible to minimise the number of silent mutations. Also,
at a too long exposure time, the bacteria were expected to die. 100ul of biomass in medium
that was at the end of its exponential phase was diluted with media to an OD of 2 and added
to a Petri dish in the flow cabinet. The UV-C light was turned on below the flow cabinet so
that the light could not reach the biomass. After the light was on for 10 seconds, it was placed
directly above the Petri dish (10 cm) for a period of 15, 30, or 60 seconds. After mutagenesis,
50ul of the medium was added to an Erlenmeyer containing mineral medium and analogue.
Growth was monitored and after one day at max OD, a sample was taken and analysed
using the amino acid assay with a standard containing phenylalanine. If a strain was found
that produced phenylalanine, 100 pl of diluted (x10 & x100) sample was smeared on an agar
plate containing mineral medium and different concentrations of F-phenylalanine, depending
on the analogue concentration in the previous medium. Theoretically, bacteria potentially
mutated to grow on F-phenylalanine would exhibit enhanced growth rates and, consequently,
a greater likelihood for phenylalanine production. Therefore, the largest colonies were selected
for isolation.

The colonies picked were grown in 10 ml tubes with 3 ml of media to ensure that there was
enough oxygen for the bacteria to grow and produce. After three days, samples were taken and
phenylalanine production was evaluated using the amino acid assay on TLC and ODggy was
measured. Strains were evaluated based on their production of phenylalanine and ODggg. The
objective was to identify the strain with the highest phenylalanine production; however, strains
demonstrating substantial production coupled with a significantly lower ODgog were also
considered advantageous, indicating that a smaller biomass could produce more phenylalanine.

Second UV-mutagenesis
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If a phenylalanine-producing strain was found and isolated, the two most promising strains
were mutated again to increase phenylalanine production even more. The mutated bacteria
were inoculated in 10 ml tubes with 3 ml of medium. As in the previous mutagenesis, the
bacteria adapted to grow in the presence of small amounts of analogue, a higher concentration
of analog was used (50, 100, & 200 pg/ml). Based on the previous exposure time analysis, the
bacteria were exposed to UV-C for 0, 5, 10, 15, or 20 seconds. Of the two isolated strains in the
previous section, 150 ul was exposed to UV-C light for 5, 10, 15, and 20 seconds, after which
50ul was inoculated in 3 ml of medium containing 50, 100, and 200 pg/ml F-phenylalanine.
The strains that grew were isolated on agar plates containing medium and different amounts
of analogue. Again, the analogue concentration in the plate was dependent on the analog
concentration in the media. The analogue concentration in the plate had to be at least the
same as the concentration in the medium to preserve selection. After incubation of plates
for three days in an incubator at 30°C, the largest colonies were picked from each plate and
isolated in 44 10 ml tubes containing 3 ml of liquid medium. After three days of growth, from
these colonies, a final colony (H1) was chosen based on its phenylalanine production on TLC,
ODgpo, and UV-C exposure time.

Glycerol stocks Glycerol stocks were made from strains producing phenylalanine by taking
1000 p 1 of liquid medium culture at maximum OD (approximately 3-4) in a 2 ml Eppendorf
cup, spinning at 5000 rpm, removing the supernatant and adding 500 w1 of a 30% glycerol
stock. This was carefully resuspended and placed in liquid nitrogen to prevent cell sedimenta-
tion. After two minutes in liquid nitrogen, the Eppendorf cups were put into a -80°C freezer.

Engineering of a tryptophan-dependent phenylalanine-producing strain

This study aimed to develop a bacterial strain optimised for the production of phenylalanine by
inducing tryptophan dependency, leveraging the concept of auxotrophy. Auxotrophic mutants
are bacteria that cannot synthesise a particular nutrient and are dependent on that nutrient
for bacterial growth (Iwasaki et al., 2021). This would make it possible to grow bacteria to a
certain ODggo until all tryptophan is consumed, after which the pathway would be directed
towards production instead of bacterial growth. The nutrient chosen here was tryptophan,
which is also known to regulate its synthesis through feedback inhibition by inhibiting the
enzyme DAHP synthase, which is involved in the shikimate pathway (Niu et all, 2019). By
creating a tryptophan-dependent strain, preferably some of this feedback inhibition would
be released, potentially increasing the flux through the pathway that leads to phenylalanine.
Two samples of 50 pl of both undiluted and 10-fold diluted bacterial suspension per sample
of a strain producing phenylalanine were exposed to UV-C light for 5 and 10 seconds.

Subsequently, these samples were spread on agar plates supplemented with MM and a trace
amount of tryptophan (1mg/1), followed by incubation at 30°C. Given the minimal tryptophan
content, the assumption was that the larger colonies might not be dependent on tryptophan.
Therefore, after a three-day incubation period, 54 smaller colonies were selected and cultured
on two distinct agar plates: one without tryptophan and another containing 100 mg/1 of
tryptophan. The bacteria were cultured on a raster as a method to identify which colonies
belong to each other, systematically inoculating the no-tryptophan plate first to eliminate the
possibility of growth failure due to the absence of biomass on the inoculation needle. Colonies
that did not grow in tryptophan-free medium but did grow in 100 mg/1 tryptophan medium
were presumed to be tryptophan-dependent and were subsequently cultured in liquid media
with (100 mg/1) and without tryptophan to verify this dependency.
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2.3.4 Phenylalanine production on differing glucose sources

The phenylalanine-producing strain was tested on MM containing glucose from PC, TC, and
WTC being produced in the presence of acetate and phosphate buffer. The goal was to
determine whether and to what extent the strain could grow and produce phenylalanine by
using the produced glucose as substrate and whether the production differs per substrate.
The first batch of glucose sources that were tested were: glucose from PG, TC-AC, WTC-AC,
and PC-AC. Before preparation of the medium, the acetate was removed as described in
Sec. . The medium was prepared with the same glucose concentrations in conical flasks.
The samples were taken at t=0 and inoculated with 100 ul of diluted biomass to an OD of
1.0. At the beginning and end of each day, samples were taken. After taking the samples,
the ODggp was measured, after which the samples were stored at -20°C for later analysis of
the glucose, ammonia, and phenylalanine concentration. After the effect of washing tertiary
cellulose before glucose production on fermentation was investigated, a second experiment
with different glucose sources was carried out. In this experiment, MM containing PG, G-
PC-AC, G-PC-PH, G-TC-AC, G-TC-PH, and G-TC-AH was incubated in duplo with 100 ul
diluted biomass of H1 to an OD of 1.0. Again, before preparation of the MM, the acetate
was removed from the glucose produced in the presence of an acetate buffer. G-TC-AH also
contained a significant amount of acetate, which was removed following the same procedure.
Again, a t=0 sample was taken and samples were taken at the beginning and end of each
day for three days. ODggp was determined after taking the samples and the concentration
of ammonium, glucose, and phenylalanine was determined after the experiment at the same
time.
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3 Results

3.1 Glucose production

3.1.1 Substrate comparison and enzyme optimisation

The efficiency of glucose production from various cellulose substrates was investigated. First,
the effectiveness of pure cellulose (PC), tertiary cellulose (TC), and washed tertiary cellulose
(WTC) as substrates in the presence of varying enzyme concentrations in acetate buffer was
determined with the goal of determining the concentration of cellulose in tertiary cellulose
and defining the enzyme concentration.

The yield, or glucose/substrate ratio, was calculated by dividing the amount of glucose pro-
duced by the weight of the initial material, adjusting for the water content as shown in Table
E. The yield of glucose from pure cellulose (PC), tertiary cellulose (TC) and washed tertiar
cellulose (WTC) with excess enzyme (30%) was 70%, 43%, and 41% respectively (Figs. a,,

, bd), implying that glucose from TC and WTC yields approximately 60% of the glucose
yield from PC. The assumption was made that the rate limiting factor for glucose production
from PC is the same in the same order of magnitude for glucose production from TC and
WTC. According to this assumption, TC and WTC consist for 60% of cellulose. To start with
the same amount of cellulose and compensate for this difference, in subsequent experiments,
40% more TC and WTC relative to PC was used. Furthermore, enzyme concentrations of
13% and 30% resulted in comparable reaction rates and glucose yields, indicating that with
13%, the maximum yield can be approached (Fig. @) Consequently, considering the costs of
the enzyme, in subsequent experiments, an enzyme concentration of 13% was used.

3.1.2 Normalized glucose production from cellulose

The goal of this experiment was to define whether there are differences in glucose production
from the three cellulose substrates (PC, TC, and WTC).

