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Abstract
Cellulose containing textiles (cotton) and cardboard/carton-based wastes represent a large pool of
untapped organic carbon. These wastes have enormous potential for utilization as carbon feedstocks in
industrial biotechnology processes. Essentially, cotton/cardboard (CC) waste is pure cellulose (with some
additives) in the form of polymerised glucose composed of β (1→4) linked D-glucose subunits. CC waste
materials can be enzymatically hydrolysed to monomers of D-glucose in aqueous solution, to form
‘glucose juice’, which can then be fermented to bio-ethanol. In principle, value added chemicals could also
be produced from glucose juice. Bioconversion of CC waste to other compounds of importance to
industry could form the basis of environmentally attractive production routes. Terpenes are one of the
largest and most diverse classes of natural compounds, and are of value to industry as they have a wide
range of applications as �avourings, fragrances, pharmaceuticals, bio-pesticides and biofuels. Here, we
investigated the bioconversion of CC waste to the exemplar terpene limonene as a proof-of-concept. Six
different CC waste streams were enzymatically hydrolysed to glucose juice and used to produce limonene
by fermentation of an engineered E. coli microbial cell factory. D-glucose content was determined in the
glucose juice, and then metabolized by E. coli using an engineered heterogenic biolipid synthesis
pathway (the mevalonate pathway) to produce limonene (300–700 mg L− 1), which was then partitioned
into a nonane overlay. This study establishes an important proof-of-concept for terpene production from
hydrolysed CC waste streams.

Introduction
Environmental pollution and global climate change are the main challenges that humanity is facing from
the industrialised manufacture of materials. Cotton and cardboard (CC) materials are one of the largest
contributors to municipal solid wastes. Both are composed of cellulose making them important potential
substrates for recycling or repurposing technologies that can be used in most regions of the world1, 2, 3. In
order to mitigate the negative impact of pollution and global climate change caused by these waste
streams it is now essential to identify new strategies to recover and create new products from these
abundantly available waste materials 4,5.

Regarding textiles, there are two major streams of waste; i) un-sold merchandise and pre-consumer/ post-
industrial waste, that is generated through the production process of clothing and its distribution, ii) post-
consumer waste, that is generated by �bre producers, textile mills, fabric, and apparel manufacturers. Pre-
consumer/post-industrial waste, can be more easily integrated into the production process of new or
recycled �bres, presenting less of a burden on the environment5. Textiles are mostly produced in large
production volumes, using a stable volume of chemicals to process the raw materials (pre-consumer
pollution), form �bres, develop and manufacture different fabrics types to �nished products 6. For
example, in Spain textiles represent around 4% of the total municipal solid waste 1, while it is about 5%
globally 7.
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In order to reuse or recycle textile fabrics, separate collection from municipal waste is necessary. After
collection, clothes need to be separated into reusable and non-reusable clothing. Reusable clothing is
then sorted into more than 300 subgroups and shipped overseas because of inexpensive labour costs.
Germany is one of the frontrunners in textile collection with 75% of its textile waste being collected
separately8. Even though separate collection and sorting of waste textiles requires labour and energy,
every kilogram of virgin cotton that is replaced by second-hand material saves up to 65kWh of energy9,
which is equivalent to running a washing machine 60 times. Issues associated with textile recycling were
brought to the forefront by European 2020 directives and the 2021 EU textile strategy. These promote
recovery and recycling of textile waste because of its high degree of pollution during the manufacturing
process and the detrimental effect this has on the environment10.

One of the major man-made natural polymers used in the textiles industry is cotton, which is mainly
comprised of cellulose. Cotton containing fabrics are made from cellulose that comprises β (1→4) linked
D-glucose. Globally production exceeds 20 million tonnes of cotton �bres per year6, and only about 15%
is reused or recycled, while 85% of the textile waste ends up on land�lls, since it is essentially useless for
�bre creation11. In the EU, roughly 20% of the 5,6 mega tonnes (Mt) of textile waste was reused or
recycled in 2013 12. This cellulose containing waste is a major source of stored organic carbon, with an
annual production rate of approximately 20 Mt, representing an untapped potential as substrate for
production of “value added” natural products 11.

