Industrial Crops & Products 177 (2022) 114471

INDUSTRIAL

CROPS

Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

ELSEVIER

t.)

Check for

Integrating mild chemical pretreatments with endogenous protein e
supplement for complete biomass saccharification to maximize bioethanol
production by enhancing cellulases adsorption in novel

bioenergy Amaranthus

Meysam Madadi ™", Youmei Wang *¢, Ran Zhang *”, Zhen Hu®", Hairong Gao ®", Dan Zhan ",
a,l : : a,l : a,l a,l s 1

Hua Yu™"”, Qiaomei Yang “”, Yanting Wang “”, Yuanyuan Tu ™", Tao Xia >,

Liangcai Peng ™!

& Biomass & Bioenergy Research Center, College of Plant Science & Technology, Huazhong Agricultural University, Wuhan 430070, China

Y Laboratory of Biomass Engineering & Nanomaterial Application in Automobiles, College of Food Science & Chemical Engineering, Hubei University of Arts & Science,

Xiangyang 441053, China
¢ College of Life Science & Technology, Huazhong Agricultural University, Wuhan 430070, China

ARTICLE INFO ABSTRACT

Keywords:

Amaranthus straw
Chemical pretreatment
Enzymatic saccharification
Ethanol fermentation
Lignocellulose porosity
Cellulases adsorption

Amaranthus is a fast-growing perennial plant containing large amounts of extractable green proteins and
lignocellulose residues. However, it remains to explore optimal Amaranthus biomass process technology for
biofuel production. In this study, we examined that mild alkali and acid pretreatments (1% NaOH, 2% H3SO4)
were sufficient for near-complete biomass enzymatic saccharification, while 8% Amaranthus endogenous proteins
were supplemented into the enzymatic hydrolyses. By performing classic yeast fermentation with all carbon
sources from directly-extractable sugars and starch and lignocellulose enzymatic hydrolysis, this work achieved
the bioethanol yield up to 23.5% (% dry matter). Notably, with respect to extremely high yield of Amaranthus
straw, the maximum bioethanol yield was estimated at 14.46 t/ha/year, which was much higher than those of
other major bioenergy crops as previously reported. Furthermore, this work proposed a hypothetic model to
elucidate how the complete biomass saccharification was achieved to maximize bioethanol production at large
scale, based on the effective wall polymer extraction and distinct lignocellulose feature modification for
remarkably enhanced biomass porosity and cellulases adsorption. Hence, this work has demonstrated that
Amaranthus could be applied as a novel and leading bioenergy crop, providing a powerful strategy for optimal
biomass processing towards high bioethanol production.

1. Introduction

Plant cell wall represents an immense lignocellulose source for
renewable biofuels and biomaterials (Robak and Balcerek, 2020;
Sharma et al., 2020). To date, cellulosic ethanol has been considered as
an excellent additive to gasoline for partial replacement of petrol fuels
(Ragauskas et al., 2006; Sun et al., 2016). In principle, cellulosic ethanol
production involves three conversion steps: biomass pretreatment to
disrupt cell wall composition, sequential enzymatic saccharification of

pretreated lignocellulose to release fermentable sugars, and final yeast
fermentation to obtain bioethanol productivity (Liu et al., 2018; Raud
et al., 2019). However, because of lignocellulose recalcitrance, biomass
pretreatment basically requires severe conditions to enhance enzymatic
hydrolysis and bioethanol production in the most bioenergy crops
examined, which leads to an unacceptable high-priced bioethanol con-
version along with secondary waste liberation (Ho et al., 2019; Madadi
et al., 2017a, 2017b).

Over the past years, various physical and chemical pretreatments
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have been carried out to overcome lignocellulose recalcitrance by
effectively extracting non-cellulosic polymers for improved biomass
porosity and cellulose accessibility (Kim et al., 2016; Kumar et al.,
2020). For example, alkali (NaOH) pretreatment can effectively extract
lignin at high concentrations, whereas sulphuric acid is commonly
employed to partially digest hemicellulose. Despite the H»SO4 and
NaOH pretreatments under strong conditions are effective to diminish
lignocellulose recalcitrance in various bioenergy crops (Ho et al., 2019;
Wang et al., 2016), it needs to find out cost-effective biomass process
technology by combining mild chemical pretreatments with desirable
lignocellulose substrates for complete enzymatic saccharification.

