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Abstract

This works aims to evaluate a process to convert residual medical Cannabis sativa stalks into medium chain length
polyhydroxyalkanoate (mcl-PHA), using chemical pretreatment and enzymatic hydrolysis to obtain sugars as a carbon
source for a fermentation process with Pseudomonas aeruginosa. Chemical composition analysis revealed a content of
structural polysaccharides of 57.64%. Thermochemical pretreatments with 2% sulfuric acid or 2% sodium hydroxide were
capable of partially removing hemicellulose and lignin, as well as increasing cellulose crystallinity. Pretreated biomass
was subjected to hydrolysis using commercial cellulase cocktails Celluclast® 1.5 L and Cellic® CTec3. Acid pretreatment
showed an adverse effect on hydrolysis yield of holocellulose, decreasing to 39.5%; compared to 44.4% of untreated biomass.
Alkaline pretreatment increased degree of hydrolysis up to 73.3%. Shake flask fermentation of hydrolysate with Pseudomonas
aeruginosa produced cell growth of 1.65 g/L. and a mcl-PHA titer of 0.41 g/L. Extracted polymer presented characteristic
FTIR bands for PHAs, glass transition temperature of — 50.8 °C, melting temperature of 48.9 °C, possibly allowing its
use in the biomedical industry. The developed process represents a potential way to valorize Cannabis waste stalks, using
alkaline pretreatment, enzymatic hydrolysis with Celluclast® 1.5 L and fermentation with Pseudomonas aeruginosa. Further
work should focus on improving yield of the obtained polyhydroxyalkanoate in fermentation, in order to improve industrial
feasibility of the entire process and, in turn, increasing revenue of the medical Cannabis industry.
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Statement of novelty

Our research presents a novel approach by exploring the
utilization of waste Cannabis stalks, an underutilized
biomass, as a feedstock for the production of medium-chain-
length polyhydroxyalkanoates (mcl-PHAs). Notably, this
study marks the first attempt to valorize the polysaccharides
from Cannabis biomass in Colombia, irrespective of the
cultivar. By addressing the environmental ramifications of
neglected waste management practices, our findings not only
contribute to mitigating ecological damage but also offer a
sustainable solution for the burgeoning Cannabis industry.
This innovative research opens new avenues for waste
valorization, environmental sustainability, and economic
growth in Colombia's agricultural sector.

Introduction

Cannabis sativa L. is an annual C3 herbaceous and
dicotylenodous angiosperm plant. It can be classified
in two distinct groups. Marijuana, which is mainly used
recreationally due to its intoxicating properties; but may have
medicinal properties, and hemp, important for its medicinal
value, fiber and seed, which are used in several products
[1]. This plant presents different important molecules
for research like cannabinoids, terpenoids, nitrogenous
compounds, non-cannabinoid phenols, flavonoids and
steroids. There are more than 125 individual cannabinoids
with the majority being A9-tetrahydrocannabinol (THC)
and cannabidiolic acid (CBDA), mainly present in the
female cannabis flower [2]. Active components in Cannabis
sativa mimic the effects of endocannabinoids, such as
anandamide (ANA) and 2-arachidonoylglycerol (2-AG),
activating cannabinoid receptors CB1 and CB2, potentially
having activity as analgesic, neuroprotective, antiemetic,
anticonvulsant, anti-inflammatory and antispasmodic.
Therapeutic potential has been shown in cancer, epilepsy,
sclerosis, neuropathic and chronic pain, spinal cord injury,
Parkinson’s and Alzheimer’s diseases, post-traumatic stress
disorder and anxiety, schizophrenia and pulmonary disease
[3].

Thanks to these therapeutic properties, global Cannabis
market increased in value from USD 8.28 billion in 2017
to around USD 9 billion in 2020, and it is projected to
reach a value of nearly USD 50 billion by 2028. The South
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American Cannabis market could increase from USD
125 million in 2018 to USD 776 million by 2027 [3]. In
Colombia, medical Cannabis industry has also been
thriving, and it is expected that by 2030, 1558 hectares will
be dedicated to the cultivation of Cannabis [4]. For medical
purposes, only the flowers and leaves of the Cannabis plant
are used for the extraction of cannabidiol (CBD) oil. The
remaining biomass, including the stalks, fibers and shives,
represent around 70% of the plant’s dried weight [5]. For
instance, a 500 m? (or 0.05 ha), with 10 plants/m2 in average,
producing six crop cycles per year, would produce 2250 kg
of waste biomass [2]. Even when it is source of cellulose
and biomaterials, a big portion of this biomass ends up as a
low-value residue [6], which is usually discarded or burned,
and is not only wasteful but also polluting, producing large
amounts of carbon dioxide, nitrogen oxides, hydrogen
sulfides, soot, among others [7].