Glucose production in an acetate buffer

In this experiment, the weight of the substrate was normalised based on its defined cellulose
content in the previous section to start with the same amount of cellulose, resulting in 60% PC
(1.8 g) relative to TC (3 g). The g/c ratio was calculated by the amount of glucose produced
over the assumed cellulose weight of the material at t=0 (%, w/w). For TC and WTC, the
cellulose fraction was assumed to be 60% of the dry weight of the material. For PC, this was
100% of the dry weight. The g/c ratio profiles from PC (1.8 g), TC (3 g), and WTC (3 g)
are similar for the first 72 hours B The results after 120 hours were 69, 62, and 48% for PC,
TC, and WTC respectively. The decrease in the g/c ratio for WT'C after 72 hours could be
explained by the consumption of glucose by microorganisms. The reduced yield in glucose
production from pure cellulose, compared to the 90% reference in the literature, could be
attributed to several factors. The cellulase enzyme’s reduced efficacy, potentially due to its age
(dating back to 2018), suboptimal stirring conditions, or the crystallinity of cellulose, which
could restrict enzyme accessibility. The calculated assumption that 60% of tertiary cellulose
is cellulose was based on the yield of pure cellulose; however, the assumption that the factors
that lead to the yield of 70% from pure cellulose are identical to those that influence the
yields of tertiary cellulose and washed tertiary cellulose may not hold, considering potential
alterations in the microcrystalline structures of cellulose throughout the various stages of
treatment in the water treatment process.
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Figure 5: Glucose production with 1.5, 3, 13, and 30% from pure cellulose (a), tertiary cellulose
(b), and washed tertiary cellulose (c), and glucose production from the three substrates with
13% enzyme concentration (d)
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Figure 6: G/c ratio for glucose production in acetate buffer from PC (1.8 g), TC (3 g), and
WTC (3 g) with 13% enzyme concentration

Glucose production in a phosphate buffer
The glucose production profile from PC with 13% enzyme concentration was similar to that
of TC in a phosphate buffer, with a yield of 88% and 79% after 72 hours for PC and TC
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respectively (Fig. H) Again, in this experiment the weight of the substrate was normalised,
resulting in 60% PC (1.8 g) relative to TC (3 g) at t=0. The higher yield observed with
the phosphate buffer could be caused by the fact that there could be variations in the cellu-
lose content between different material samples. In addition, the experiments have not been
replicated enough to draw hard conclusions.
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Figure 7: G/c ratio for glucose production in phosphate buffer from PC (1.8 g), TC (3 g),
and WT'C (8 g) with 13% enzyme concentration

3.1.3 Removal of acetate

Removal of the acetic acid originating from acetate buffer was necessary, as preliminary find-
ings indicated that bacterial growth of C. glutamicum was inhibited in a mineral medium
containing glucose derived from cellulose hydrolysed in an acetate buffer. The inhibition was
attributed to the high residual acetic acid concentration left in the glucose solution, which
presented a challenge for the subsequent fermentation process. It was found that a small,
undefined amount of phenylalanine and other amino acids was present in the glucose derived
from tertiary and washed tertiary cellulose (Fig. @ in Ap. |A). As a result of the presence of
amino acids in the glucose derived from TC, acetic acid could not be removed by distillation
as the Maillard reaction would be initiated. Therefore, vacuum distillation was performed.
and the presence of acetic acid could be demonstrated using the organic acids TLC assay.

Initial trials for acetic acid removal by vacuum distilation were performed on acetic acid in
water at 40°C and 50°C (25 mbar). Organic acid TLC analysis (Fig. E indicated complete
removal of acetic acid after two cycles at 40°C and a single cycle at 50°C. Consequently,
subsequent removal of acetic acid from glucose solutions was carried out at 60°C (25 mbar)
over three cycles to ensure complete elimination of acetate.

Despite vacuum distillation, the TLC analysis of glucose solutions revealed residual acetic acid
(Fig. B). This presence may be due to precipitation of acetic acid or incomplete evaporation.
However, C. glutamicum is known to produce small amounts of acetic acid, suggesting that
residual levels may not significantly inhibit growth.
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Figure 8: TLC organic acids assay showing the removal of acetic acid by vacuum distillation
at differing temperatures over several cycles with 5 M (a) and 0.2 M (b) acetic acid, result
after vacuum distillation at 40°C after the first (c),second (d), and third (e) cycle, and at
50°C after the first (f), second, (g), third (h) and fourth (i) cycle
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Figure 9: TLC organic acids assay showing the presence of acetic acid in glucose types after
vacuum distillation with 0.2 M acetic acid (a), glucose from cellulose (b), tertiary cellulose
(¢), and washed tertiary cellulose (d)

The TLC organic acids assay was used to detect and quantify acetic acid in MM containing the
different glucose solutions. The pH of MM was 7.0, where the acetate buffer had a pH of 5.0.
Faint spots suggested the presence of acetic acid residues in MM (Fig. @) Several dilutions
(0, 2, 4, 6, 10, 20) of the acetate buffer were used in order to quantify the removed amount
of acetate. The TLC spots increased in size with higher dilutions (Fig. @), contradicting the
expected correlation between concentration and spot size. This indicates that the TLC assay
is highly sensitive to pH changes and cannot reliably quantify the presence of acetate in MM
with the acetate buffer as a reference. A reason for this inconsistency could be due to the fact
that the pH retaining characteristics of the acetate buffer in the sample and the basic buffer
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in the assay are working against each other, as a result of which the amidiation step in the
assay does not reach full conversion. This was also assumed to be the reason that no visual
decrease in acetic acid concentration could be shown for each cycle in Fig. E

Figure 10: TLC organic acids assay of MM with glucose from cellulose (a), tertiary cellulose
(b), acid hydrolysis (c), and from acetic acid buffer being 0(d), 2(e), 4(f), 6(g), 10(h), and
20(i) times diluted

Analysis of impurities
The effect of washing on the presence of impurities was determined at two points: before and
after hydrolysis of cellulose.

The weight decrease observed after 14 hours in the drying oven at 60°C was 1%, 4%, and 7%
relative to its dry mass for PC, TC, and WTC, respectively. This implies that PC and TC
contain 1% and 4% water by weight, respectively, as shown in Table E The additional 3%
weight loss in WTC is attributed to the removal of soluble impurities along with water by
washing. Furthermore, Figure @ indicates that WTC has more white/grey spots compared
to TC, suggesting a difference in residual content after washing.

Table 2: Weight of cellulose types before and after the drying oven

Before drying
(and washing) (g) After drying (g) Weight decrease (%)

Cellulose 3.02 2.98 1%
Tertiary cellulose 3.12 3.01 4%
Washed tertiary cellulose | 3.04 2.83 ™%

To quantify the weight of impurities in the glucose, the theoretical glucose weight (defined
by its concentration) was subtracted from the post-vacuum distillation measured weight. It
is important to note that the weight difference before and after vacuum distillation encom-
passes volatile components, potentially including water and volatile organics, but also retains
residues like salts and water that has not been evaporated. Hence, the impurity weight ratio
calculated—9.7%, 13.9%, and 11.9% for glucose from PC, TC, and WTC respectively (Table
E)—reﬂects not only organic impurities or acetate precipitates, but also the inherent moisture
content and salts, which are not considered impurities per se.
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The weights of the non-glucose compounds present in the glucose were quantified by sub-
tracting the theoretical glucose weight defined by its concentration before vacuum distillation
from the weight measured after vacuum distillation. The non-glucose ratio was defined by the
weight of the non-glucose compounds over the theoretical glucose weight. Non-glucose ratios
of 9.7, 13.9, and 11.9% were found for glucose from PC, TC, and WTC respectively (Tab. E)
As PC was assumed to contain no impurities, the 9.7% non-glucose ratio was attributed to
water and minor salt precipitates. TC exhibited a 4.2% higher non-glucose ratio attributed
to impurities, while WTC showed a reduced excess of only 2.2%, suggesting that washing
effectively reduces the impurity weight ratio with 2%.

Table 3: Impurity weight ratio of glucose produced from PC, TC, and WTC

Non-glucose weight ratio
(w/w non-glucose/glucose)
Cellulose 9.7%

Tert. cellulose 13.9%

Washed tert. cellulose | 11.9%

Glucose source

3.2 Fermentation of glucose from TC in MM for phenylalanine production
The growth characteristics of C. glutamicum wild type in MM were assessed by comparing
its growth to that in a rich medium (BHI). This comparison aims to evaluate the growth
behaviour of the organism in MM, focussing on determining whether this medium provides
sufficient nutrients for optimal growth compared to the nutrient-rich conditions in BHI.