Lignocellulose recalcitrance has been defined by accounting for cell
wall composition (cellulose, hemicellulose, lignin), wall polymer
feature, and wall network style (Wang et al., 2016). Among three major
wall polymers, lignin deposition has been examined as a major barrier
against cellulases accession and adsorption, whereas cellulose features
(crystalline index/Crl and degree of polymerization/DP) are the major
negative factors accountable for lignocellulose recalcitrance (Li et al.,
2013, 2014; Xu et al., 2012). By contrast, biomass porosity and cellulose
accessibility have been characterized to be the positive parameters that
are directly accountable for biomass enzymatic saccharification (Alam
et al., 2019; Lv et al., 2021; Sun et al., 2017). Hence, it has been
considered to obtain the recalcitrance-reduced lignocellulose substrates
by performing effective biomass pretreatment and genetic lignocellulose
modification in bioenergy crops (Wang et al., 2016, 2021). Moreover,
chemicals (Tween, PEG) and plant proteins have been applied as active
surfactants to block lignin interaction with cellulases enzymes (Flor-
encio et al., 2016; Jin et al., 2016; Madadi et al., 2021a). Nonetheless, it
remains a challenge to explore integrated approaches for effective
biomass pretreatment and efficient enzymatic hydrolysis towards high
bioethanol production in desirable bioenergy crops.

Amaranthus plant is an industrial, perennial, and fast-growing C4
grass with high dry biomass yield, distinct cell wall composition, and
rich in proteins that can be considered as an ideal feedstock for biofuels
purposes (Tucker, 1986; Madadi et al., 2021a; Viglasky et al., 2009).
Using Amaranthus de-protein residues, this study determined large
amounts of soluble sugars and starch, which should be of advantage for
direct yeast fermentation into bioethanol. Notably, we performed mild
chemical (NaOH, HSO4) pretreatments with the de-protein straw under
relatively low chemical concentrations and incubation temperatures,
and then supplied a low dosage of endogenous Amaranth proteins into
the enzymatic hydrolysis of pretreated residues, which resulted in an
almost complete biomass enzymatic saccharification. By integrating all
carbon sources from soluble sugars and starch and enzymatic hydrates,
this work conducted a classic yeast fermentation to achieve the highest
bioethanol production among all major bioenergy crops examined.
Finally, we attempted to elucidate why the Amaranthus plant is a novel
and leading bioenergy crop by assessments of its characteristic ligno-
cellulose features.

2. Material and methods
2.1. Collection of biomass materials

Amaranthus straw (Amaranthus retroflexus L.) was kindly provided by
China Amaranthus Ecological Technology Co., Ltd. All straw tissues were
dried at 50 °C until constant weight and then ground through a 40-mesh
screen and stored in a sealed dry container until further use.

2.2. Wall polymer extraction and detection

Lignocellulose fractionation was carried out to extract wall polymers
as previously described (Peng et al., 2000). The soluble sugars, lipid,
starch, and pectin were consecutively extracted by using potassium
phosphate buffer (pH 7.0), chloroform-methanol (1:1, v/v), DMSO--
water (9:1, v/v), and ammonium oxalate 0.5% (w/v). The remaining
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residues were extracted with 4 M KOH and 1.0 mg/mL sodium boro-
hydride for 1 h at 25 °C and the combined supernatants were used as
KOH-extractable hemicelluloses fraction. The remaining pellet was
specified for determination of hexoses as cellulose level by suspended
with HySO4 (67%, v/v) for 1 h at 25 °C (Fry, 2000). Total hemicelluloses
were calculated by estimating total hexoses and pentoses of the
KOH-extractable hemicellulose fraction, and the pentoses of the
non-KOH extractable fraction (Dische et al., 1962). The hexoses and
pentoses concentration was measured by a UV/VIS spectrometer
(Shanghai MAPADA Instruments Co., Ltd. V-1100D) and absorbance
reading at 660 and 620 nm, respectively. Total lignin (acid-soluble and
insoluble lignin) was detected using the Laboratory Analytical Proced-
ure of the National Renewable Energy Laboratory (Sluiter et al., 2008).
All experimental analyses were carried out in triplicate.