Industrial hemp is considered an excellent source of
fermentable sugars, for its conversion into bioproducts. Like
other lignocellulosic biomass, because of its recalcitrance,
it needs to undergo a pretreatment step, which can be
chemical, mechanical, thermal, biological, among others.
This is done in order to remove hemicellulose and/or lignin,
improving cellulose accessibility without formation of
inhibitory compounds such as hydroxymethylfurfural (HMF)
and furfural [8]. Dilute acid pretreatment is characterized
by its simplicity and low cost, while alkali pretreatment
is beneficial for preventing sugar degradation. For these
reasons, alkali and acid pretreatment are amongst the most
common pretreatment methods for lignocellulosic biomass
[9]. Following pretreatment, enzymatic hydrolysis with
cellulases is performed, converting polysaccharides into free
sugars which can be used as feedstock for fermentation [10].
Extensive research has been made on the transformation
of Cannabis polysaccharides into value added products,
including biological conversions into bioethanol [11],
biogas [12], succinic acid [13, 14], lactic acid [15] and
polyhydroxybutyrate [16]; as well as chemical conversions
into furfural [17], levoglucosan and levoglucosenone [18].

One possible product of biological conversion is
polyhydroxyalkanoate (PHA); a class biodegradable
polyesters synthetized as energy storage by microorganisms,
especially bacteria; on conditions of a limited essential
nutrient such as nitrogen, phosphorus or oxygen [19].
Medium chain length polyhydroxyalkanoates (mcl-PHAs)
are soft and elastomeric [20], which make them suitable
for applications such as the construction of scaffolds for
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tissue engineering, drug delivery, adhesives for medical
applications, packaging and films [21]. So far, PHA
production has relied on first generation feedstocks, such as
whey, molasses, sugarcane, sweetcorn and vegetable oils;
which raises food prices when they are used in the polymer
industry [22], while also being highly expensive [23]. mcl-
PHAs are mainly synthetized by Pseudomonas species
using two metabolic pathways. The first one consists on the
B-oxidation of aliphatic carbon sources such as fatty acids,
and the second one implicates the de novo synthesis of fatty
acids from unrelated sources such as glucose, gluconate and
ethanol [24]. These pathways can be used to find alternative
and cheap substrates for PHA production that don’t compete
with human food [20] and improve the sustainability and
economic feasibility of the production process [25].

In this study, a process for the conversion of residual
stalks from a medical Cannabis cultivar into mcl-PHA is
evaluated. For this purpose, the stalks were subjected to
acid and alkaline pretreatment, analyzing the changes that
occur in biomass. Pretreated biomass was enzymatically
hydrolyzed with different conditions to achieve a high
concentration of reducing sugars. This hydrolysate was
finally used as a substrate for Pseudomonas aeruginosa in a
batch fermentation process for the production of mcl-PHA.
The product was characterized for functional groups and
using thermal methods.

Materials and methods
Reagents and Bacterial Strain

Cellic® CTec3 (Novozymes) was donated by Universidad
Nacional and Celluclast® 1.5 L (Novozymes) was obtained
from Univar Solutions. Enzymatic activity was determined
to be 223 FPU/mL and 67 FPU/mL, respectively [26].
Pseudomonas aeruginosa ATCC9027 was obtained from the
Laboratory of Microbiology and Parasitology of Universidad
del Cauca. The strain was conserved in a stock solution of
30% glycerol at -20 °C. Residual Cannabis sativa stalks,
were supplied by Corporacién Flora Vital SAS Zomac
(Cauca, Colombia). Stalks were dried in an oven at 60 °C for
6 days, milled and sieved through 1 mm. Solid reagents were
purchased from Carlo Erba and solvents were purchased
from Sigma Aldrich.

Characterization of Biomass

Determination of total solids, ash and extractive was
achieved following methodology of the National Renewable
Energy Laboratory [27-29]. Structural components were
determined according to Van Soest detergent methodology
[30]. Nitrogen content was determined using a standardized

Kjeldahl methodology using a protein conversion factor of
6.25 [31, 32].