Cardboard waste is another major source of cellulose that is mostly used as packaging material
accounting for 1–6% of the solid municipal waste, dependent on the country and the micro location1, 2.
However, the collection of cardboard waste in the developed world is mostly separate from general solid
municipal waste by general waste treatment operators1. The easiest way to recycle cardboard is by
composting,13 together with other organic material. Recently, more sophisticated methods of recycling
have been developed, allowing for production of value added natural chemicals and renewable energy in
form of hydrogen14. However, the proportion of cardboard that can be treated during this process of co-
fermentation is relatively low compared to food waste, while the assortment of value added chemical is
limited to a few natural compounds 14.

In order to recycle CC containing waste in a highly �exible manner, enzymatic hydrolysis can be
employed. Enzymatic hydrolysis of cellulose offers high plasticity of downstream biotechnological
applications for production of advanced feedstock, value added bio-chemicals, biofuels and monomers
for the production of advanced biological materials 6. Cellulases are being employed for enzymatic
hydrolysis of cellulose containing waste. Commercially available cellulases are available from
Novozymes, as an enzyme blend consisting of Cel7A, Cel7B and beta-glucosidase, commercially
available under the name Cellic CTec2 (Novozymes) 15. These enzymes can act on cellulose, binding to
different locations in the β (1→4) linked D-glucose that forms cellulose. Each of the enzymes comprised
in the Cellic Ctec enzyme blend has its own function. Cel7A is an exoglucanase that acts on the cellulose
polymer and produces nicks that are exposing reducing and non-reducing ends of cellulose. Cel7B is an



Page 4/13

endoglucanase that can act on a nicked cellulose structure and produce cello-oligosaccharides and
cellobiose (two D-glucose subunits). The hydrolysis of cellulose is �nalized by β-glucosidase that can
cleave cellobiose into two molecules of D-glucose completing the process that results in glucose juice
formation 15.

Glucose can be used as the main carbon source for microbial production of biofuels and value added bio-
chemicals. The most common process is conversion of glucose into bioethanol via fermentation16.
However, dissolved CC waste could potentially be converted to natural value added chemicals using
synthetic biology approaches. One class of natural chemicals that can be produced utilizing glucose are
monoterpenoids 17. These can be produced using two different metabolic pathways, the methylerythritol
phosphate isoprenoid pathways (MEP) and the mevalonate pathway (MVA) 18. Several classes of
monoterpenoids have been produced using the MVA pathway 19. The most common monoterpene
produced by synthetic biology is (S)-limonene and its derivative perillyl alcohol, which have been
produced in Escherichia coli 20. The nine genes needed for the synthesis of limonene are encoded in one
synthetic gene cluster (SGC) also exhibiting all required intrinsic genetic controls (codon optimized genes,
including Ribosome Binding Sequence (RBS), promoters, terminator). All these features are contained on
the plasmid pJBEI-6410, which enables the production of limonene in a 5 ml culture volume setting 20.
Using the same plasmid, in an industrial setting up to 3,6 g/L of limonene could be produced 21.

Here we have enzymatically hydrolysed different cellulose containing waste streams and used them for
production of glucose-juice. The glucose-juice has been sterile-�ltered and directly used in an appropriate
concentration as substrate for the production of terpenes, such as limonene. We have produced limonene
from all six glucose juices that are the product of enzymatic hydrolysis of CC waste. Combined, this work
demonstrates the potential applicability of this recycling concept with different complex substrates, even
waste from composite materials, to produce natural compounds such as limonene using engineered
microbial cell factories.

Materials And Methods

Composition of waste materials
Six different cellulose containing substrates/waste streams were selected for enzymatic hydrolysis.
Substrate H1 derives from post-industrial waste, from a single source (Tosama, company developing,
manufacturing and selling hygiene and medical supplies) in the form of pure white, long �bre, 100%
cotton, non-woven medical material. In contrast, substrate H2 consists of shorter cotton �bres with less
homogeneous structure, and wider distribution of �bre lengths. H2 it is also 100% cotton, non–coloured
post-industrial waste, but from a different source (Odeja, the leading Slovene manufacturer of high
quality quilted textile products, e.g. bed linen, blankets). The other substrates H3 and H4 derived from
post-consumer textile waste.  Waste clothes were sorted by raw material composition; all metal and
plastic parts were removed before mechanical grinding (pieces size 8 mm). The material used in H3 was
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composed of 100% cotton, woven and knitted textile material, while H4 was polyester/cotton (PET/CELL)
textile waste blends with an average PET:CELL ratio of 1:1. Substrates H5 and H6 were pure cardboard,
from paper manufacturing? industry, non-bleached and non-printed post-industrial waste cut to 8-10 mm
pieces. They slightly differ in construction and density, i.e. 350 g/m2 (H5) and 200 g/m2 (H6).  