The C. glutamicum wild type was found to show a longer lag phase in MM compared to BHI,
with a max ODggg of ~4.0 after 23 and 43 hours for BHI and MM respectively (Fig. @) In
Fig. @ (App. A), the bacteria in BHI are shown under a microscope at 1000x magnification.
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Figure 11: OD600 of C. glutamicum wild type on BHI and MM over time

3.2.1 Incubation in a 96-well microtiter plate for high-throughput screening

Exploring the potential for high-throughput screening, the suitability of using a 96-well mi-
crotiter plate for cultivating C. glutamicum mutants was evaluated, aiming to streamline
the process of identifying high phenylalanine-producing strains. The microtiter plate setup
was chosen for its compatibility with spectrophotometric analysis, allowing for continuous
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monitoring of bacterial growth at 30°C with periodic shaking overnight. Sterility was main-
tained through the use of a transparent, adhering lid, which ensured accurate absorption
measurements without significant interference. However, challenges with cell sedimentation
were encountered, which obscured the spectrophotometric readings. To mitigate this, the
medium was diluted four times with sterile water. This dilution facilitated clearer measure-
ments by the spectrophotometer, despite the reduced visibility of growth to the naked eye.
Therefore, the set-up relied on the precision of the spectrophotometric readings. A subsequent
issue arose with medium condensation forming on the lid, which interfered with the growth
measurements. To counter this, the lid was treated with a sterile 1% solution of Triton X-
100, rendering it hydrophobic and preventing the accumulation of condensate. After several
experiments, none of the inoculated strains exhibited growth, possibly due to the excessive
dilution of the medium. Consequently, the decision was made to discontinue the use of the
96-well microtiter plate approach, as optimising the conditions proved time consuming and
was detracting from the primary research focus.

3.3 Generation of a C.glutamicum mutant with high phenylalanine pro-
duction potential by random mutagenesis

As C. glutamicum DSM20300 did not naturally produce phenylalanine, it was randomly mu-

tated to redirect its metabolic pathway towards enhanced phenylalanine production via the

shikimate pathway.

Effects of F-phenylalanine on bacterial growth

To define the MIT (minimal inhibitory concentration) of F-phenylalanine for C. glutam-
icum growth, bacteria were grown in MM with various concentrations of F-phenylalanine.
F-phenylalanine appeared to significantly reduce C. glutamicum growth at 25ug/ml, with in-
creased inhibition at higher concentrations (50, 100, 500, 1000, and 2000 pg/ml), even though
the optical densities are similar after 46 hours (Fig. [L2). In the TLC amino acids assay con-
ducted from the media after 46 hours, the different F-phenylalanine concentrations can be
seen, with no significant changes in production (Fig. B2 in Ap. |A]).
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Figure 12: OD600 of C. glutamicum on MM with 0, 25, 50, 100, 500, 1000, and 2000 \g/ml
analog over 46 hours

To identify the source of the MM dot in Fig. @ (Ap. @), a TLC amino acid assay was per-
formed with its components. The assay indicates that the MM spot originates from ammonium
chloride and magnesium sulphate (Fig. @)
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Figure 13: TLC amino acid assay with mineral medium and its components from left to right:
a:MM, b:NH,Cl € MgSOy4 x THoO, c:KHoPO & KosH POy, d:D-glucose, e:PCA, f:Biotin,
9:CaCl, h:FeSOy x TH2O, i:Trace elements, j:MnSOy x THyO, k:CuSOy, 1:ZnSO4 x TH20,
m:NiCly x 6 HyO

3.3.1 UV mutagenesis

No growth was observed on agar plates containing 25 and 50 pg/ml analogue with 100 pl
x1000 and x100 dilution and UV-C exposure of 15, 30, 45, and 60 seconds after seven days
in an incubator at 30°C (Tabs. E & 10 in Ap. E) As finding the working combination be-
tween the analogue concentration, inoculum dilution, and UV-C exposure time was found to
be time-consuming, it was decided to perform UV mutagenesis on liquid cultures, followed
by growth in liquid media. This approach was expected to enhance the efficiency of select-
ing phenylalanine-producing strains because of the increased competitive selection pressure,
potentially accelerating the isolation of a high-yielding phenylalanine-producing strain.

In liquid mutagenesis, growth occurred in instances where 50ul samples without dilution were
subjected to UV-C for 15 seconds with 25 (7-25-15) & 50 (7-50-15) pg/ml analogue in con-
ical flasks. No growth was observed for 30 and 60 seconds of exposure to UV-C (Tab. [L1]).
A significant amount of phenylalanine was found to be produced in the sample exposed to
UV-C for 15 seconds in the presence of 25ug/ml analogue (Fig. @) No significant pheny-
lalanine production was observed with 15 seconds UV-C exposure in 50pg/ml analogue. As
the analogueue and phenylalanine have almost the same Rf value, a dot volume analysis was
performed that supports these findings with an increase in dot volume of 41.9 for the 25pug/ml
analog, and a minor increase of 9.5 for the 50png/ml analog (Tab. H) The blue dots on the
TLC sheet are formed by the ink of a ballpoint pen. It should be noted that afterward, it was
hypothesised that the light had to warm up until it will emit a consistent and reproducible
amount of light. Therefore, the exposure time after which the colonies mutated and survived
might not be reproducible.

The isolation of mutants present in 7-25-15 from agar plates containing different concentra-
tions of F-phenylalanine resulted in isolated colonies in MM with various production profiles
after three days of incubation (Fig. @ in Ap. @) Analysis of the dot volumes of all isolated
phenylalanine-producing mutants (Fig. [L5) showed that the production of phenylalanine for
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Figure 14: TLC amino acids assay of 25 (a) and 50 (c) pg/ml F-phenylalanine, and after
15 seconds UV mutagenesis and growth in MM in the presence of 25 (b) or 50 (d) pg/ml
F-phenylalanine

Table 4: Dot volumes of (F-)phenylalanine dots after mutagenesis

| Dot volume
F-phen (25 pg/ml) | 11.7
7-25-15 53.6
F-phen (50 pg/ml) | 23.0
7-50-15 32.5

all mutants was lower than 0.25 g/l, as their dot volume (max. 12.8) was significantly lower
than the dot volume of 0.25 g/1 phenylalanine (23.4) (Tab. @ in Ap. E) Isolated mutants C1
& C4, with dot volumes of 10.8 & 12.8 respectively were chosen for further mutagenesis based
on their relatively high dot volume. The ODggg of the isolated strains was not measured.

bcde

Figure 15: TLC amino acids assay with 0.25 (a) and 0.5 (b) g/l phenylaline, 25 pg/ml F-
phenylalanine (c), the mutated strain being isolated (7-25-15) without (d) and with 25 pg/ml
F-phanylalanine, and phenylalanine-producing strains after isolation of the first phenylalanine-
producing mutant in MM in the absence of F-phenylalanine

A second liquid mutagenesis was performed with strains C1 and C4 with several combinations
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of UV-C exposure (5, 10, 15, 20 sec.) and analogue concentration (50, 100, 200 pg/ml) (Fig.
). As the analysis of the production improvement in comparison with C1 & C4 should be
defined by the dot volume of the mutant minus the dot volume of C1/C4 and the analogue,
it was too dependent on the precision of the pipets, assay, and quantification tool. Therefore,
it was decided to isolate the best two mutants for each concentration of analogue based on its
exposure time, dot volume, and ODggg. The strains chosen to isolate were C4-10-50, C1-20-50,
C4-5-100, C4-10-100, C1-15-200, and C1-5-200 with dot volumes of 12.6, 10.1, 15.5, 15.3, 19.5,
and 19.6 respectively (Tab. @ in Ap. E) The ODggp of the mutants did not vary significantly
for these strains and therefore was not taken into account in the decision for this selection.
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Figure 16: TLC amino acids assay after growth in MM containing 50, 100, and 200 pg/ml
F-phenylalanine after UV-C exposure times of 5, 10, 15, and 20 seconds on C1 and CJ strains
of previous isolation

The isolation of mutants was done on agar plates with MM and several concentrations of
analogue, depending on their analog_concentration in their previous medium with x10 and
x100 dilutions on each plate (Fig. in Ap. E) TLC amino acid assay of isolated strains
showed phenylalanine production for all growth samples (Fig. in Ap. @) Dot volume
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analysis did not show phenylalanine production higher than 0.25 g/1, and the highest dot
volume for G2 with a dot volume of 28.32 and an ODggg of 2.48 (Tab. [14] in Ap. E) As only
visual assessment and not software was used at the moment of measurement, H1 was assigned
for further experiments based on its visually high spot density. Glycerol stocks of F7, F8, F9,
F11, H1, H2, H5, H6, H8, H9 were stored at -80°C.