Thermochemical Pretreatments

Biomass was pretreated with either 2% w/v sodium
hydroxide (NaOH) or 2% v/v sulfuric acid (H,SO,) solution.
5% solids suspension of the biomass were prepared and
taken into an autoclave at 121 °C and 15 psi for 30 min.
Later, solids were extensively washed with distilled water
until wash water resulted on neutral pH. Solids were
then dried at 105 °C for 12 h, they were then taken into
a desiccator and weighted to determined recovered solids.

Combined severity factor (CSF) of acid pretreatment
was calculated following Eq. 1 [33] and Eq. 2 for alkaline
pretreatment [34]. Where t is pretreatment time (min), T
is pretreatment temperature (°C), pH is measured pH of
pretreatment slurry before pretreatment and Cgy- is the
concentration hydroxyl ions (mol/L).

T - 100
CSF =1 <z )- H
o8\ X P75 M
—13,700
CSF =1, ChHy- Xt _— 36.2
og[< oH- X xexpT+273>+ ] 2)

Pretreated samples were investigated using Fourier
Transform Infrared Spectroscopy with attenuated total
reflectance (FTIR-ATR) (Thermo Fisher Scientific Nicolet™
iS™ 10 FTIR Spectrometer). Spectra were taken between
4000 cm~'and 500 cm™!, 8 cm™! resolution and 32 scans.
Each spectrum was taken by triplicate, normalized, averaged
and baseline corrected. Spectra were then used to determine
changes in crystallinity as Lateral Order Index (LOI),
according to Eq. 3, where A5, is the absorbance 1420 cm™!
y Agog is the absorbance at 896 cm™! [35]. Pretreated
biomass was also analyzed for its content in cellulose,
hemicellulose and lignin, using detergent methodology as
described before, in order to determine their recovery in
relation to untreated biomass.

A
LOI = 2 3)

896

Enzymatic Hydrolysis

For enzymatic hydrolysis studies, 5% w/v suspensions of
either untreated or pretreated biomass were prepared in pH
5.0, 50 mM citrate buffer, enzymatic loading was initially
20 FPU/g biomass of either Celluclast 1.5 L or Cellic CTec3
(from now on enzymes A and B, respectively). Reactions
were performed in reflux conditions at 50 °C, 75 rpm, for
72 h. Sample aliquots of 1 mL were taken at 4, 8, 12, 24,
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36, 48, 60 and 72 h. These samples were centrifuged and
stored at 8 °C until reducing sugars analysis. Determination
of reducing sugars was performed spectrophotometrically
[36]. Additional experiments were performed using mixtures
of 10 FPU/g of each enzyme used. Sequential two-step
hydrolysis experiments consisted in 36 h long hydrolysis
with 10 FPU/g of one enzyme, solid separation and
resuspension in 10 FPU/g of the other enzyme. Hydrolysis
yield was calculated according to Eq. 4.

Reducing sugars (mg) X 0.9

Hydrolysis yield(%) = x 100

“

Initial holo cellulose (mg)

PHA Production

P. aeruginosa strain was first scanned for its ability
to produce PHA in Agar Plate Count (APC) medium
supplemented with 15 g/L. glucose and 0.1% Nile Red
staining (0.1% in acetone). PHA production was observed
as brown spots against bright green in a negative control.
A two-step preculture was used to adapt bacteria to the
used media as follows. From nutrient agar cultures, a single
colony was transferred into 10 mL MSM media with a
composition described in literature [37], with 0.75 g/L
ammonium chloride (NH,Cl) instead of ammonium
sulphate and 15 g/L of either glucose (model substrate) or
diluted hydrolysate as a carbon source for a C/N mass ratio
of 20, and incubated for 24 h. Subsequently, 1 mL of this
culture was transferred into another 10 mL MSM media
and incubated for 18 h [38]. This culture was used as a 1%
v/v inoculum for 250 mL shake flask with 200 mL MSM
media, which was incubated at 30 °C and 200 rpm for 72 h
in an orbital shaker [39]. Cell growth was quantified with 10
mL aliquots, cell pellets were centrifuged at 3600 rpm for
20 min and drying at 80 °C for 12 h while liquid was used
to quantify reducing sugars as described before.

Extraction and Purification of PHA
PHA production was quantified gravimetrically at 24, 48 and

72 h of fermentation. Cell pellets were first extracted with
methanol for 1 h; then, cells were separated by filtration and

subjected to 10 cycles of Soxhlet extraction with chloro-
form. Extract was concentrated using rotatory evaporation
and was then added into 10 mL of chilled ethanol, which
caused precipitation of the product and allowed its separa-
tion by centrifugation [40]. The product was air dried and
stored at 8 °C until its characterization. For purification,
PHA was redissolved in chloroform and precipitated using
chilled ethanol as described before.

