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Abstract

The replacement of expensive components in microbial growth media with pretreated lignocellulosic waste component to
increase the product spectrum and add value to the bioproducts has been encouraged to achieve sustainable and feasible
utilization of waste biomass as per the biorefinery approach. This study demonstrates an integrated biorefinery approach
towards utilization of sugarcane bagasse and biomass of Mucor circinelloides ZSKP. A maximum reducing sugar recovery
of 80.67 g/l was achieved after combining pretreatment with saccharification. A low temperature, glycerol, and ammonium
phosphate pretreatment method was established, where glycerol pretreatment conditions were reduced from 250 to 150 °C
and from 120 to 45 min. The ammonium phosphate-containing hydrolysate yielded 12.89 g/l of fungal biomass after fer-
mentation to add to 20.8 g lignin from the delignification step. The biomass production was further improved to 17.69 g/l
after supplementation with corn steep solids and mineral salts. The fermentation process also yielded 2.36 g/l chitosan and
4.9 g/1 of lipids after extraction from the oleaginous fungus. The lignin infused glycerol plasticized chitosan biocomposite
plastic had a 100% improvement in thermogravimetric properties with almost 50% more energy needed to increase the tem-
perature of the material when compared to glycerol only plasticized biocomposite. The fungal chitosan showed antimicrobial
properties and was effective as a preservative spray for fresh tomatoes and apples extending their shelf life to at least 14 and
18 days, respectively. This study therefore demonstrated that a novel two-step pretreatment process could be environmentally
beneficial and yielded multiple products for biotechnological applications.
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1 Introduction process is a prerequisite for the biorefinery concept. Sugar-

cane-based biorefineries have been a leading approach in the

According to the International Energy Agency (IEA) Bioen-
ergy Task 42, a biorefinery is the sustainable processing of
biomass into a spectrum of marketable products and energy
[1, 2]. The global biorefinery market is expected to reach
USD 52,680 million by 2027, at a compound annual growth
rate of 2.2% [3]. The efficiency of these biorefineries can be
enhanced by producing value-added co-products during the
process [4—6]. Sustainable and economical bioconversion
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production of cellulosic biofuels.

With an annual production of about 25 million tons,
South Africa is the largest producer of sugarcane in Africa.
However, the country also produces about 7.5 million tons
of bagasse annually during sugarcane processing, which
largely remains underutilized [7, 8]. Therefore, efficient uti-
lization of this waste biomass becomes expedient. This can
be achieved by incorporating processing steps for the wastes
generated after various conversion steps. The utilization of
biomass such as bagasse, which contains complex polymers
like cellulose, hemicellulose, and lignin, is performed by
a combination of physico-chemical pretreatment methods
and enzymatic breakdown of the free cellulose and hemicel-
lulose after pretreatment [9, 10]. Despite active research on
the use of sugarcane bagasse (SCB) to bioethanol and other
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biochemicals, low saccharification due to recalcitrance of
biomass remains a global challenge.

Pretreatment is a crucial step in biorefinery process that
facilitates enzymatic access to the trapped cellulose within
the crystalline structure of lignocellulosic and agro-based
residue like SCB, for subsequent hydrolysis. Pretreatment
enhances the access of saccharification enzymes to the car-
bon polymers. During the last few years, various chemical,
physical, and biological pretreatment methods have been
developed to expand the surface area, improve the overall
porosity, dissolve the hemicellulose and lignin, and reduce
the particle size of the recalcitrant lignocellulosic biomass
[11]. However, there is an immense variation in composi-
tion and structure of lignocellulosic biomass, and therefore,
no single universal pretreatment method can be applied to
all types of lignocellulosic biomass [12]. There is a need to
combine the pretreatment processes to achieve a balanced
strategy with higher efficacy. Additionally, removal of sturdy
lignin, which is highly resistant to solubilization, is a major
technical and economic challenge [13].

Although dilute acid pretreatment is most commonly
used, but due to several disadvantages associated with this
method, alkali pretreatment emerged as a promising alter-
native. An attractive feature of this method is its ability to
remove lignin with selective retention of cellulose. This
mode of action shares some similarities with the organosolv
pretreatment. However, the organosolv process is targeted
towards delignification with solubilization of hemicellulose
to varying degrees. Glycerol has been reported to be effec-
tive as an organosolv. The use of glycerol raises interesting
prospects since it is a byproduct of the biodiesel production
process [14, 15]. The combination of alkaline and organo-
solv pretreatment methods may result in lignin extraction
under milder processing conditions. High energy costs and
high costs of robust infrastructure to withstand extreme pre-
treatment conditions are always deleterious to biorefinery
projects. The combination of pretreatment methods may
result in the amelioration of harsh and expensive pretreat-
ment conditions without compromising on the desired yield.
An ideal pretreatment method should be cost-effective, mini-
mize the release of inhibitors, minimize water consumption,
and safe to the environment without compromising the yield
of fermentable sugars.