Engineering of a tryptophan-dependent phenylalanine-producing strain

Isolation of 54 mutants after 5 & 10 seconds UV-C exposure of H1 on agar plates containing 1
mg/1 tryptophan to agar plates containing 0 % 100 mg/1 tryptophan resulted in two mutants
growing on the plate containing 100 mg/l, and not growing on the plate without tryptophan.
This would imply that eventually the phenylalanine-producing strain would be tryptophan
dependent. However, in contrast to this conclusion, the isolation of the two colonies in liquid
MM with 0 and 100 mg/1 tryptophan, showed growth in both media (Fig. @)

5 sec UV mutagenesis on plate 10 sec UV mutagenesis on plate

containing 1 mg/I tryptophan containing 1 mg/I tryptophan
() O
[ [
J <

MM without MM with
tryptophan tryptophan

Figure 17: Agar plates showing the results of mutagenesis and isolation of strains to mutate
and solate a tryptophan-dependent strain

3.3.2 Production of phenylalanine by H1 from MM containing G-PC-AC, G-TC-
AC, and G-WTC-AC
Analysis of the concentration of phenylalanine during H1 growth in MM with different glucose
sources produced in the presence of acetate buffer showed a similar production rate, whereas
production from PC lags in production for the first 17 hours. A final phenylalanine concentra-
tion of 0.47, 0.52, and 0.71 g/l was obtained when growing in MM with PC, TC, and WTC
respectively. The glucose consumption rate corresponded to the increase of the ODggg growth
curve, where MM with G-PC showed a longer lag phase in both graphs. The observed glucose
levels of 1.0, 1.7, and 1.0 g/L after 72 hours for PC, TC and WTC respectively confirm that
glucose is the reaction-limiting component. The visible decrease in ammonia concentration is
not assumed to be assigned to phenylalanine production but mainly to biomass production.
This, as theoretically, for the end concentrations of phenylalanine obtained, only a decrease
of 0.049, 0.054, and 0.073 g/l ammonia could be assigned to phenylalanine production from
PC, TC, and WTC respectively. Due to the small decrease in concentration, ammonium
was not found to be the reaction-limiting component (Fig. @) The differences observed in
the experiments were not statistically significant, considering the standard deviation. The
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insignificance for phenylalanine production could be due to the inaccuracy in determining
the phenylalanine concentration by defining the dot volume on TLC. Efforts were made for
HPLC analysis, however technical constraints limited this feasibility.
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Figure 18: Graphs of ODggo (a), phenylalanine production (b), glucose consumption (c) and
ammonium concentration (d) over time on mineral medium with glucose produced from pure,
tertiary, and washed tertiary cellulose

3.3.3 Production of phenylalanine by H1 from MM containing G-TC-AC, G-PC-
AC, G-TC-PH, G-PC-PH, and G-TC-AH
Similar slopes were observed for all samples with MM containing G-PC, G-TC, and G-TC-AH
for ODggo, phenylalanine production, glucose consumption, and ammonia consumption. The
higher ODggg of the samples containing G-PC in_acetic acid buffer could be explained by its
higher glucose concentration at t=0. As in Fig. [L§, glucose, and not ammonia was found to
be the reaction-limiting component. The growth of glucose produced in the presence of the
acetate buffer confirmed the successful removal of enough acetate to prevent growth inhibition.
Average phenylalanine concentrations were obtained after 64 hours of 0.39, 0.57, 0.42, 0.25, and
0.55 g/1 for MM containing G-TC-AC, G-PC-AC, G-TC-PH, G-PC-PH, and G-TC-AH (Fig.
). The phenylalanine production did not stop increasing visibly, suggesting that monitoring
for an extended period could reveal a higher phenylalanine production, possibly due to the
presence of intermediate metabolites still undergoing conversion to phenylalanine even after
glucose depletion.

During the two experiments in this section, four attempts were made to monitor the growth,
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Figure 19: Graphs of ODgoo (a), phenylalanine production (b), glucose consumption (c) and
ammonium concentration (d) over time on mineral medium with glucose produced from pure
and tertiary cellulose on in the presence of an acetate and phosphate buffer, and glucose
produced by acid hydrolysis

production, and consumption of H1 in MM with pure glucose. During these experiments,
no growth or production was observed. As H1 did grow on the other glucose sources, and
no growth was observed in negative controls, the strain was tested by inoculating it in a
rich medium (BHI), resulting in a normal growth curve. To test whether the cause lay at
the MM, C. glutamicum DSM 20 300 wild type was inoculated in the MM, resulting in a
maximum OD of 1.43 after_four days, in contrast to the maximum OD of 4.0 reached in
previous experiments (Fig. [L1). This difference suggests that something has changed in the
state or presence of components in MM, resulting in no growth of H1 with pure glucose, but
not limiting growth on MM with other glucose sources to grow. Suggesting that other glucose
sources might contain this/these component(s).

Based on the fact that glucose seems to be the reaction-limiting component in the previous
graphs, fed-batch was found promising. This was executed on MM with pure glucose, which
showed an increase in production after glucose addition, but stabilised at a maximum end
concentration of 0.46 g/l phenylalanine after 9 days, which was not significantly higher than
the production from alternative glucose sources in Figs. [L§ & [L9. This experiment was carried
out earlier with a different MM source that seemed to work, but it cannot be ruled out that
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the reason for the low production is the same as the reason for no growth on MM with PG.

3.4 Identification of side products

Earlier TLC analyses led to the hypothesis that the yellow dot with an Rf of ~ 0.42 was
glutamate. Lysine and tryptophan were not produced. Other amino acids (aspartate, glutamic
acid, methionine, aspartic acid, glutamine, and arginine) were spotted next to growth of H1
over time to hypothesise whether and if other amino acids formed (Fig. R(). Side products
tend to vary for MM containing differing glucose sources (Figs. —@ in Ap. |Al). Comparing
the Rf values of the amino acids standard in Fig. with the production profiles in Fig.
@-@, led to the hypothesis that aspartate and glutamic acid might be produced. Another
hypothesis is the production of tyrosine, as this is produced via the shikimate pathway. This
should be confirmed with HPLC, but could not be executed for technical reasons.
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Figure 20: TLC amino acid assay showing phenylalanine production on glucose from acid
hydrolysis (a), amino acid production by wildtype (b), aspartate (c), glutamine (d), lysine (e),
production after growth on glucose from pure cellulose (f), aspartate (g), glutamic acid (h),
metionine (i), aspartic acid (j), glutamine (k), and arginine (1)
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4 Economic Feasibility on an industrial scale

After the technical feasibility of the production of phenylalanine from tertiary cellulose was
confirmed, the potential of the process for execution on an industrial scale was evaluated.

The process was divided into three parts: retrieval of tertiary cellulose from the wastewater
treatment plant (WWTP), glucose production by either acid (route 1) or enzymatic (route
2) hydrolysis, and fermentation of glucose for the production of phenylalanine using C. glu-
tamicum (Fig. R1|). Here, since enzymes are known to be expensive, route 2 assumes the
production of cellulase by Trichoderma reesei. For all models, an electricity price of 0.085
$/kWh was used, in line with the current wholesale price of electricity in the Netherlands
(78.4 euro/MWh) (Statista, 2024).

Capture of cellulose in
the WWTP

Fermentation of glucose
,g U L-Phenylalanine—>
by C.glutamicum

Cellulase

Cellulase production by
Trichoderma reesei

Figure 21: Production of phenylalanine from tertiary cellulose via two routes: enzymatic
hydrolysis and acid hydrolysis of cellulose

As the required production scale of the three processes is highly dependent on the desired
output of phenylalanine, the processes are explained beginning with the fermentation.

4.1 Production of phenylalanine from glucose by fermentation

Production of phenylalanine from glucose was done via the shikimate pathway by fermentation
of C. glutlamicum. To model the process, a fermentation model provided by [ntelligen, Inc.
was used and adapted for the production of phenylalanine, leading to an annual production
rate of ~8,000 ton phenylalanine per year. The required amount of glucose for this production
scale is expected to be 55,845 tons of glucose per year. The process was divided into four parts:
fermentation, harvest, chromatography, and crystallisation and recovery (Fig. $2-45 in Ap. [d).

4.1.1 Fermentation

Fermentation was carried out at 32°C, starting with two seed fermenters P-01 and P-05 with
a volume of 2.05 and 40.55 m? and a reaction time of 20 and 36 hours, respectively. After
seed fermentation, the main fermenter (P-06) is filled with sterile media and broth. The
main fermenter has a volume of 458 m? and is operated for 42 hours (Fig. in Ap. d).
Based on several sources that confirm the successful production of ~20 g/l phenylalanine b
fermentation of glucose using C. glutamicum, the stoichiometric mass coefficients in Eq.
were designed (Ikeda et all, 1993),(Pérez-Sanchez et al), 2021). In Eq. m, SH and OA stand
for soy hydrolysate and organic acids respectively. An assumed conversion of 99% led to an
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achieved target concentration of 20.15 g/l phenylalanine.