Analysis of Product

Extracted product was characterized using thermal methods
and FTIR-ATR using the same conditions previously
described for biomass analysis [41]. Differential scanning
calorimetry (DSC) was performed. Sample was first heated
from 25 °C up to 180 °C with a ramp of 5 °C/min to erase
thermal history of the polymer. It was then cooled down to
-60 °C and heated again to 180 °C with a 10 °C/min ramp.
Resulting thermogram was used to determine the glass
transition temperature (T,) and the melting temperature
(T,) [41].

Data Analysis

All experiments were performed in triplicate, data was
analyzed using Microsoft Excel 365 and Minitab 1919.
Statistical difference was determined by Fisher comparison
tests with a=0.05 or in the case of pairwise comparison,
Student’s t test was performed, again with a=0.05.

Results and Discussion
Characterization of Biomass

Determined chemical composition of the examined Canna-
bis stalk can be found in Table 1, along with a comparison
to other studies. Holocellulose (cellulose + hemicellulose)
comprise 57.7% of dry weight, meaning that over half of
total biomass can be potentially exploited for the produc-
tion of sugars. These values are very similar to other reports
[32, 42], but low in comparison to reports of 70.2% [5] and
67.4% [16]. Lignin content is relatively low, compared to

Table 1 Chemical composition

. Biomass  Extractives Cellulose Hemicellulose Lignin Ash Protein Reference
of Cannabis biomass
Stalks 244 45.6 12.1 14.9 36 4.7 This work
Stalks 4.1 46.1 24.1 22.8 - - [5]
Stalks - 43.0 14.0-15.0 8.0 - 3.0 [32]
Hurds - 67.4 (Holocellulose) 18.5 40 3.1 [16]
Hurds - 39.0 17.0  26.0 - - [42]

Results given in%w/w, Protein content overlaps with extractives
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studies on industrial hemp which report more than 20% [43,
447]. This low lignin content is beneficial for latter hydrolysis.
Many factors could be influencing the chemical composition
of Cannabis biomass, including cultivar [8]; fertilization
regime, which affects cellulose and hemicellulose content
[45]; and plant maturity, which increases lignin deposition
[46]. High extractive content is also remarkable, it is likely
due to the strictly medical purpose of the used hemp, which
means a particularly high content of oils and proteins.

Effect of Pretreatments

Both pretreatments had a quantifiable effect on biomass
composition, acid pretreatment was capable of removing a
big portion of hemicellulose and a fraction of lignin, but
around 20% of initial cellulose was removed as well. Alka-
line pretreatment mostly removed lignin and a small frac-
tion of hemicellulose. Remarkably, alkaline pretreatment
retained cellulose almost in its totality. This is consistent

Table 2 Recovery of structural components after pretreatment

Component Acid pretreatment (%) Alkaline
pretreatment
(%)

Total solids 52,30+0,40 63,92+2,06

Cellulose 79,66 +0,61 97,36 +£3,13

Hemicellulose 40,37 +0,31 91,23+2,93

Lignin 71,11+£0,54 57,18+1,84

Results for both pretreatments presented significant statistical difference on each component

with what is expected from literature, with H,SO, damag-
ing lignin structure and dissolving hemicellulose and NaOH
hydrolyzing and dissolving lignin [47]; the former can be
observed in Table 2.

Changes in biomass were analyzed by FTIR too, obtained
spectra are showed in Fig. 1. Important changes in band
intensity are those ocurring at 1734 cm™!, a band which is
reduced or dissapears with acid and alkaline pretreatment
respectively, and is related to carbonyl bond elongation
in hemicellulose and lignin. The band at 1597 cm™" is
characteristic of C=C bond elongation and the band at
1240 cm™! is related to the bending of C-OH bonds in lignin
and hemicellulose [48] and the reduction in their intensity
indicates their removal with pretreatment. An increase in the
3340 cm™! band was observed with acid pretreatment, which
has been asociated with an increase in cellulose proportion
[48]. On the contrary, there is a reduction in the intensity
of this band with alkaline pretreatment, an indicative of a
reduction in hydrogen bonding, which could be caused by
a process called mercerization, meaning, the conversion of
type I cellulose into type II cellulose [49].