Previously, Mucor circinelloides ZSKP was used for con-
current production of chitosan and lipids, with the lipids
being used for biodiesel production [16]. The oleaginous
zygomycete, M. circinelloides, is of special interest due to
its ability to produce lipids, chitosan, pigments, ethanol, and
many other industrially important biomolecules [17]. Inter-
estingly, this dimorphic fungus is reported to grow on sev-
eral lignocellulosic biomass including SCB [18], corn straw
[19], wheat straw, pomegranate, and tangerine peels [20].
This study was focused on developing a biorefinery approach
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by valorization of M. circinelloides ZSKP and SCB biomass
through a new pretreatment strategy using alkalic salts and
glycerol to generate supplemented bagasse hydrolysate as
an alternative cultivation medium. An attempt was made to
implement a multi-step valorization approach to produce a
wide array of bio-products. Additionally, produced lignin
and chitosan were utilized for value-addition.

2 Materials and method
2.1 Fungal cultivation

Mucor circinelloides ZSKP, previously isolated by Zininga
et al. [16], was sub-cultured on potato dextrose agar plates
at 27 °C for 72 h. Spores of M. circinelloides ZSKP were
collected from agar plates using sterile distilled water and
used as seed cultures for fermentation. The strain was cryo-
preserved in 15% (v/v) glycerol stock solution at — 80 °C.

2.2 Composition of bagasse

SCB, obtained from a local sugar mill, was washed and air-
dried. Dry SCB was milled into fine biomass and sieved into
a storage container using a 300-um sieve. Cellulose (44.12%),
hemicellulose (23.89%), and lignin (25.78%) were quantified
according to methods described by Sluiter et al. [21].

2.3 Pretreatment of SCB

Five grams of bagasse was initially pretreated using 50 ml of
1% sulfuric acid, 1.5% sodium hydroxide, and 80% glycerol
at 120 °C, 160 °C, and 250 °C, respectively, at durations of
1 h for the sulfuric acid and sodium hydroxide pretreatments
and 2 h for the glycerol pretreatment. A combined pretreat-
ment and lignin extraction (CPTL) was used to combine the
glycerol (80%, 120 °C, 15 min) and dilute alkaline sodium
hydroxide (1.5%, 120 °C, 15 min) pretreatment methods.
The alkaline sodium hydroxide was replaced by 5% alkalic
salts such as sodium phosphate, sodium carbonate, ammo-
nium phosphate, and ammonium carbonate [22]. The com-
bination eventually included initial glycerol pretreatment
and first lignin extraction step (L1) with a 1.5% sodium
hydroxide lignin extraction (L2) being the final recovery
step after saccharification as per a modified combined pre-
treatment and lignin extraction (mCPTL) strategy. The pre-
treatment was done in 1 1 Schott bottles which were sealed
and immersed in an oil bath (Schutzart DIN 40,050-1P20)
preheated to the desired temperature. The effect of differ-
ent pretreatment parameters such as different temperatures
of the glycerol pretreatment, different pretreatment dura-
tion times, and for the ammonium phosphate pretreatment
such as different temperatures and concentrations on total
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reducing sugar yield was investigated in triplicate. The mean
difference between different pretreatments was analyzed by
ANOVA.

2.4 Saccharification

Three commercial enzyme cocktails containing cellulase
(500,000 U/g), xylanase (290,000 U/g), and B-glucosidase
(50,000 U/g) purchased from Shandong Longda Bio-Prod-
ucts Company Limited (China) were loaded at a ratio of
10 mg of enzyme per gram of dried pretreated bagasse sub-
strate as reported by Osipov et al. [23]. The enzyme cock-
tail was dissolved in 50 ml acetate buffer (0.05 M, pH 5.5).
The saccharification was carried out in a 250-ml Erlenmeyer
flask for 48 h at 50 °C. The final sugar concentrations were
analyzed using high-performance liquid chromatography
(HPLC) and 3,5-dinitrosalicyclic acid method. The reduc-
ing sugars yield was calculated using the formulae reported
by Qing et al. [22].

2.5 HPLC analysis

Concentration of different sugars in liquid samples after
enzymatic hydrolysis was analyzed by HPLC (Shimadzu
LCMS-2020). The HPLC system was equipped with an
ELSD detector and Aminex HPX-87P column. Degassed
Milli-Q water was used as the mobile phase at a flow rate
of 0.6 ml/min at 50 °C. Analytical standards of sugars
(Sigma Aldrich) were used for determination of unknown
concentrations.