22NH;34-207 Gluc.+15009+16 SH = 53.25 Biom.+178.25C09+27.25 OA+28 Phen.+108.25H,0
(1)

4.1.2 Harvesting

After fermentation, the fermentation broth is centrifuged to separate biomass from the su-
pernatant. Subsequently, the supernatant is treated with sulfuric acid for the synthesis of
phenylalanine sulphate (Fig. @ in Ap. B) The biomass obtained by centrifugation is dried
and valued at $200 per ton as an animal feed ingredient due to its nutritional value.

4.1.3 Chromatography

In the chromatography process, a cation exchange column is utilised to separate phenylala-
nine from other organic acids and impurities, capturing 96% of the phenylalanine content.
This high level of efficiency is achieved by first adjusting the pH of the phenylalanine sul-
phate solution to a lower value. This adjustment ensures that the phenylalanine molecules
are positively charged, allowing them to bind effectively to the negatively charged resin of
the cation-exchange column, while the sulphate ions, which are negatively charged, are not
retained by the resin.

After the phenylalanine molecules are adsorbed onto the resin, they are eluted using an am-

monium hydroxide solution. This elution process releases the phenylalanine from the column,

@d it is téen collected in a buffer tank, ready for the subsequent crystallisation stage (Fig.
in Ap. 0).

4.1.4 Crystallisation

The amino acid solution in the phenylalanine buffer tank, containing ammonium hydrox-
ide, is first acidified using sulfuric acid. This step helps to retain ammonia in the solution
by converting it to ammonium sulphate, preventing its evaporation during subsequent pro-
cesses. Following acidification, the solution is concentrated by evaporation, cooled, and then
transferred to a crystallisation tank. In this tank, additional HCI is added to neutralise the
ammonium hydroxide (Eq. P), resulting in the formation of phenylalanine HCI through a
reaction with HC1 (Eq. E) After the mixture is cooled to (15°C), it is assumed that 98%
of phenylalanine HCI crystallises, which can then be separated from ammonium chloride by
centrifugation.

Crystallised phenylalanine HCI was redissolved in an aqueous solution of ammonium hydrox-
ide to neutralise any excess HCI, followed by purification in an activated carbon unit. This
unit effectively removes most residual organic acids and decolorises the solution. Subsequently,
the purified phenylalanine solution is transferred to a second crystallisation tank, maintained
under the same conditions as the first, to induce further crystallisation. The final product is
then filtered, washed and dried (Fig. @ in Ap. B), resulting in phenylalanine HCl with an
assumed purity of 99.8%.

1HCI + INH,OH = 1NH,Cl + 1H,0 (2)

1HCI + 1 Phenylalanine = 1 Phenylalanine- HCI (3)
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4.2 Production of glucose from cellulose by acid hydrolysis

As calculated by using the superpro model for the production of 8,000 tons of phenylalanine
per year, the required glucose production was 55,845 tons/year. The process of producing glu-
cose from tertiary cellulose by acid hydrolysis involves a reactor, followed by a centrifuge that
removes unreacted cellulose and a column of phenylboronic acid to isolate glucose from sulfu-
ric acid and inhibiting byproducts (Fig. R2). The reaction was assumed to proceed according
to the optimal reaction conditions defined by Morales-delaRosa et al), where a glucose yield of
20% was obtained by acid hydrolysis with a sulfuric acid concentration between 0.2-0.5 mol/l
at 140°C for two hours following the mass stoichiometry shown in Eq. @ For the model, a
sulfuric acid concentration of 0.35 mol/] was assumed. As the glucose yield was assumed to be
20%, and the amount of cellulose in tertiary cellulose was found to be ~60%, a glucose yield
of 12% is expected from tertiary cellulose. With this information, 465,375 tons of tertiary
cellulose are required each year to meet the yearly required amount of glucose.

1 (cellulose),, + (n — 1) HoO — n glucose (4)

The water content in tertiary cellulose is expected to be 5g/g glucose (elaborated on in sec.

). To ensure a good mixing in the reactor, the reactor will be filled with water until a
water content of 7 g/g glucose has been reached. This is less than in the experiments with
the tube rotator (15 g water/g glucose), but as a mixer is assumed to have a higher mixing
efficiency, a lower amount of water is assumed to be needed. A volume of tertiary cellulose of
1.33 ml/g was assumed, calculated based on the information that the tubes containing 45 ml
buffer were filled to 49 ml with 3 grammes of tertiary cellulose.

Assuming 330 operating days per year and a batch time of 4 hours for the reactor, the decision
was made for the operation of three sequential reactors producing a total of 1,980 batches per
year. Using the data provided, it was defined that with a maximum filled reactor percentage
of 90%, the required reactor size for the three reactors should be 135m?. Reactor costs for
this scale for a carbon steel reactor with a design temperature of 340°C were estimated to be
~50,000 $ per reactor in 2002 (Loh et all, 2002). To account for inflation and changing market
conditions, the Chemical Engineering Plant Cost Index (CEPCI) was used to adjust this cost
estimate for 2002 to a value for 2024. The CEPCI tracks cost changes specifically relevant to
chemical process plants. Applying the ratio of the CEPCI in 2024 (295.6) to the CEPCI in
2002 (128.7), the estimated reactor cost in 2024 were determined to be approximately $115,000
(Skill§, 2024). The centrifuge cost were estimated to be $242,000 using the same inflation
correction for the price (Loh et all, 2002). Following the centrifuge, the resulting product
stream contains glucose along with sulfuric acid and various by-products (including levulinic
acid). As sulfuric acid and by-products are expected to inhibit growth during the fermentation
step, glucose must be isolated. To isolate the glucose, a phenylboronic acid (PBA) column
will be employed. PBA has a specific affinity for compounds containing cis-diol groups, such
as glucose (Wu et all, 2016). This allows the column to selectively retain glucose while sulfuric
acid and by-products lacking the diol structure pass through. The bound glucose can then be
recovered by elution with a solution that disrupts the PBA-glucose interaction. For the model,
a sodium hydroxide solution was used as a solvent, which has to be mixed with hydrochloric
acid to produce NaCl before fermentation. This part was not included in the model. Material
costs for the PBA column are expected to be $165,000, consistent with one-third of the price
for the column in the SuperPro phenylalanine production model, as the required volume is also



4 Economic Feasibility on an industrial scale

40

one-third of the volume in the phenylalanine model. Although this represents a significant
investment, the separation is essential to obtain a glucose stream suitable for subsequent
purification and use in phenylalanine synthesis. Additionally, the disposal of sulfuric acid and
by-products will incur costs. As a result of the complex mixture of byproducts, recovery of
ammonium sulphate is not considered feasible for sale as a fertiliser. Instead, disposal costs

of approximately $1/tonne will be incurred.
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Figure 22: Superpro model for glucose production by acid hydrolysis of tertiary cellulose

4.3 Production of glucose from cellulose by enzymatic hydrolysis

The production of glucose by enzymatic hydrolysis of cellulase involves the reaction in a
reactor (Eq. H), after which the glucose mixture is centrifuged. Subsequently, acetic acid and
water are evaporated by vacuum distillation (Fig. @) Based on the assumed glucose yield
of 90% from pure cellulose (Hall et al), 2010), and the assumption that 60% of the tertiary
cellulose consists of cellulose, a glucose yield from tertiary cellulose of 54% is expected. Based
on this yield, yearly 103,417 tons of tertiary cellulose is needed to meet the required amount
of glucose of 55,845 tons/year. A batch time of 72 hours was assigned to the process, of which
48 hours involved the enzymatic hydrolysis reaction executed at 50°C. To maintain pH at
5.0, the acetate buffer containing 0.2 M acetic acid and 0.35 M sodium acetate was used.
The selection of acetate buffer over phosphate buffer was based on energy considerations.
Utilising phosphate buffer requires sterile conditions to prevent microbial consumption of
glucose, which requires all materials to undergo sterilisation at 121°C for 15 minutes. On
the contrary, the acetate buffer, although it requires posthydrolysis removal, is expected to
be more energy efficient, as the removal process is feasible at a lower temperature of 60°C.
Also, unlike the phosphate buffer where pre-heating the entire substrate is mandatory, the
acetate in the acetate buffer is evaporated after the removal of the cellulose and impurities,
minimising the amount of chemicals to be heated. As the reactor is used at standard pressure,
a relatively neutral pH of 5.0, and a temperature of 50°C, the material requirements are
expected to be significantly lower, decreasing the reactor costs. Therefore, the reactor costs
were estimated to be the same ($115,000) for a reactor that has double the volume (270 m?).
It was decided to use six sequential reactors of (270 m?) to meet the required annual glucose
production. Centrifuge costs were estimated to be the same as for acid hydrolysis ($242,000).
The distillation column was estimated at $460,000 after correcting for the time difference by

applying the CEPCI ratio.
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Figure 23: Superpro model for glucose production by enzymatic hydrolysis of tertiary cellulose

Production of cellulase by Trichoderma reesei

As cellulase costs are known to be expensive (45-60%/kg), in this case, it is assumed that
cellulase is produced using Trichoderma Reesei. The process has been modelled in SuperPro
by Taiwo et all. It was found that cellulase could be produced in semi-batch for 22.12 §/kg
on a production scale of 1371 tonnes of dry cellulase per year. As for the production scale
in this model, only 277 tons of dry cellulase are needed, the price is expected to be higher
for production on this smaller scale. However, as glucose is used as the carbon source for
fermentation and is known to account for a significant amount of the raw material costs in
fermentation, it is assumed that the glucose produced can be used for this process, lowering
the cellulase price and compensating for the lower economy of scale.