LOI of untreated biomass was determined to be 0.93 and
it increased to 1.26 with acid pretreatment and to 1.20 with
alkaline pretreatment. This increase in crystallinity has been
observed in other works with hemp biomass [48, 50, 51].
Pretreatments increase LOI by partially removing amorphous
hemicellulose, lignin and cellulose, as well as the causing
recrystallization of para-crystalline and amorphous cellulose
after water penetration [50, 52]. Unlike results from existing
studies [48, 50], acid pretreatment did not cause a bigger
increase crystallinity than alkaline pretreatment did. This

--- Control
- Acid pretreated
--- Alkali pretreated

3340 (O-H)

2917 (C-H)

Absorbance

1028 (C-OH)
i
1240 (C-0) {
\ 895
1420 (CH,) Y(c-0-C)
1597 (C=C) f\
1734 (C=0) Vi f‘
Y, ,
o \/_,J b‘ﬂ\ j &.\‘ :
\ A A A /A
AV A
\/.fl j \.‘{(‘V \ -r‘\ ~
~—— /’ \
/\ W .%‘Tf_%*'-.—hf—‘—.—-'*‘—ww——.*—’f/ J\Vf./ - —

Wavenumber (cm-')

Fig. 1 FTIR spectra of control (top) acid pretreated (middle) and alkali pretreated (bottom) biomass
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could be due to high solid removal with acid pretreatment,
which is a result of treatment severity [53], namely, high
temperature, acid concentration and/or time.

Enzymatic Hydrolysis

Figure 2 shows the kinetics of enzymatic hydrolysis along
72 h. Untreated and acid pretreated biomass reached 90% of
the final hydrolysis yield by 36 h, while alkaline pretreated
biomass took 60 h to reach this value. Using different times
of pretreatment on hemp biomass, much shorter times
have been shown to be necessary to reach this high degree
of hydrolysis, like 12 h [14, 53] or 24 h [13]. This could
indicate that pretreatment can be improved, in order to
speed up hydrolysis. Acid pretreatment resulted in a higher
concentration of reducing sugars over untreated biomass:
10.7 mg/mL and 8.2 mg/mL at 72 h, respectively for enzyme
A and 14.1 mg/mL and 11.5 mg/mL for enzyme B. However,
it had a negative effect on hydrolysis yield, due to higher
initial holocellulose content in acid pretreated biomass. The
observed reduction on hydrolysis yield was from 31.5% in
untreated biomass to 29.8% (enzyme A) and from 44.4
to 39.5% (enzyme B). This effect is something no other
previous study has reported. Existing literature has found
H,SO, pretreatment to be highly effective for increasing
hydrolysis yield. For instance, pretreatment with 1% H,SO,,
for 30 min at 160 °C, allowed to achieve 98.7% cellulose
hydrolysis [44] and pretreatment with 2% H,SO,, for 10 min
at 180 °C resulted in 64.0% glucose yield [48].

Acid pretreatment CSF was 1.66, a value lower than the
optimal CSF for acid pretreatments determined in literature.
It has been found that increasing CSF from 1.35 to 2.06
causes an increase glucan saccharification yield up to 68%
[54]. Similarly, another study found that 2.17 is the optimal
CSF value to achieve maximal fermentable sugar production,
from a variety of hemp cultivars [33]. The higher values
in these references could indicate that the reason for the
negative effect of acid pretreatment is due to insufficient
severity, which could result only partial disruption of lignin

80
Untreated . T a
- 4 B 4
= Acid I
< 60 .
5 Alkaline
[}
2 .
© 40 -
4
ES T ~ N -
S ; : . =
$20 i '
L
0
0 10 20 30 40 50 60 70 80
Time (h)

Fig. 2 Hydrolysis kinetics of biomass using a enzyme A and b enzyme B.
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without really eliminating it, in turn, causing recondensation
of lignin and its absorption with cellulose to occur [48], as
well as the formation of pseudo-lignin; two processes that
are known to occur with dilute acid pretreatments and that
have a negative effect on cellulase activity [55, 56]. These
phenomena, added to the increase in crystallinity, contribute
to the decrease on hydrolysis yield with acid pretreatment.
This is supported by the fact that alkaline pretreatment
presented a similar CSF value of 1.80, but it did succeed
on improving enzymatic hydrolysis, which is explained by
its effectiveness with partial removal of lignin, avoiding its
non-productive binding to cellulases [57].