2.6 Supplemented bagasse hydrolysate
as a medium for fungal growth

The hydrolysate obtained after saccharification was supple-
mented with 5% corn steep solids and inoculated with M.
circinelloides spores in 250-mL Erlenmeyer flasks contain-
ing 50 mL medium (pH 5.5) at 250 rpm, 30 °C for 120 h.
A 180-um sieve and filter cloth were used to separate the
media and biomass. The biomass was freeze-dried to obtain
the dry biomass weight.

2.7 Lignin, lipids, and chitosan extraction

Lignin was initially extracted using different concentrations
of commercial glycerol (Sigma) and 1.5% sodium hydrox-
ide at 120 °C, with both extractions being carried out just
before saccharification. The best lignin recovery (80%) was
eventually achieved by pretreatment at 150 °C, followed by
saccharification and then a 1.5% sodium hydroxide extrac-
tion being implemented at 120 °C on the residue after sac-
charification. The lignin residue was precipitated from the
supernatant by adjusting the pH to 2.0 using 1 M HCI and

oven drying at 60 °C. The lipids and chitosan were concomi-
tantly extracted according to Zininga et al. [16].

2.8 Preparation of chitosan biocomposite films

A 1% (w/v) chitosan sample in 1% acetic acid was prepared
with constant stirring at 23 °C. This was kept overnight with
constant agitation. Thereafter, particulates were removed by
centrifugation. Glycerol and glycerol with dissolved lignin
(from the lignin extraction process) were added as plasticiz-
ers. Each plasticizer was added to attain a final plasticizer
to chitosan weight ratio of 0.04 [24]. The emulsions were
then poured into petri plates after removal of bubbles and
dried in an oven (35 °C, 24 h). The casted plastic films were
recovered by peeling off the plate.

2.9 Thermogravimetric analysis

Thermogravimetric analysis was used to evaluate the deg-
radation of the chitosan bioplastic with glycerol and lignin-
infused glycerol plasticizers. An SDT Q600 V20.9 Build
20 thermal analyzer (TA instruments) was used over a tem-
perature range of 25-590 °C at 10 °C/min heating rate. The
tested samples weighed 5 and 10 mg each. Nitrogen was
used over the samples. The weight loss was assessed using
the associated software and expressed as a percentage [25].

2.10 FTIR analysis

The samples of extracted chitosan were characterized by
FTIR spectroscopy (Cary 630, Agilent) in the range of 400
to 4000 cm™!. The transmission spectra of acetic and sulfuric
acid-extracted chitosan were then compared to the spectrum
produced by commercial chitosan extracted from shrimp
shells (Sigma).

2.11 Determination of MLC for fungal chitosan

One gram of fungal chitosan was dissolved in 1% acetic acid
to make up 1% (m/v) chitosan solution. The chitosan solu-
tion was further diluted using 0.9% physiological saline to
make diluted concentrations of 0.1%, 0.08%, 0.06%, 0.04%,
and 0.02% chitosan solution (w/v). The pH for all the solu-
tions was adjusted to 5.5 using 2 M sodium hydroxide. After
autoclaving, 10 ml chitosan solutions were inoculated with
0.05 ml of freshly prepared microbial cultures Escherichia
coli, Staphylococcus aureus, Bacillus subtilis, and Aspergil-
lus niger followed by mixing. The cultures were incubated
with different concentrations of chitosan solution at 37 °C
for 24 h. Viable cells were enumerated by spread plating
on nutrient agar plates (for bacterial) and potato dextrose
agar (for fungi) then incubating at 37 °C for 48 h. The
minimum lethal concentration was defined as the minimum
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concentration of chitosan that kills all microbial cells. Two
controls were used: 1% acetic acid only and with water.

2.12 Application of a fungal chitosan spray for fresh
fruit produce

Apples and tomatoes, purchased from a local market,
were used for testing the antimicrobial applicability of the
extracted fungal chitosan. Apples and tomatoes were first
washed with tap water, then with distilled water, and finally
sprayed with 70% alcohol and left to dry naturally at ambient
temperature. Three groups of fruits were involved in each
experiment. The first one involved chitosan 0.5% (m/v) dis-
solved in 1% acetic acid which was sprayed onto the fresh
fruits. The control group involved using a 1% acetic acid
spray without the chitosan. The second control group con-
sisted of the fruits sprayed only with water. The presence of
spoilage was then observed.

3 Results and discussion
3.1 Pretreatment methods
3.1.1 Comparison of pretreatment methods

The effect of sulfuric acid, glycerol, and sodium hydroxide
pretreatment of bagasse on reducing sugar yield was stud-
ied after enzymatic saccharification. SCB pretreated with
sodium hydroxide resulted in 89.9 g/l of reducing sugars.
The lowest amount of reducing sugar was released when
pretreated with sulfuric acid (34.6 g/l), while glycerol pre-
treatment resulted in 79.4 g/l reducing sugars.