Enzymatic hydrolysis
Cellulose containing waste material was weighed to 120 g, mechanically and chemically pre-treated, by
autoclaving (at 131 ˚C and 1.79 bar) in a 1% NaOH (w/v) solution, to decolorize and open/break the �bres
before enzymatic hydrolysis. After pre-treatment, the material was rinsed with de-ionized water and
adjusted to pH 6, with glacial acetic acid.  The 2.5 L amber-glass reactor was �lled with 1.8 L of 0.1M
sodium acetate buffer (pH 8) and heated to 50 ˚C. Pre-treated material was loaded in the 2.5 L amber-
glass reactor. The �rst sample (T0) was taken before adding enzymes, while sample T1 was taken
immediately after adding the enzyme blend, Cellic CTec2 (Novozymes), which contains a blend of
glycoside hydrolases (cellobiohydrolase I (Cel7A), endoglucanase I (Cel7B) and β-glucosidase), that are
able to degrade cellulose 15.  Enzymatic degradation was performed at 50 ˚C, 250 rpm (adjusted to the
material) for a maximum of 10 days. Samples were taken every hour during the initial 24h and twice daily
from there onwards, for glucose quanti�cation with GAGO (Sigma), according to the manufacturer’s
instructions. The GAGO kit is used to oxidase glucose to gluconic acid and hydrogen peroxide using
glucose oxidase, an enzyme that speci�cally oxidase glucose. The remaining hydrolysed material was
sterile �ltered with a 0.25 µm �lter and stored for later use at 4 ˚C (Figure S1). 

Limonene production and isolation
pJBEI-6410 20 was used for the production of limonene. Cells were transformed with the pJBEI-6410 in
chemically competent E. coli DH-10β in LB media containing ampicillin. The plasmid was propagated,
extracted and re-transformed into E. coli BL21 and plated on selective LB plates. Three single colonies
were isolated from the LB plate and later grown in 300 µL of non-selective LB media in a 1.5ml plastic
tube for 3h. After 3h, 40 µL of the cell culture was used to inoculate 5 ml of M9 or LB media,
supplemented with the appropriate carbon source (�nal concentration of glucose was 0.4 %). To increase
the cell density of the 5ml cell culture, it was grown for 3h at 30 ˚C and 200 rpm. The production of
limonene or linalool was induced with the addition of 25 µM Isopropyl-β-D-thiogalactoside (IPTG), while
the produced natural compound was trapped in 10% (v/v) organic overlay terpenes (dodecane). Cells
were grown for 72h at 30 ˚C and 200 rpm, before extracting the organic overlay and measuring the optical
density (OD) of the cell culture. The extracted overlay was separated by centrifugation, for 10 min with
15000 rpm at 4 ˚C and dried with MgSO4, to remove any water. An additional centrifugation step was
added for 5 min at 4 ˚C and 15000 rpm. Finally, the dried overlay was decanted and an equal volume of
ethyl acetate with 0.1 % sec-Butylbenzene was added. The later chemical sec-Butylbenzene, serves as
internal standard for controlling the injection volume on the gas chromatography (GC). 
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Product quanti�cation with Gas-chromatography (GC)
Volatile extracts from in vivo E. coli cultures were analysed by gas chromatography (GC) on an Agilent
Technologies 7890A GC system equipped with an FID detector and a 7693 autosampler. A DB-WAX
column (30 m; 0.32 mm; 0.25 μm �lm thickness; JW Scienti�c) was used to separate the compounds.
The injector temperature was set at 220 °C with a split ratio of 10:1 (1 μL injection). The carrier gas was
helium with a �ow rate of 1.5 mL/min and a pressure of 9.2 psi. The following oven program was used:
100 °C (0 min hold), ramp to 200 °C at 4 °C/min (0 min hold), and ramp to 240 °C at 20 °C/min (1 min
hold). The FID detector was maintained at a temperature of 250 °C with a �ow of hydrogen at 30mL/min.
Analytical grade (S)-limonene (CAS: 5989-54-8) was used as standard for quanti�cation.