Alkaline pretreatment caused a 2.3-fold increase in
hydrolysis yield with enzyme A and a 1.4-fold increase with
enzyme B. The effectiveness of this type of pretreatment
has been proven before on hemp biomass. Gunnarson et al.,
(2015) found that pretreatment with NaOH at 121 °C and
enzymatic hydrolysis, glucan conversion efficiency of 68,4%
was achieved [14]. However, better efficiencies like 99.5%
[48] and 96.3% [44] have been reported; an indication that
pretreatment can still be improved.

Seeing how alkaline pretreatment was most effective, it
was selected to run additional testing. First, the effect of
mixing both enzymes on equal concentration can be seen
in Table 3. It was expected that accessory enzymes in each
cocktail would cause a synergistic action on the different
biomass components, allowing to reach a higher degree of
hydrolysis; however, none of these additional experiments
caused a significant difference on hydrolysis yield to when
enzyme A alone is used. Sequential experiments also
allowed to test the effect of product inhibition on cellulase
activity. It was previously determined that separation and
resuspension of biomass in new enzyme solution is an
effective method to increase sugar production from 40 g/L
to 46 g/L (from hemp hurd), by means of preventing
enzymatic feedback inhibition [16]. In this study, this
approach did not cause significant changes on hydrolysis
yield, meaning that this process is not limited by inhibition
of enzyme activity. Instead, this limit is caused by a lack

80
Untreated b
e Acid 1
<60 Alkaline : :
ke T
] i 1
> T
» 40 hd =
H - L
> I 0¥
S i
S20
b
0
0 10 20 30 40 50 60 70 80
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Error bars represent standard deviation
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of biomass digestibility due to remaining hemicellulose
and/or lignin, preventing enzyme access to cellulose [58].
The observed increase in crystallinity is also likely to play
a role limiting hydrolysis.

As it can be seen in Fig. 3, hydrolysis yield variers
linearly when enzyme concentration is increased with from
10 FPU/g to 20 FPU/g. Further increasing enzyme loading
to 25 FPU/g did not improve hydrolysis yield; reinforcing
the idea that biomass digestibility should be improved.
When varying solid loading, hydrolysis yield experiences
no significant changes from 2.5 to 10.0%. However, at
15% loading, a significant reduction in hydrolysis yield is
observed, which could be due to limited mass transfer and
inefficient mixing caused by the high solid content [59].

Fermentation

Alkaline Cannabis hydrolysate was tested as a carbon
source for the growth of P. aeruginosa. Figure 4 shows cell
growth and carbon source consumption on fermentations.
Cultures took 24 h to reach stationary growth phase and
no lag phase was observed neither with model substrate or
hydrolysate, which likely indicates that the used two-step
preculture method used was successful in allowing cells to
adapt to culture media. Higher CDW was evident all along
the 72 h of fermentation with glucose, reaching a final value
of 1.65 g/L; while fermentation using hydrolysate reached
CDW of 1.75 g/L, which represented no statistically sig-
nificant difference. This corresponds to a yield of 0.14 g of

Table 3 Effect of enzyme

R - Experiment Hydrolysis yield (%)
mixing on hydrolysis yield.
Results that do not share a letter 20 FPU/g enzyme A 73.86+2.81 %
?Or‘e_s%nggl)gmﬁcant difference 20 FPU/g enzyme B 64.30+£2.95°
. 10 FPU/g enzyme A 4+ 10 FPU/g Enzyme B 72.50+1.41%
Sequence 1: 10 FPU/g enzyme A, then 10 FPU/g enzyme B 69.99+2.94°
Sequence 2: 10 FPU/g enzyme B, then 10 FPU/g enzyme A 70.29+1.24 %
90 90
_80 @ c o _.80 b a a
) £ I —— %
= 70 b P 70 —
260 £.60 b
2 4 @
250 2 50
£ 40 £ 40
>
<30 <30
20 20
10 15 20 25 25 5 10 15

Enzyme loading (FPU/g)

Solids (% wiv)

Fig. 3 Effect of enzyme a and solid b loading of on hydrolysis yield. Different letters indicate significant difference («=0.05)

2.00 16
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0.50 4 3
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<

0.00 0
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2.00 16
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Fig.4 Cell growth of P. aeruginosa ATCC9027 in alkaline pretreated Cannabis hydrolysate a and in glucose b. Gray lines represent CDW and

black lines represent concentration of reducing sugars
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biomass/g consumed sugars, for both fermentations, mean-
ing that biomass grew with similar efficiency from either
carbon source.