Pretreatment is the most important step in the valoriza-
tion of agro-based residue like SCB. It is meant to enhance
access of the saccharification enzymes to the carbon poly-
mers and not necessarily to release fermentable sugars. It has
been noted in literature that both alkaline (sodium hydrox-
ide) and dilute acid (sulfuric acid) pretreatment methods
release fermentation and saccharification inhibitors with the
resultant hydrolysates needing detoxification steps. There is
need to balance between a higher effective pretreatment and
a lower release of saccharification and fermentation inhibi-
tors. This brings about the possibility of combining the pre-
treatment processes to strike a balance between a high yield
of fermentable sugars after saccharification and a low or no
release of inhibitors. Other factors such as high energy costs
and high costs of robust infrastructure to withstand extreme
pretreatment condition are always considered as well; hence,
the combination should result in the moderation of the harsh
and expensive pretreatment conditions without compromis-
ing on the desired yield.
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Acid pretreatment is not efficient in dissolving lignin,
which acts as a barrier to impede saccharification [26]. This
may be the reason for the lower reducing sugars (34.6 g/1)
from the sulfuric acid method when compared to the sodium
hydroxide and glycerol pretreatment methods. The current
pretreatment strategies for SCB have focused on deligni-
fication, hence, the current trend towards mostly alkaline
pretreatment methods and, in some instances, organosolv
pretreatment methods. Alkaline pretreatment also cleaves
the uronic acid and acetyl groups on hemicellulose. This has
an overall positive reactivity effect on the polysaccharides
[27], while the organosolv pretreatment partially breaks down
lignin bonds very efficiently. This results in a pulp that is
rich in cellulose as it will also solubilize most of the hemi-
cellulose sugars. The lignin selectivity of the solvent can be
improved by adding a catalyst [28, 29]. Unlike the aqueous
process of alkaline delignification, the organosolv pretreat-
ment offers the advantages of easier lignin recovery and con-
current recycling of the solvent through distillation [29, 30].

3.2 CPTL

Lignin was concomitantly extracted during pretreatment
using a combination of different strategies (L1 and L2;
Table 1). Using both L1 and L2 strategies, maximum amount
of total lignin was produced (0.4 g and 0.65 g, respectively)
using 80:20 (80% glycerol) glycerol to water ratio (Table 1).
However, lowest amount of reducing sugars (69.38 g/I) was
produced using 80% glycerol. The pretreatment, in which
1.5% sodium hydroxide was used without glycerol, showed
highest reducing sugar (90.6 g/1), but with lowest amount
of total lignin.

The lignin yields obtained are consistent with Novo et al.
[30], who used a mixture of glycerol and water resulting in
a pulp with less than 8% residual lignin. At least 80% delig-
nification was achieved. However, the conditions that gave
the highest lignin extraction yield did not correspond to the
highest yield of reducing sugars, but rather a low yield of
69.3 g/1. This suggests that there was release of saccharifi-
cation inhibitors. This is exacerbated by the combination
of high temperatures as well as the high degree of alkaline
lignin solubilization, which potentially releases chemicals
like furans and phenolic compounds [31, 32].

Glycerol pretreatment as an organosolv process can be
used for treatment of lignocellulosic materials like bagasse.
The lignin was recovered easily with a possibility of recy-
cling the solvents used. It is, however, important to note
the comparatively milder conditions employed in this study.
High temperature of 250 °C needed to apply the glycerol
pretreatment means high energy costs and the need for
costly infrastructure. Combination of solvents like glycerol
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Table 1 The effect of different Glycerol to water

Lignin (g) from the first lignin

Lignin (g) from the second lignin  Total reducing

C.on?entration.s of glycerol on ratio extraction (L1)* extraction (L2)* sugar (g/1)0

lignin extraction
0:100 0.06+0.00 0.40+0.09 90.6+0.9
20:80 0.26+0.01 0.49+0.1 809+1.1
40:60 0.27+0.02 0.58+0.06 76.9+1.6
50:50 0.33+0.01 0.60+0.04 78.9+0.6
60:40 0.36+0.03 0.60+0.03 77.12+0.7
80:20 0.40+0.01 0.65+0.05 69.38+1.8

“Using glycerol from an initial 5 g of bagasse sample at 120 °C for 15 min

#Using sodium hydroxide at 120 °C for 15 min

OFrom 100 g of dry pretreated substrate

and sodium hydroxide can prevent reprecipitation of the dis-
solved lignin, thereby enhancing lignin recovery.