Results
Enzymatic hydrolysis of cellulose containing waste materials was carried out in order to produce the
substrate for consecutive production of terpenes. We have mimicked and further optimized the enzymatic
hydrolysis process of waste materials, that was investigated during the EU funded Horizon 2020 project,
RESYNTEX. In order to test the whole recycling process, from enzymatic hydrolysis to terpene production,
the scale of enzymatic hydrolysis was reduced to a 2.5 L reactor (Figure S1). This reactor was able to
accommodate a 120 g of dried waste material for enzymatic hydrolysis in comparison to the 43 kg that
were degraded in the RESYNTEX project.

To investigate the range of materials that can be enzymatically hydrolysed, we chose six different types
of CC waste materials, belonging to 3 different categories (H1-2, H3-4 and H5-6). In the category 1 both
substrates were post-industrial waste, made of pure cotton without coloration. Substrate H1 consists of
white long �bre, 100% non-woven cotton waste for medical material, while substrate H2 has the same
basic characteristics (post-industrial) and chemical composition (cotton), with a different �bre structure
and �bre length. The second category H3-4 of substrates was post-consumer waste made of disposed
textile (clothing). While H3 is made of 100% woven and knitted cotton, the H4 substrate is made of
polyester: cellulose in a 1 : 1 ratio. The last category H5-6 is cardboard waste, slightly differing in
construction and mass per unit area. All six CC waste streams were hydrolysed using the same setup with
an average yield of around 40 g of glucose per L reaction, for substrates H1, H3 and H4, while substrates
H2, H5, H6 had a lower concentration of glucose (Fig. 1). All six substrates started with an exponential
increase of glucose during the �rst hours of the treatment, but only H1 was following a similar hydrolysis
pattern as in the RESYNTEX project. In contrast the material H2 slowed a slow increase of glucose
concentration during hydrolysis and a �nal yield of 30 g/L. Hydrolysis of substrate H4, under the tested
conditions, was rather slow similar to substrate H2 and the concentration of glucose was increasing in a
linear, rather than an exponential manner to a �nal yield of 40g/L. Substrate H3 had a rather unusual
oscillation in glucose concentrations, probably due to substrate capture and release by the enzymes but
resulted in the same �nal concentration. Substrate H5 and H6 behaved very similar during enzymatic
hydrolysis, however reached only about 20–25 g/L of glucose under the tested conditions.
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Growth media containing glucose juice from different CC waste streams was evaluated regarding its
capabilities to serve as a carbon source, as an alternative to pure glucose. Therefore, we transformed
pJBEI-6410 into E. coli-BL21, grown for 72 h at 30 ˚C and 200 rpm in M9 media, supplemented with a
corresponding amount of glucose juice (0.4%-Glucose �nal concentration) derived from different CC
waste streams, to mimic growth during the production process. Cell density was estimated by measuring
absorption at 600 nm (optical density, OD) and determined the number of cells present in the media over
a period of 3 days (Figure S2). An OD of 2 was reached after 3 days of growth in all set-ups except with
H3 in M9 media, where an OD of about 1 was reached. The highest OD was reached with the substrate
H4 in LB media (OD = 2.5). Growth curves for substrates H5 and H6 were not conducted, since turbidity
has developed after the addition of those two substrates, hindering appropriate measurements of OD.

In order to test the production of limonene with glucose juice from different CC waste streams, pJBEI-
6410 was transformed into E. coli-BL21. Single colonies were isolated and tested as described above.
Production of limonene was observed with all substrates (Fig. 2). With substrate H1 the yield was around
650 mg of limonene per litter of organic phase. With the glucose juice, from H2, H3 only around 300 mg/L
could be produced, while 370 mg/L was produced with H4. Production was above 450 mg per litre with
the cardboard containing substrates H5 and H6. The highest production titter in our experiment using LB
media was achieved with pure glucose, with around 1000 mg/L compared to only about 200 mg/L with
H1 while production H2, H4, H5 and H6 was detected in very low amounts (below 20 mg/L) and no
production was detected with substrate H3 (�gure S3).