4.4 Retrieval of tertiary cellulose from the WWTP

The process of recovering tertiary cellulose involves only the use of screens able to filter the
incoming feed in a WWTP for particles with a particle size high enough for cellulose. The
tertiary cellulose does not have to be dried, as during hydrolysis less water has to be added.
To determine the amount of water to add during cellulase hydrolysis, it was assumed that
the tertiary cellulose contained 5 grammes of water per gramme of tertiary cellulose. Capital
costs involve only cellulose screens, with an estimated price of €185,000 for a screen with a
capacity of 500m?/h and a scale factor of 0.75 (Khan et al,, 2022). Operational expenditures
are expected to be power, estimated at 34.6 kW for a base case capable of processing a
wastewater flow of 540m?/h containing 75 kg of dry matter per hour.

The total dissolved solid concentration of domestic wastewater ranges between 250-850 mg/1
(Park and Snyder], 2020). The cellulose screens in this case filter solid particles starting from
the cellulose particle size, while succeeding in capturing more than 80% of the influent cellulose
(Ahmed et all, 2019). As it was found that 540m?® wastewater contains 75 kg tertiary cellulose,
the yearly amount of wastewater required for the production of 8,000 tonne of phenylalanine
was found to be 3,351 and 745 million m? for acid and enzymatic hydrolysis, respectively.
These volumes comply with the wastewater of approximately 71 and 16 million people for
acid and enzymatic hydrolysis, respectively.

4.5 Production costs

Using the information provided in Sec. Q, and an estimated plant lifetime of 30 years, the
tertiary cellulose retrieval costs per kg are 0.0020 and 0.0029 for the acid and enzymatic
hydrolysis scale, respectively. The CAPEX were determined using the scale factor of 0.75,
where the OPEX were assumed to have a linear relation with scale, as the only OPEX was
assumed to be electricity. Total annual retrieval costs for acid and enzymatic hydrolysis were
found to be 915,498 and 296,077 €/year, respectively, to meet the glucose demand for the
defined production scale for phenylalanine. The prices for cellulose retrieval are defined in
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euros as the information from the sources was in euros. Other prices later in the report are
shown in dollars, as Superpro was programmed for dollars f.

Table 5: Calculation of CAPEX, OPEX, and costs per kg of tertiary cellulose retrieval for the
actd and enzymatic hydrolysis route

Retrieval of tertiary cellulose by acid hydrolysis of cellulose

Required amount of tertiary cellulose | 465,375 tonne/year
Cost-scaling factor 148

CAPEX 27,395,812 €

OPEX 2304 € /year
Total costs 915,498 € /year
Costs per kg 0.0020 €/kg
Retrieval of tertiary cellulose by enzymatic hydrolysis of cellulose
Required amount of tertiary cellulose | 103,417 tonne/year
Cost-scaling factor 48

CAPEX 8,866,961 €

OPEX 512 € /year
Total costs 296,077 € /year
Costs per kg 0.0029 €/kg

Using the defined cellulose costs, the glucose costs were calculated using the two models
described in Seq. @ & @ Total annual costs of 8,214,855 and 4,711,400 $/year were found
for the acid and enzymatic hydrolysis routes respectively. This results in a price of 0.147 and
0.084 $/kg glucose for the acid and enzymatic hydrolysis route respectively assuming a plant
lifetime of 20 years for both. The high capital expenditures for enzymatic hydrolysis come
from the expensive distillation equipment, whereas the higher operational expenditures are
caused by the high temperature that is required for the reaction to occur. In this process, 38%
of the OPEX accounts for cellulase costs, as 44% of the OPEX accounts for raw materials,
of which 87% account for cellulase costs. The analysis was carried out using a 13% enzyme
concentration (w/w), derived from experimental results. However, it is possible that a lower
enzyme concentration, perhaps with a longer production time, could be equally effective,
potentially reducing operational costs significantly. Given that enzyme costs account for 38%
of the OPEX of the glucose production process, optimising enzyme usage could increase
economic viability. Moreover, adjustments in the buffer ratio and enzyme concentration could
also further reduce production costs, considering their substantial impact on the process
economics.
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Table 6: Calculation of CAPEX, OPEX, and costs per kg of glucose via the acid and enzymatic
hydrolysis route

Production of glucose from TC by acid hydrolysis of cellulose

CAPEX 5,303,000 $

OPEX 7,949,705 $/year

Total yearly costs | 8,214,855 §/year

Costs per kg 0.147 $/kg

Production of glucose from TC by enzymatic hydrolysis of cellulose
CAPEX 8,728,000 $

OPEX 4,275,000 $/year

Total yearly costs | 4,711,400 $/year

Costs per kg 0.084 $/kg

For the fermentation model producing phenylalanine from glucose, the glucose price for enzy-
matic hydrolysis was used (0.084 $/kg). Capital and operating expenditures were found to be
114,671,000 and 72,037,000 $ respectively. As the payback time is highly dependent on the
value of phenylalanine, an analysis was carried out by running the model with several prices
for phenylalanine (Fig. @) It was found that the process has a payback time of 40 years with
a phenylalanine price of 7.5 euros and that as the price increases, the payback time signifi-
cantly decreases. Using the analysis, the process was found economically feasible for a payback
time between 15-25 years, meaning that the price of phenylalanine lies between 7.5-8.0 $/kg,
currently (with a dollar/euro rate of 1/0.92) corresponding to ~6.87-7.33 euros/kg. The value
of phenylalanine for use in alkyds should be within this range or higher for the process to
be economically viable. The decision to opt for enzymatic over acid hydrolysis is influenced
by various factors, and any changes in these factors could change the preference. Although
enzymatic hydrolysis offers a higher yield (a 4.5-fold increase), it requires substantially longer
reaction times (24 times longer) compared to acid hydrolysis. However, the lower operating
temperature for enzymatic hydrolysis results in reduced energy costs and potentially lower
reactor costs, despite the necessity for larger or more reactors due to the lower efficiency of the
process. The assumption that enzymatic hydrolysis reactors are half as expensive per cubic
metre significantly influences operational expenditures, and makes competition for glucose by
acid hydrolysis harder. These assumptions should be taken into account when interpreting
the results.

When returning to the other production scales of interest: 1 and 5 kton/year; as these are
lower than the production scale for which the model was built for (8,000 kton/year), it is
assumed that the price of phenylalanine is higher for these scenarios. Therefore, the decision
was made not to change the whole model, but to assume the price of phenylalanine using
the power law and a plant lifetime of 20 years, on a scale of 8,000 MT /year, the value of
phenylalanine has to be 7.75 $/kg for the process to reach this payback time and be economi-
cally viable. To calculate capital costs for a different scale, the power law was used for capital
expenditures with an exponent of 0.6, typical for equipment used for biochemistry purposes.
Operational expenditures were defined by assuming a linear relation between capacity and
OPEX. Phenylalanine prices of 10.65 and 9.87 $/kg were found for production scales of 1
and 5 kton/year respectively. Corresponding with ~9.78 and 9.06 €/kg respectively with the
current exchange values.
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Figure 24: Graph of the payback time of the phenylalanine fermentation for phenylalanine
prices ranging between 7.4-10%/kg

Table 7: CAPEX, OPEX, total annual costs and phenylalanine price calculated for phenylala-
nine production on a scale of 1 and 5 kton/year

1 kton/year

CAPEX 32,930,597 $
OPEX 9,004,625  $/year
Total annual costs | 10,651,155 §/year
Phenylalanine price | 10.65 $/ke
5 kton/year

CAPEX 86,493,129 %
OPEX 45,023,125 §/year
Total annual costs | 49,347,781 §/year
Phenylalanine price | 9.87 $/kg
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5 Discussion

5.1 Theoretical implications

Production of glucose from cellulose

The observed optimal enzyme concentration of 13% facilitated a glucose yield nearly as high as
that achieved with an excessive amount of enzyme (30%), suggesting efficient use of cellulase
for hydrolysis. Although the yield achieved was approximately 70% in all cellulose sources, it
was lower than the 90% yield commonly associated with enzymatic hydrolysis of pure cellulose
(Yeh et ali, 2010). The composition analysis revealing that tertiary cellulose consists of 60%
cellulose indicates the potential for substantial glucose production.