3.3 Pretreatment and growth of M. circinelloides
ZSKP

3.3.1 Growth of M. circinelloides ZSKP on different
hydrolysates

The hydrolysate from the bagasse samples pretreated with
sodium hydroxide and glycerol was used as medium for the
growth of M. circinelloides ZSKP. The glycerol pretreat-
ment-derived hydrolysate resulted 1.93 g/l of biomass, while
no growth was observed in the sodium hydroxide pretreat-
ment-derived hydrolysate. A combination of glycerol and
sodium hydroxide pretreatment also yielded no growth.

Sodium hydroxide used in the alkaline pretreatment pro-
cess breaks ester bonds between the lignin and hemicellu-
loses due to saponification reaction. This allows enhanced
access of saccharifying enzymes to cellulose for subsequent
hydrolysis. However, several fermentation inhibitors may
be released when the aqueous lignin is broken down at high
temperatures. The non-aqueous nature of glycerol lignin
extraction [33] seems to reduce the release of fermentation
inhibitors like hydroxy methyl furfural (HMF) and phenolic
compounds despite the high temperatures. This can be indi-
rectly corroborated by the presence or absence of fungal
growth.

3.3.2 Alkalic salt pretreatment methods and growth of M.
circinelloides ZSKP

The possibility of an alkaline pretreatment method that is
less rigorous like the use of weaker alkali salts as reported
by [22] was explored. Sodium phosphate pretreatment gave
the highest reducing sugars yield of 38.9 g/l followed by
ammonium phosphate at 21.7 g/l. However, both sodium
phosphate and ammonium phosphate pretreatments gave

reducing sugar yield much lower than sodium hydroxide
pretreatment.

Alkaline pretreatment of biomass results in delignifica-
tion involving condensation and redistribution of lignin, sol-
ubilization of the lignin, and changes to cellulose crystalline
state. The extent of the lignin targeting is influenced by the
type of alkaline solution. The high temperatures applied and
a high degree of lignin solubilization increase the chances
of fermentation and saccharification inhibitors [34, 35]. A
consideration of these factors would explain ammonium
phosphate’s potential suitability as a pretreatment solvent
that releases minimum amount of inhibitors.

The bagasse hydrolysate from the alkalic salts pretreat-
ment was used as medium for M. circinelloides ZSKP
fermentation with biomass yield quantified. There was no
growth in the sodium phosphate hydrolysate; however, there
was growth on the ammonium phosphate pretreated hydro-
lysate (1.69 g/1) as well as the combined pretreatment of
glycerol and ammonium phosphate (2.56 g/1).

The liquor obtained from the sodium phosphate pretreat-
ment was black, pointing towards a high degree of delignifi-
cation and solubilization of lignin, unlike the liquor obtained
from the ammonium phosphate pretreatment, which was
faint brown in color. This suggests that ammonium phos-
phate, while enhancing accessibility of the cellulose to the
enzymes, does not completely solubilize the lignin; hence,
lower amounts or no inhibitors were released.

3.4 mCPTL

3.4.1 Combination of glycerol and ammonium phosphate
pretreatment methods

The glycerol pretreatment was combined with ammonium
phosphate pretreatment. Glycerol pretreatment was main-
tained at 120 °C, followed by ammonium phosphate pretreat-
ment at a reduced temperature of 80°. The reducing sugars
release was improved from 18.9 to 29.8 g/1.
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Fig. 1 The effect of different ammonium phosphate pretreatment tem-
peratures on total reducing sugars yield combined with glycerol pre-
treatment

3.4.2 The effect of different parameters on mCPTL

While studying the effect of different temperatures on the
release of reducing sugars during ammonium phosphate
pretreatment, it was observed that temperatures beyond
70 °C did not resulted a significant increase in the yield
(Fig. 1). It should be noted that an initial glycerol pretreat-
ment at 120 °C preceded this step. Therefore, 70 °C was
selected as the most viable temperature for this pretreatment.
Although maximum release of reducing sugars was observed
at 100 °C, it could not be selected for further studies due to
increased energy costs.

Increasing the pretreatment temperature for the glycerol
lignin extraction resulted in an increase in the reducing sug-
ars yield. The largest increase was observed between 120
and 150 °C, but there was no substantial increase between
150 and 180 °C (Fig. 2a). The second step, ammonium
phosphate pretreatment, was performed at 70 °C for 2 h.
Therefore, 150 °C was selected due to high yield of reducing
sugars and possibly lower energy costs.

The impact of different glycerol pretreatment times
on the release of reducing sugars was also studied. After
45 min of pretreatment, the reducing sugars yield increased
to 60.96 g/l. Therefore, 45 min was selected as further
increases in pretreatment time did not result in a propor-
tional increase in reducing sugars yield, making it potentially
economically unfeasible (Fig. 2b).