Sugars consumption in both fermentations was similar,
they were consumed rapidly at first, then slowed down after
12 h and were not fully consumed, reaching final concentra-
tions of 3.02 g/L and 2.63 g/L using hydrolysate and glu-
cose respectively. PHA production was detected at 24 h and
continued to increase until the end of fermentation (Fig. 5)
where 0.41 g/L of PHA could be extracted. This is in accord-
ance to Rosas-Rojas, et al., (2007), who determined that
Pseudomonas aeruginosa ATCC9027 accumulates PHA in
early exponential phase [60]. Surprisingly, PHA production
with glucose as a substrate was lower than with hydrolysate,
reaching 0.32 g/ and 0.41 g/L (which corresponds to yields
of 0.035 and 0.026 g PHA/g sugar), respectively. Hossain,
et al., (2022), have determined higher accumulation of PHA
using lignocellulose hydrolysate (0.47 g/L and 0.61 g/L)
over glucose (0.61 g/L) [61]. Authors attribute this to the
presence of toxins and/or inhibitors such as extractives, pec-
tin and oligosaccharides, which cause physiological stress,
repress growth and enhance accumulation of PHA. This is a
possible explanation for the higher production of PHA also
found in this work, given that although PHA is mainly syn-
thetized as a strategy for energy and carbon reserve [62], it
serves other functions, such as protection against exogenous

0,50

0,40 _
o
o
:‘ 0,30 /
£
E=]
2 020
b =4
o

0,10

0,00

20 30 40 50 60 70 80
Time (h)

Fig.5 PHA production by P. aeruginosa ATCC9027 grown in alka-
line pretreated Cannabis hydrolysate

stress factors [63]. Nevertheless, the presence of these inhib-
itors was not determined in this study and the cause for this
increase in mcl-PHA production should be investigated, as it
is important for its replication and application in biorefinery
processes of lignocellulosic materials.

Table4 shows a comparison of results obtained by
different authors on the production of mcl-PHA using
lignocellulosic biomass as a carbon source. mcl-PHA
production in this work is comparable to some of these
reports [39, 64]; but others result in a mcl-PHA production
over 3 times fold [65-67]. What these studies have in
common is the successful incorporation of the liquid fraction
of the NaOH pretreatment of biomass into the fermentation
broth (consisting of low molecular weight lignin and lignin
aromatics), either alone or in addition to the sugar fraction,
using different strategies in order to avoid inhibition. This
could represent a viable alternative to be used for increasing
PHA production).

Mass Balance

Figure 6 shows the mass balance of the complete process
for the upcycling of residual Cannabis stalks into mcl-PHA.
Pretreatment and enzymatic hydrolysis steps are effective
in the conservation of sugars from biomass. Fermentation
step and extraction of polymer represent the biggest lost
in mass yield, and this is the step that should be targeted
the most in order to improve the viability of the process.
To achieve this, the use of all fractions of the biomass is
important and different approaches can be used for it. On
one hand, genetic engineering is a valuable tool to design
strains capable of metabolizing different components of
lignocellulose, like it has been done with Pseudomonas
putida engineered to catabolize glucose, xylose, arabinose,
p-coumaric acid and acetic acid [68]. A series of modifica-
tions to improve incorporation of p-coumaric acid into mcl-
PHA in P. putida caused a 200% increase in mcl-PHA titer
[69]. Similarly, microbe consortia of engineered E. coli and
P. putida have been used effectively for metabolizing both
glucose and xylose, the most abundant sugars in lignocellu-
losic biomass [70, 71]. Alternatively to genetic engineering

Table 4 Production of mcl-PHA

from lignocellulosic biomass Biomass Microorganism Cell growth rpcl—PHA Reference
(g/L) titer (g/L)

Corn stover Pseudomonas putida KT2440 9.1 1.50 [65]
Corn stover Pseudomonas putida KT2440 5.5 1.38 [66]
Rice straw Pseudomonas putida KT2440 - 1.26 [67]
Cotton stalk Pseudomonas putida KT2440 2.01 0.24 [64]
Empty fruit bunch Pseudomonas putida KT2440 1.92 0.21 [64]
Switchgrass Pseudomonas fluorescens 555 - 0.30 [39]
Cannabis stalks Pseudomonas aeruginosa ATCC9027 1.61 0.41 This study
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Fig. 6 Mass balance of the conversion process from Cannabis stalks into mcl-PHA

tools, an adaptation approach to toxic media with wild type
P. putida, have also been shown to be effective for the pro-
duction of mcl-PHA, causing the microorganism to prepare
by synthesizing enzymes, switching metabolic pathways and
building up biomass [67]. Finally, coproduction of another
valuable bioproduct can improve the economy of the pro-
cess. For the case of P. aeruginosa, rhamnolipids are an
important coproduct of fermentation along with PHA and its
extraction and purification has been researched and reviewed
before [72]. All of these strategies should be considered as
options when trying to improve the viability of the fermenta-
tion process.