Discussion
The substrates, selected for enzymatic hydrolysis represent a wide range of CC waste streams regarding
composition and purity of material. Substrate H1 is the most simple pre-consumer material, made of pure
cotton, non-woven, post-industrial medical waste, with low amounts of contaminants. This substrate was
chosen as a starting point to demonstrate that production of terpenes with the glucose juice is possible.
As expected this material was e�ciently degraded, reaching the maximum concentration of glucose 46
g/L after 30 h of enzymatic hydrolysis, decreasing to 43 g/L �nal glucose concentration. In contrast the
hydrolysis of H2 yielded only about 30 g/L glucose �nal concentration. Overall the hydrolysis proceeded
much slower even though, both H1 and H2 are non-coloured 100% cotton containing materials.
Surprisingly the shorter �bre length and less homogeneous structure of H2 seem to have impacted the
e�ciency of enzymatic hydrolysis. Substrate H3, which represents reality, post-consumer textile waste,
woven and knitted, made of 100% cellulose, followed the curve of the RESYNTEX for the �rst 4h and
reached 20 g/L within 24h. The glucose concentration was oscillating strongly with substrate H3,
reaching 40 g/L within 50 h of its start, then decreased to 24 g/L and again increased to 45 g/L. This
oscillation of the glucose concentration was not expected. The hypothesis here is that glucose might be
entrapped in the cellulose matrix or by the Cellic CTec2 enzyme mix, hiding the OH residue of glucose, not
allowing it to react with glucose-oxidase (GAGO) and in this manner in�uencing the measurement (Add
ref).
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H4 substrate contains 50% polyethileneterephtalate which seems not to have any negative impact on the
enzymatic hydrolysis and the production of limonene. This substrate was selected, to test whether the
chemical composition (PET/CELL) of the waste material, can reduce the e�cacy of the enzymatic
hydrolysis, inhibit cell growth or the �nal glucose concentration. Enzymatic hydrolysis of H4 was also
quite slow, 20 g/L within 24 h, experiencing a sudden drop to 8 g/L and a rather slow linear increase of
glucose concentration, reaching a concentration of 40 g/L after 8 days of treatment.

Substrates H5 and H6, that both consist of cardboard material, did not degrade well using enzymatic
hydrolysis. The reaction was comparable with all the other substrates within the �rst 24 h of treatment,
but did not exceed 25 g/L after 8 days of treatment. The low yield of glucose is probably the
consequence of additives that are used in the production of cardboard.

Altogether, all six CC waste streams materials could be solubilized with Cellic CTec2 enzyme blend,
reaching a similar �nal (40g/L) concentration as observed in the RESYNTEX project, except for material
H5 and H6. However, only post-industrial waste (H1) could be degraded in a similar time frame as
previously observed during the RESYNTEX project, indicating that process optimization is needed for
every type of CC waste stream material. Especially enzymatic hydrolysis of post-consumer waste (H2, H3,
H4, H5 and H6) is dependent on the waste material composition and will require customised
modi�cations to optimize this process, especially in the pre-treatment phase. In order to make enzymatic
hydrolysis economically viable and improve this process a new enzyme bled has been developed - Cellic
CTec3, coupled with enzyme recycled 22 and can in this manner lower the overall costs of this process.
However, the process of enzymatic hydrolysis will need to undergo customized optimization for every
waste stream source. One solution to the problem of substrate diversity could be to mix different CC
waste streams into blends that have a steady supply, de�ned chemical composition and �bre structure. In
this way optimizations of enzymatic degradations would have to be done only once for each such blend.

In order to mimic growth during the production process, E. coli_BL21 transformed with pJBEI-6410 was
grown in M9 or LB media, supplemented with pure glucose or one of the glucose juices. All cultures were
growing under the tested conditions most of them reaching an OD of 2. Interestingly the cell growth
during the production process (�gure S2), using pure glucose as carbon source, seems to happen in two
separate exponential growth phases, which might explain the lower yield of limonene with the CC waste
stream derived from glucose juices (Fig. 2). The maximum OD was 2.5 with H4 in LB media, but this did
not result in higher limonene titters. On the contrary, the culture grown in LB media with H3 the optical
density was only 1.5 indicating growth retardation, when using H3 in combination with LB media, but not
in M9 media. These results indicate that higher cell density does not necessarily mean high limonene
production. Growth curves for the substrate H5 and H6 could not be established because the addition of
those two substrates caused turbidity of the media, which caused inaccurate measurements of OD.