3.4.3 Concurrent pretreatment and saccharification
by mCPTL

Ammonium phosphate pretreatment was combined
with saccharification to study its effect on the release of
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Fig. 2 a Effect of different glycerol extraction temperatures combined
with ammonium phosphate extraction on reducing sugars yield after
saccharification (g/1). b Effect of duration of glycerol pretreatment on
reducing sugars yield at 150 °C

reducing sugars. The combined glycerol-ammonium sul-
phate pretreatment 6 showed the highest amount of reduc-
ing sugars (80.67 g/l1) after saccharification (Table 2).
The hydrolysate was then used directly as medium for
the growth of M. circinelloides ZSKP. This resulted in
12.89 g/1 biomass (pretreatment 6; Table 2), which was
twice the biomass obtained by using hydrolysate from
pretreatment 1.

The ammonium phosphate played a dual role by enhanc-
ing the accessibility of cellulose to the saccharification
enzymes, as well as source of nitrogen to supplement the
hydrolysate during fermentation. This can save costs in
establishing a sustainable biorefinery process. This also
allows for the moderation of the glycerol pretreatment pro-
cess to levels that reduces energy costs.
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Table 2 The effect of a two-step ammonium phosphate pretreatment and saccharification on reducing sugar and M. circinelloides ZSKP biomass

yield
Pretreatment 1st pretreatment conditions 2nd pretreatment conditions  Saccharification conditions Reducing sugars (g/l) Biomass (g/1)
1 Glycerol, 150 °C, 45 min 5% ammonium phosphate, Sodium acetate buffer, pH 60.70+1.11 6.50+0.52
70°C,2h 5.50
2 Glycerol, 150 °C, 45 min 5% ammonium phosphate, 5% ammonium phosphate 36.61+0.80 3.13+0.12
70°C,2h directly from 2nd pretreat-
ment, initial pH 5.50
3 Glycerol, 150 °C, 45 min 5% ammonium phosphate, Washed and replenished 5%  35.73+0.32 591+0.23
70°C,2h ammonium phosphate,
initial pH 5.50
4 Glycerol, 150 °C, 45 min - 5% ammonium phosphate 47.17+0.74 5.89+0.10
dissolved in sodium acetate
buffer, pH 5.50
5 Glycerol, 150 °C, 45 min - Sodium acetate buffer, pH 33.64+1.12 2.98+0.11
5.50
6 Glycerol, 150 °C, 45 min 5% ammonium phosphate, 5% ammonium phosphate 80.67+1.31 12.89+0.62

70°C,2h

dissolved in sodium acetate
buffer, pH 5.50

3.5 Replacement of growth medium with bagasse
hydrolysate

The bagasse hydrolysate generated from the two-step glyc-
erol and ammonium phosphate pretreatment and sacchari-
fication process was used as fermentation medium, and this
was supplemented with 5% corn steep solids. A 100-g sam-
ple of bagasse gave a lignin yield of 20.8 g and M. circinel-
loides ZSKP biomass yield of 17.69 g (Table S1). The fun-
gal biomass was used to extract 2.36 g and 4.9 g of chitosan
and lipids, respectively.

Lipids produced from M. circinelloides ZSKP were used
to produce biodiesel as reported in previous work [20]. Bio-
mass valorization is at the center of addressing feasibility
concerns when it comes to the commercialization of biore-
fineries [36]. Lignin, lipids, and chitosan where successfully
produced from the sugar cane bagasse and M. circinelloides
biomass (Table S1) with value addition of these products
being the next focus.

3.6 Characterization and applications of chitosan
and lignin

3.6.1 Characterization of the extracted lignin using FTIR
analysis

The lignin extracted from the bagasse was compared to a
commercial lignin standard using FTIR analysis. Func-
tional groups associated with lignin including hydroxyl,
carboxyl, carbonyl, and methoxy peaks at 3400-3600 cm ™!,
2920 cm™!, 1700-1750 cm™!, and 26502890 cm™", respec-
tively, were detected (Fig. S1a).

The band at 1600 cm™! represented by aromatic skeletal
vibrations was clearly visible in both the commercial lignin
and the extracted lignin. The picks at 1600 cm™! from both the
extracted and commercial lignin appeared possibly because of
the deformation of the hydrogen bonds. Increasing temperature
was reported to cleave the intramolecular and intermolecular
hydrogen bonds in lignin. The aromatic ring skeleton that con-
jugates the carbonyl stretch appeared at 1600 cm™'. All spe-
cific peaks were present in the spectra of both lignin samples.
This evidenced an intact backbone of lignin [37].

3.6.2 Characterization of chitosan by FTIR analysis

FTIR analysis was done for both the acetic acid and sul-
furic acid-derived chitosan with commercial shrimp shell
chitosan as a reference (Fig. S1b). The peaks at 3417 cm™!
corresponded to the —OH functional group, and the peak at
3417 cm™! was characteristic of amino group vibrations. The
methylene stretching —CH was identified by the presence of
the 2877 cm™! peak. The deformation of the -NH amino
group was highlighted by the peak at 1600 cm™!. Peaks at
1631 and 1747 cm™! represented amide carbonyl and ester
carbonyl group stretch vibrations, respectively. The glucose
amine ring was shown by the highlighting of the —COC
stretch vibrations due to the presence of the 1072 cm™!
peak. All these functional groups confirmed characteristics
of chitosan.