It is also important to note that the chloroform
extraction method was only used in this study for its
technical performance. Realistically, it cannot be employed
industrially given concerns regarding human and
environmental toxicity [73]. Downstream processing of PHA
containing cells has been extensively reviewed [74—76] and
regarding economic performance and sustainability, some
methods are highlighted, including extraction with green
solvents like dimethyl carbonate (DMC) and methylene
carbonate, and mechanical extraction, like high pressure
homogenization. These methods need to be applied to this
biomass, looking for similar performance to the benchmark
method of chloroform extraction.

Product Characterization

Identity of the extracted product was confirmed to be PHA
by means of FTIR. Relevant bands were found at 2959 cm™,
2921 and 2851 cm™!; characteristic of asymmetrical
elongations of methyl (CH;) and methylene (CH,) groups

and symmetrical elongations of CH, groups, in that order. A
band at 1731 cm™!, indicative of PHA presence, corresponds
to carbonyl (C =0O) bond elongation on ester groups. Bands
on 1644 and 1731 cm™! are related to amide bonds (-CO-N)
from bacterial proteins remaining in the polymer [77]. This
was confirmed after purification of PHA was performed,
which caused a reduction in the absorbance of both amide
bands in relation to the ester carbonyl group band, as can be
observed in Fig. 7. Also, ester carbonyl is also displaced to a
lower wavenumber (1728 cm™") after purification, indicating
higher crystallinity of the polymer [78].

Another typical PHA band was found at 1375 cm™!
and is related to bending of terminal CH; groups. Bands
at 1259 and 1162 cm™! relate to elongation of C-O-C and
C-O groups, respectively. Finally, bands from 1037 cm™
699 cm™! correspond to elongation of C-O and C-C bonds
in the amorphous phase of the polymer [79, 80]. Data from
these FTIR spectra allow for correct identification of the
obtained product as PHA.

DSC analysis revealed that the produced polymer presents
a glass transition temperature (T,) of -50.8 °C and a melting
temperature (T,) of 48.9 °C. PHA produced by Rosas-
Rojas et al., (2007) [60] using Pseudomonas aeruginosa
ATCC9027 (the exact same strain as in this work)
presented a lower T, -56.5 °C and a higher T, of 73.0 °C
[60]; suggesting that carbon source plays a significant role
in the thermal properties of the polymer produced by this
strain. Determined thermal properties resemble those of
PHA produced by P. putida grown on lauric acid (T, =
-44 °C and T, = 53.0 °C) [81] or y-butyrolactone (Tg
-45.7 °C and T,, = 50.1 °C) [82]. This could be an indicator
of the molecular structure of the obtained PHA. In terms of
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Fig.7 FTIR spectra of PHA extracted before (green) and after (red) purification

common use polymers, polyethylenglycol (PEG) presents
similar thermal properties: T, = -66,0 °C; T, = 66,0 °C
[83]; and so does polycaprolactone (PCL): Tg =-60,0 °C;
T,, = 60,0 °C [84]. These two polymers are commonly used
in the biomedical industry, meaning that the properties of
the produced polymer could be modified so that it can be
used too.

Conclusion

A process for the conversion of residual Cannabis stalks
into mcl-PHA was developed. Starting biomass contained
over half its dry weight as structural polysaccharides. Acid
pretreatment had a detrimental effect on hydrolysis yield,
which was likely a due to low pretreatment severity. On the
other hand, alkaline pretreatment allowed to reach a high
degree of hydrolysis (73.3%), proving to be a better option
for further optimization. Celluclast 1.5 L proved to be a bet-
ter alternative to Cellic CTec3, releasing a higher amount
of reducing sugars. Fermentation process represented the
biggest loss in mass conversion, producing a mcl-PHA titer
of 0.41 g/L (13 g of polymer for every 469 g of reducing
sugars in solution). We suggest that the incorporation of
lignin resulting from alkaline pretreatment into the fermen-
tation broth can result in a substantial increase in mcl-PHA
production, taking appropriate measures to avoid growth and
PHA production inhibition. The determined characteristics
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of the extracted polymer suggest that it could be employed
in medical industry.
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