The highest titter of limonene was produced with glucose juice in M9 media using H1 as carbon source.
Around 650 mg/L limonene was produced which represents about 50% of the production with pure
glucose (1300 mg/L) in M9. Using substrates H2 and H3, only 300 mg/L could be produced in M9 media.
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While the reduced yield was somehow anticipated in M9 media with the post-consumer cellulose waste
H3, it was not for H2, since H2 is also 100% cotton, non–coloured post-industrial similar to H1. The
difference in production between H1 and H2 is likely due to additives that are used or due to fewer
contaminants that are deposited during the manufacturing process. Since H1 is used as medical
material, the production process of H1 must use fewer additives and have a stringent production process
that does minimize contamination during the production process. The yield with H4 was about half of
that produced with H1 and 25% of the limonene produced with pure glucose. Substrate H4 is of special
interest because of its chemical composition, which is made of 1:1 PET : Cellulose. This implies that M9
media supplemented with pre-consumer glucose juice, H1, contains fewer contaminations that impair
production, but do not inhibit growth (�gure S2) as compared to the post-consumer waste, H2, H3 and H4.
Yield with H5 and H6 was higher compared with to yield of H2, H3 and H4, although the M9 production
media became turbid after addition of the glucose juice. However the production was not impaired by the
developed turbidity and about 500 mg/L limonene could be produced, more than with post-consumer
textile waste (H2, H3 and H4).

In general, the yield was lower with LB media, regardless of glucose source. The maximum yield was
around 1100 mg/L with pure glucose, while with H1 it was limited to about 200mg/L. The yield of all the
other substrates was below 20 mg/L. No limonene was produced with glucose juice H3 in LB-media.
Overall higher production levels have been achieved with de�ned M9 media, especially while using
glucose juice as carbon source. Production in LB media seemed to be impacted by compounds that can
impair production of limonene in E. coli, but not the growth.

An important factor for the use of glucose juice as substrate for production of limonene is that sterile
�ltered glucose juice was stable for more the 12 months at 4°C. Similar levels of limonene can be
produced from fresh glucose juice and stored glucose juice (Fig. 2). In addition, other terpenes, like
linalool, can be produced from glucose juice (data not presented).

In comparison with other efforts to produce limonene via synthetic biology using the plasmid pJBEI-6410
we have reached similar levels of limonene 20. Production can be further increased with optimization
efforts like principal component analysis of proteomics (PCAP), increasing the production of limonene by
40% 23. Further improvements were made by integrating the SGC that is encoded on the plasmid pJBEI-
6410 into the chromosome of E. coli, in order to improve genetic stability of the production strain and the
titters it can produce24.

Conclusion
CC containing waste streams represents a major untapped source of organic substrate that can be
converted into value added chemicals, like terpenes. Here we have demonstrated that direct conversion of
waste to glucose juice and further to limonene and linalool is feasible on a laboratory scale. In order to
achieve industrial scale biotech waste treatment, an economic incentive needs to be present. To achieve
this different strategies can be applied; i) produce higher titters of value added chemicals 21, ii) produce
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natural chemicals that have more value on the market 25 or iii) combine the enzymatic hydrolysis of
waste and production of value added chemicals in one organism or establish a production consortium,
comprised of different microbes. Combining those approaches will allow an economical and
environmentally friendly way of waste treatment and production of value added natural chemicals.
Environmental biotechnology is in this sense able to have a positive effect on the environment while
generating pro�ts with the production of natural compounds.
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Figure 1

Glucose concentrations of enzymatic hydrolysis of CC waste streams, with Cellic CTec2.

Figure 2

Production of limonene in mg per litre of organic phase in E. coli-BL21 transformed with pJBEI-6410. M9
media is supplemented with CC waste glucose juices. Error bars represent standard deviation with at
least three biological replicates.