3.6.3 The effect of glycerol plasticizer on the tensile
properties of the chitosan biocomposite plastic

Additives are necessary in bioplastics to improve the
mechanical properties of the plastic and make it more
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resilient, strong, and soft. Glycerol has been shown to be
effective as a plasticizer. Glycerol was used as a plasticizer
on its own, as well as with dissolved lignin taken directly
from the lignin extraction process. These plasticizers were
added to the chitosan bioplastics to create different plasti-
cized samples. The bioplastics with the added plasticizers
showed improved tensile strength and thickness (Table 3).
However, addition of a plasticizer was shown to negatively
affect the thermal properties of the bioplastic (Fig. 3a).

3.6.4 Thermogravimetric and differential scanning
calorimetry analysis of the extracted lignin
incorporated with chitosan bioplastics

Glycerol containing extracted lignin was directly used as a
plasticizer in the chitosan-based biocomposite films. Glyc-
erol with dissolved lignin conferred clear improvements in
the thermostability of the plastic having the least biomass
loss, retaining almost 50% of its weight when exposed to
high temperatures of up to 600 °C (Fig. 3b) as compared
to the chitosan biocomposite plastic without plasticizer
(Fig. 3c). There was also more heat needed to increase the
temperature of the same chitosan biocomposite plastic with
lignin-infused plasticizer. The chitosan biocomposite plastic
with glycerol-only plasticizer had the most inferior thermal
properties, which lost 70% of its weight and required the
least amount of heat to increase its temperature. (Fig. 3a).
Plastic has numerous applications, and this can determine
which mechanical properties are more desirable. Glycerol
has been reported to be a very good plasticizer for biocom-
posite plastics for polymers such as starch and chitosan.
The presence of glycerol in the biocomposite plastic matrix
increases elasticity and decreases material resistance as well
as the glass transition temperature. However, this comes at
the cost of thermal properties of the biocomposite plastic
[38, 39]. Glycerol, a polyol, has hydrophilic groups to absorb
moisture using hydrogen bond interactions with water mol-
ecules. Packaging is one area in which the potential applica-
tion of chitosan plastic can be pursued. Thermostable prop-
erties of plastic are critical in the food industry where heat is
applied for preservation and extension of shelf-life. In fact,
a lack of thermostability has been one of the major limiting

Table 3 Effect of plasticizers on the thickness and tensile strength of
chitosan bioplastic

Film plasticizer composition Thickness (mm) Tensile
strength
(MPa)
Chitosan only 0.050 0.170
Chitosan and glycerol 0.380 7.757
Chitosan and lignified-glycerol” 0.383 7.412

“From the lignin extraction process
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factors to industrial application of plastics [40]. Therefore,
plasticized chitosan biocomposite with enhanced thermal
properties due to the addition of lignin would open up sev-
eral new possibilities.

3.6.5 Antimicrobial properties of chitosan

The extracted chitosan showed minimum lethal concentra-
tion (MLC) on the four microbial strains from a minimum
concentration of 600 to 1100 mg/l, while the commercial
shrimp shell chitosan showed activity from 300 to 2000 mg/1
(Table S2). For E. coli and S. aureus, the MLC values for
fungal chitosan were higher, and for B. subtilis, the MLC
values for both were identical. The fungal chitosan was more
effective against A. niger with an MLC of 1100 mg/l com-
pared to 2000 mg/I for commercial chitosan.