The comparison between glucose production from washed and unwashed tertiary cellulose
showed no significant difference, suggesting that the presence of noncellulosic materials in ter-
tiary cellulose does not significantly impact the enzymatic hydrolysis efficiency. This aligns
with the understanding that enzymatic hydrolysis, due to its specificity and mild operating
conditions, can effectively break down cellulose into glucose with minimal susceptibility and
formation of inhibitors or by-products (Walker and Wilson, 1991)). However, the normalisa-
tion approach chosen in this study could have obscured potential variations in glucose yield
between cellulose and tertiary cellulose sources, which requires further investigation.

Enzymatic hydrolysis in the presence of a phosphate buffer produced higher glucose levels
compared to an acetate buffer, contrary to existing studies that favour the acetate buffer due
to its compatibility with the optimal pH range of cellulase (Cheng, 1998). This unexpected
result suggests that other factors might play a role in the influence of enzyme activity.

Production of phenylalanine from glucose

The successful application of UV mutagenesis and selection using an amino acid analogue (F-
phenylalanine) led to the development of a C. glutamicum mutant with enhanced capabilities
for the production of phenylalanine. This mutant achieved a maximum production rate of 0.46
g/L phenylalanine, corresponding to 0.046 g phenylalanine/g glucose. This production rate is
relatively low, compared to metabolic engineering efforts that have historically achieved pheny-
lalanine production of up to 20 g/L through various strain optimisation techniques (Shu and
Liag, 2002). Thus, random mutagenesis and strain isolation with F-phenylalanine was found to
be effective in terms of phenylalanine production, but it has a low chance of obtaining a strain
producing a high yield. The phenylalanine production levels observed when the mutant was
grown on G-PC-AC, G-TC-AC, and G-WTC-AC substrates were not significantly different,
suggesting that the different substrates did not significantly affect the mutant’s phenylala-
nine production capabilities, underscoring the mutant strain’s robustness and its utilisation
of available glucose. No significant variance in production, growth, or glucose consumption
was observed when the strain was grown on G-TC-PH, G-TC-AC, G-PC-PH, G-PC-AC, and
G-TC-AH. Where phenylalanine yields on the G-TC-AH and G-PC-AC substrates exceeded
those of pure glucose (approximately 0.55 g/L), highlighting the potential of these substrates
for the production of phenylalanine. This could indicate improved metabolic efficiency or al-
tered regulatory responses in the mutant strain, allowing for enhanced phenylalanine biosyn-
thesis. In all experiments, glucose was found to be the growth-limiting component, in line
with the literature, and showing potential for fed-batch fermentation (Van Balken, [1997),
(Pérez-Sanchez et all, 2021).

Before the experiments for analysis of the metabolite and growth parameters on different sub-
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strates, the production was observed with pure glucose as a substrate. Interestingly, in trials
with different substrates, pure glucose did not show growth. The identical media composition
across all variants, except for the glucose source, could potentially be an issue with one of
the trace elements. It could be speculated that a necessary trace element, possibly present in
the tertiary cellulose, was absent or inactivated in the media. As the same syringe was used
for filtering the glucose from all cellulose sources, it could be that the trace element present
in tertiary cellulose was transferred to the glucose from pure cellulose, explaining growth on
all substrates except pure glucose.

Economic feasibility

The economic analysis revealed that glucose production from tertiary cellulose is significantly
more cost effective when using enzymatic hydrolysis compared to acid hydrolysis when produc-
ing the same amount of glucose, with production costs amounting to 0.084 $/kg and 0.147 $/kg
for enzymatic and acid hydrolysis respectively, in contrast to the literature, where high en-
zyme costs make competition with acid hydrolysis difficult (Rinaldi and Schiith, 2009),(Aden
and Foust], 2009). Lower costs in this model are operationalised by enzyme production by
fermentation while using the relatively cheap produced glucose as a carbon source. Further-
more, the result showed that the production of phenylalanine, using glucose obtained from
tertiary cellulose through enzymatic hydrolysis at production scales of 8, 5, and 1 kton/year
are economically attractive starting from a phenylalanine value of 7.12, 9.06, and 9.78 € /kg
respectively and when considering a 20-year payback period.

5.2 Managerial implications

The model applied in this research indicates that the process is too costly for practical large-
scale application. To enhance economic feasibility, the mass balance parameters could be
reassessed to confirm, as they were now based on the literature. Furthermore, exploring alter-
native substrates with higher cellulose content and greater availability could be interesting, as
the extensive use of wastewater in the current process significantly increases the transporta-
tion costs of the different WWTPs, undermining economic viability. Transitioning to readily
available waste paper streams as a cellulose source could present a cost-effective and sus-
tainable alternative, potentially reducing transportation expenses and improving the overall
sustainability and cost efficiency of the process.

5.3 Further research

Further research could streamline and optimise the bioprocesses involved in phenylalanine pro-
duction. Investigating the potential for sterilising only cellulose to prevent microbial growth
could offer an energy-efficient alternative to the current use of phosphate buffer. Exploring
the effect of acid hydrolysis as a pretreatment in this context, despite the dispersed nature
of the cellulose, could uncover opportunities to enhance yield. Additionally, verifying the ne-
cessity of adding ammonium, considering the possible presence of urea-derived ammonium in
the material, could simplify the process and reduce environmental impact.

A more detailed analysis is needed using HPLC to understand the impact of different glucose
sources and potential impurities on the metabolic pathway. Further exploration into the use
of auxotrophic mutants could lead to significant improvements in production efficiency. Lastly,
assessing the benefits of removing impurities upstream to facilitate downstream purification
and reduce energy consumption could provide a more efficient overall process.
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6 Conclusion

This study investigated the enzymatic hydrolysis of tertiary cellulose to produce glucose
and its subsequent fermentation to phenylalanine using a C. glutamicum strain. The results
indicate that a concentration of 13% cellulase is nearly as effective as the excess concentration,
achieving a yield of approximately 70% glucose from pure cellulose sources, being lower than
the 90% yield reported in prior studies. The glucose yields were consistent between washed
and unwashed tertiary cellulose, with no significant differences in terms of glucose production
when the use of a phosphate and acetate buffer was compared.

The phenylalanine-producing C. glutamicum mutant, developed through UV mutagenesis,
demonstrated the production of phenylalanine without significant differences between various
glucose substrates derived from cellulose. The experimental results revealed that the glucose
source did not significantly impact phenylalanine production, suggesting that the engineered
strain efficiently converts glucose to phenylalanine regardless of the glucose’s cellulose origin.

Economically, the analysis supports the feasibility of producing phenylalanine from tertiary
cellulose-derived glucose via enzymatic hydrolysis. The cost-effectiveness of enzymatic hydrol-
ysis over acid hydrolysis was found to be evident, with the operational and environmental
benefits also favouring the former. Production costs were found to be economically viable on a
production scale of 1, 5, and 8 kton/year for a phenylalanine value of 10.65, 9.87, and 7.5 $/kg
respectively, showing the potential for scalable phenylalanine production from wastewater-
derived tertiary cellulose. However, while the process shows promise for industrial-scale pro-
duction, the cost implications for downstream applications, such as alkyd resin synthesis,
remain a concern. The target cost for making the production of alkyds from phenylalanine
economically attractive would be in the range of a few euros per kilogramme. Given cur-
rent cost projections, it is uncertain whether the production of phenylalanine from tertiary
cellulose can meet these price points at the analysed scales, suggesting the need for further
optimisation or alternative strategies to reduce costs and enhance economic attractiveness.
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Figure 25: Resulting water in Bichner set-up after washing for one hour (left) and after one
hour in the ultrasonic bath (right)

Figure 26: Picture of tertiary cellulose before (left) and after (right) washing
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Figure 27: Set-up of tube rotator in incubator

Figure 28: Crystallized glucose after vacuum distillation
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Figure 29: TLC amino acids assay with a:washed tertiary cellulose, and b:tertiary cellulose

Glucose from Glucose from Glucose from
cellulose tertiary washed tertiary
cellulose cellulose

Figure 30: Glucose from pure, tertiary and washed tertiary cellulose after autoclaving at 121
degrees for 15 minutes
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Figure 31: C. glutamicum in BHI under a microscope at £1000 magnitude