Previously, biochemical, biological, and molecular analy-
sis have been performed on chitosan to investigate antimicro-
bial properties. The studies indicated intrinsic and extrinsic
factors of chitosan that affect its efficacy as an antimicrobial
agent. The extrinsic factors would be environmental condi-
tions and the cellular morphology. The intrinsic chitosan
properties include molecular weight, degree of deacetylation
(which influences solubility), and complex-ion formation.
Polycationic biochemical structure is key in antimicrobial
activity. This means the highly intense the positive charge
density, the more the electrostatic interaction. Thus, the
potential of degree of deacetylation in affecting antimicro-
bial activity lies within its effect on the positive charge den-
sity. Unlike beta-lactam antibiotics, chitosan antibacterial
activity goes beyond preventing the synthesis of the pep-
tidoglycan cell wall [41, 42]. One of the major differences
between fungal-derived chitosan (LMW) and crustacean
shell-derived chitosan (HMW) is molecular weight. There
have been conflicting reports on the actual effects of low
and high molecular weight chitosan. While some reports
showed increased antimicrobial activity with increased
molecular weight, a few other reports indicate an increase
in antimicrobial activity with decreasing molecular weight.
Chitosan interacts with cell-receptor molecules on the cell-
wall to form a barrier that prevents nutrient intake. Another
mechanism suggests a lower molecular weight chitosan
pervasively entering the cell, thereby disrupting the physi-
ological activity of the cell [43]. It seems from the results
obtained from this study that while molecular weight of the
chitosan may be important for antimicrobial effect, this is
also dependent on the nature of the cells targeted. The fungal
chitosan was less effective in killing E. coli and S. aureus but
had the same lethality on B. subtilis as crustacean chitosan.
The fungal chitosan was more effective against A. niger. It is
also possible that increasing the purity of the fungal chitosan
to the same levels as the commercial chitosan may increase
the potency of the fungal chitosan.
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Fig.3 Thermogravimetric and differential scanning calorimetry analysis of the biocomposite plastics: a chitosan biocomposite plastic with glyc-
erol plasticizer, b chitosan biocomposite plastic with lignin infused glycerol plasticizer, and ¢ chitosan biocomposite plastic without plasticizer

3.6.6 Application of fungal chitosan to increase the shelf
life of fresh fruit produce

The antimicrobial effects of fungal chitosan against
bacterial and fungal strains were studied in a range of
600-1100 mg/l. A chitosan spray was developed using
0.5% (5000 mg/l) chitosan and dissolved in 1% acetic
acid, and the spray was used on fresh fruits purchased

from a local fresh produce store. Unsprayed fruits and
those sprayed with 1% acetic acid were used as con-
trols. The chitosan spray preserved the tomatoes and
apples for a longer duration than respective controls.
The chitosan sprayed apples and tomatoes were still
preserved even after 18 and 14 days of storage at room

temperature, respectively, when compared to the con-
trols (Fig. 4).

@ Springer
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Fig.4 The effect of fungal
chitosan spray on tomatoes

and apples; whole tomato a
after 14 days without spray, b
sprayed with 1% acetic acid,
and c¢ sprayed with 1% chitosan;
cut tomatoes d after 4 days
without spray, e sprayed with
1% acetic acid, and f sprayed
with 1% chitosan; apples g after
18 days without any spray, h
sprayed with 1% acetic acid, and
i sprayed with 1% chitosan

The tomatoes showed evidence of fungal contamina-
tion and decay around the areas where the pedicels attach.
After 14 days, chitosan protected tomato still retained the
overall shape (Fig. 4a—c). However, slight dehydration was
noticed on all three fruits. The cut tomatoes showed severe
infection by fungi and bacteria after 4 days (Fig. 4d). Inter-
estingly, cut tomatoes sprayed with chitosan were largely
free of microbial growth (Fig. 4f). As expected, drying and
size reduction of tomatoes were also observed. There was
evidence of microbial rot on tomatoes (Fig. 4e) and apples
(Fig. 4h) sprayed with 1% acetic acid after 14 and 18 days,
respectively. In the same period, apples sprayed with 1%
chitosan appeared normal and there were no signs of infec-
tion (Fig. 4i). The size and shape looked normal and visually
appeared to be fine for consumption.

Fungal chitosan can play a critical role in addressing
the challenge of fresh produce being lost to spoilage when
incorporated in rapid post-harvest surface sanitation [44].
The fungal chitosan has an advantage when making a chi-
tosan spray for surface sanitation, because of its lower vis-
cosity. This permits higher concentrations of the chitosan
for application. It is difficult to make a chitosan spray from
crustacean chitosan especially at concentrations beyond
0.5% due to the high viscosity. Fungal chitosan does not
have allergenic proteins that is generally prevalent in crusta-
cean-derived chitosan, thus enhancing its suitability in food
preservation [45]. The chitosan spray was also applied on

@ Springer

cut tomatoes to improve shelf-life. In tomato production,
an exposed or cut fruit can be the source of spoilage for the
entire batch. Methods that enhance the shelf-life of cut fruits
are currently being encouraged due to increasing demand in
the global market. Chitosan spray is potentially important to
prolong the shelf-life of fresh fruit produce.

4 Conclusions

An integrated process of lower temperature glycerol-ammo-
nium phosphate lignin extraction and bagasse pretreatment
combined with saccharification was established. The pro-
cess resulted a relatively high yield of total reducing sugars,
which can be used for microbial growth and production of
many other industrially important biomolecules. Ammonium
phosphate was proved to be effective both in pretreatment
and in supplementing the hydrolysate as a possible source
of nitrogen. Addition of lignin to the product spectrum and
its application together with chitosan add value and further
enhance implementation of the biorefinery concept.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-023-03935-1.
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