Mineral L-phenylalanine  F-phenylalanine  Wild type on Wild typeon  Wild type on Wild type on Wild type on Wild typeon  Wild type on

medium (2g/1) (10g/1) MM without MM with MM with MM with MM with MM with MM with

without analog analog analog analog analog analog analog
inoculation (25ug/ml) (50pg/ml) (100pg/ml) (500pg/ml) (1000pg/ml)  (2000pg/ml)

Figure 32: TLC amino acids assay with MM, L-phenylalanine (2 g/1), F-phenylalanine (10
g/1), and growth after 46 hours with 0, 25, 50, 100, 500, 1000, and 2000 wg/ml analog
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Figure 33: 10 ml tube rack consisting of 43 isolated strains after 3 days at 30°C in an incubator
at 100 rpm

0 mg/I F-phen 100 mg/| F-phen 100 mg/! F-phen 100 mg/! F-phen
C4-10-50 -50

C4-10-50 C4-5-100

— e e — =
200 mg/I F-phen 200 mg/I F-phen 400 mg/I F-phen 600 mg/| F-phen 600 mg/I F-phen
C4-10-100 C1-15-200 C1-5-200 C4-10-50 C1-20-50

Figure 34: Agar plates with isolated colonies after second UV mutagenesis
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Figure 35: TLC amino acids assay of obtained strains after isolation of the first mutated
phenylalanine-producing strain
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Figure 36: TLC amino acids assay of isolated strains in MM in the absence of F-phenylalanine
after the second mutagenesis
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Figure 37: Result of amino acid TLC assay showing standard concentrations of phenylalanine
(left) and the production profile of H1 on MM containing G-TC-AC over time

Figure 88: Result of amino acid TLC assay showing standard concentrations of phenylalanine
(left) and the production profile of H1 on MM containing G-PC-AC over time
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Figure 39: Result of amino acid TLC assay showing standard concentrations of phenylalanine
(left) and the production profile of H1 on MM containing G-TC-PH over time

Figure 40: Result of amino acid TLC assay showing standard concentrations of phenylalanine
(left) and the production profile of H1 on MM containing G-PC-PH over time
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Figure 41: Result of amino acid TLC assay showing standard concentrations of phenylalanine
(left) and the production profile of H1 on MM containing G-TC-AH over time
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B Appendix B: Tables

Table 8: Glucose yield obtained from differing cellulose sources with differing amounts of
enzyme

Yield (w/w %)
Cellulose type Enzyme (w/w) | t=0h t=24h t48h t=72h t=96h
Cellulose - 1.5 0% 5% 10%  14% 16%
Cellulose - 3 0% ™% 5%  20% 25%
Cellulose - 13 0% 24% 50% 70% 67%
Cellulose - 30 0% 26% 50%  72% 70%
Tertiary Cellulose - 1.5 0% 4% 8% 9% 11%
Tertiary Cellulose - 3 0% 5% 12%  13% 15%
Tertiary Cellulose - 13 0% 19% 3%  43% 42%
Tertiary Cellulose - 30 0% 16% 3%  44% 43%
Washed Tertiary Cellulose - 1.5 0% 5% 9% 10% 11%
Washed Tertiary Cellulose - 3 0% 6% 11% 13% 14%
Washed Tertiary Cellulose - 13 0% 20% 36%  41% 38%
Washed Tertiary Cellulose - 30 0% 23% 39% 41% 41%

Table 9: UV mutagenesis on agar plates with x1000 dilution and differing concentrations of
analog and UV exposure time.

Plate | Analogue ( g/ml) Dilution UV mutagenesis (s) Growth after
1 0 X1000, 100 uL. O 2 days
2 25 X1000, 100 pL. 15 -

3 25 X1000, 100 pL 30 -

4 25 X1000, 100 pL. 45 -

5 25 X1000, 100 pL 60 -

6 25 X1000, 100 uL. 0 2 days
7 50 X1000, 100 pL. 15 -

8 50 X1000, 100 L. 30 -

9 50 X1000, 100 pL. 45 -

10 50 X1000, 100 pL - 60 -

11 |50 X1000, 100 L, 0 2 days
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Table 10: UV mutagenesis on agar plates with £100 dilution and differing concentrations of
analog and UV exposure time.

Plate | Analogue ( g/ml) Dilution UV mutagenesis (s) Growth after
1 0 X100, 100 uL 0 2 days
P 25 X100, 100 uL 15 ;

3 25 X100, 100 pL 30 -

4 25 X100, 100 uL 45 ;

) 25 X100, 100 pL - 60 -

6 25 X100, 100 L 0O 2 days
7 50 X100, 100 pL 15 -

8 50 X100, 100 pL 30 -

9 50 X100, 100 pL 45 -

10 50 X100, 100 L 60 -

11 |50 X100, 100 uL. 0 2 days

Table 11: UV mutagenesis in conical flasks with differing concentrations of analog and UV
exposure time.

Erlenmeyer | Analogue ( g/ml) Dilution UV mutagenesis (s) Growth after
1 25 x0, 50 ul 0 1 day

2 25 x0, 50 pl 15 2 days

3 25 x0, 50 pl 30 -

4 25 X0, 50 ul 60 ;

) 50 x0, 50 pl 0 1 day

6 50 0,50 ul 15 2 days

7 50 x0, 50 pl 30 -

8 50 x0, 50 pl 60 -
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Table 12: Dot volumes of (F-)phenylalanine dots on TLC plate of isolated strains after first
mutagenesis

Dot volume
0.25 g/1 L-phenylalanine 23.4
0.5 g/1 L-phenylalanine 38.5
0.25 g/ml F-phenylalanine | 2.3
7-25-15 without analog 3.8
7-25-15 with analog 26.5
D2 10.7
A3 5.8
A5 2.6
A6 8.5
A8 10.6
B2 3.9
B3 5.4
B5 9.8
B6 3.0
C1 10.8
C3 6.7
C4 12.8
Ch 9.0
D1 8.3
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Table 13: Dot volumes of (F-)phenylalanine dots on amino acids TLC assay with the optical
density of the corresponding strains

Strain Dot volume OD600
C1 1.3

C4 3.8

C1-5-50 6.8 2.57
C1-10-50 7.0 2.46
C1-15-50 5.7 2.42
C1-20-50 10.0 2.51
C1-5-100 11.7 2.46
C1-10-100 14.1 2.48
C1-15-100 11.0 1.89
C1-20-100 11.5 2.36
C1-5-200 19.6 2.33
C1-10-200 13.5 2.39
C1-15-200 19.5 2.2
C1-20-200 18.6 2.45
C4-5-50 7.9 2.59
C4-10-50 12.6 2.63
C4-15-50 8.3 2.45
C4-20-50 9.0 2.5
C4-5-100 15.5 2.73
C4-10-100 15.3 2.48
C4-15-100 9.5 2.36
C4-20-100 23.4 2.5
C4-5-200 13.6 2.37
C4-10-200 13.9 2.45
C4-15-200 15.2 2.6
C4-20-200 17.1 2.53
F-phen 50 pg/ml | 2.4

F-phen 100 pg/ml | 6.7

F-phen 200 pg/ml | 11.2
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Table 14: Dot volume of (F-)phenylalanine dots on amino acid TLC sheet after isolation of
second mutagenesis, with its corresponding optical density

Strain Dot volume OD600
L-phen 0.25 g/1 | 33.2

E1l 22.17 2.34
E2 22.36 2.23
E3 13.37 2.21
E4 16.6 2.29
E5 23.2 2.33
E6 16.63 24
E7 24.6 1.73
ES8 15.05 2.29
E9 16.89 2.14
E10 24.7 2.23
E1l1 19.38 2.13
F1 16.11 2.43
F2 15.38 2.41
F3 25.29 2.39
F4 21.37 2.28
F5 13.66 2.44
F6 12.29 2.69
F7 19.51 2.31
F8 27.97 2.25
F9 15.86 2.44
F10 19.8 2.37
F11 22.95 2.26
Gl 17.73 2.49
G2 28.32 2.48
G3 26.23 2.48
G4 11.71 2.35
G5 19.34 2.4
G6 13.78 2.26
G7 19.38 2.38
G8 20.58 2.38
G9 13.97 1.84
G10 20.49 2.2
Gl11 15.89 2.27
H1 15.03 2.31
H2 19.71 2.01
H3 15.97 2.44
H4 16.74 2.49
H5 17.9 2.48
H6 17.61 2.33
H7 18.91 2.46
HS 14.83 2.51
H9 20.03 2.31
H10 1.38 2.33
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Figure 42: Fermentation part of the superpro process diagram for production of phenylalanine
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Figure 43: Harvest part of the superpro process diagram for production of phenylalanine
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Figure 45: Crystallization part of the superpro process diagram for production of phenylalanine
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