2.3. Hemicellulose monosaccharides and lignin monomers determination

GC-MS (SHIMADZU GCMS-QP2010 Plus) was applied to determine
monosaccharides of hemicellulose as previously described (Li et al.,
2015). Trifluoroacetic acid (TFA) and myo-inositol were obtained from
Aladdin Reagent Inc. 1-Methylimidazole was purchased from
Sigma-Aldrich Co. LLC. Acetic anhydride and acetic acid were obtained
from Sinopharm Chemical Reagent Co., Ltd. HPLC (1525, Waters Corp.,
MA, USA) was applied to detect lignin monomers (H, G, S) by nitro-
benzene oxidation method as described (Zhao et al., 2021).

2.4. Cellulose features (Crl and DP) measurement

Cellulose crystalline index (CrI) was measured with a Rigaku-D/MAX
instrument (Ultima III, Japan) as previously described (Li et al., 2018).
The CrI value was calculated subjectively to the following equation: CrI
=100 X (Iz09 — Igm)/I200- The degree of polymerization (DP) of cellulose
was measured by the viscosity method according to the following
equation: pp%-9%5 — 0.75[n] (Alam et al., 2019). All experiments were
performed in triplicate at 25 £+ 0.5 °C.

2.5. Protein detection

Amaranth proteins (AP) were extracted with liquid nitrogen and
protein level was detected by a Nitrogen Analyzer (SpectraMax i3x
Multi-Mode Detection Platform, USA) as previously described (Madadi
et al., 2021a).

2.6. Lignocellulose observation and characterization

Lignocellulose morphology was observed using SEM (SEM JSM-
IT300, Akishima, Tokyo, Japan) as previously described (Sun et al.,
2020). X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared (FTIR) methods were respectively applied to detect chemical
linkages of lignocellulose samples by using facilities (XPS: NEXUS 470,
Thermo Fisher Scientific, Waltham, MA, USA; FTIR: Thermo Fisher
Scientific, Waltham, USA) as previously described (Wu et al., 2019a,
2019b; Xu et al., 2021).

2.7. Measurement of biomass porosity and cellulose accessibility

Biomass porosity and cellulose accessibility were measured by Si-
mons staining (Alam et al., 2020). Cellulose accessibility was detected
by Congo red staining method as described (Deng et al., 2020). About
100 mg biomass powders were added into dye solution at a series of
concentrations (0.5, 1.0, 2.0, 3.0, 4.0, 5.0 g/L) in 0.3 M phosphate buffer
and incubated at 60 °C for 24 h. After centrifugation at 8000 xg, the
supernatant absorbance was read at 498 nm. All measurements were
conducted in triplicate.
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2.8. Chemical pretreatment and enzymatic hydrolysis

Sodium hydroxide (NaOH) and sulfuric acid (H2SO4) pretreatments
were performed at a series of concentrations with 5% biomass loading as
previously described (Wu et al., 2019a, 2019b; Zahoor et al., 2017). The
raw material was loaded with distilled water and shaken for 2 h at 50 °C
as a control sample. The well-mixed de-protein biomass was added with
6 mL NaOH at different concentrations (0.5%, 1%, 1.5%, 2%, 4% w/v)
and shaken for 2 h at 50 °C under 150 rpm. H3SO4 pretreatment: A total
of 6 mL of HySO4 at various concentrations (0.5%, 1%, 1.5%, 2%, 4%
v/v) was added with well-dried de-protein biomass in 15 mL plastic
centrifuge tubes and heated at 121 °C for 20 min in an autoclave (0.15
MPa). After the tubes were cooled down, the sample was shaken for 2 h
at 50 °C under 150 rpm. After centrifugation at 3000 g for 5 min, the
supernatant was collected for estimation of sugars (pentose and hexose)
yield.

The washed pretreated residues with 5% biomass loading were
incubated with 6 mL (1.6 g L-1, w/v) of mixed-cellulases (containing
cellulases at 10.60 FPU g~! biomass and xylanase at 6.72 U g~ biomass
from Imperial Jade Biotechnology Co, Ltd) co-supplied with 8%
Amaranth proteins (AP) and 1% Tween-80. The sample was shaken at
50 °C and 150 rpm for 48 h and then centrifuged at 3000 xg for 5 min.
The supernatants were collected to measure hexoses and pentoses yields
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according to Eq. (1) (Gao et al., 2021; Madadi et al., 2021a)

Hexoses yield (%)= Hexoses released (g)x 100/Cellulose content (g)
@

Where hexoses released (g) from residues after 48h of hydrolysis;
cellulose content (g) of de-proteins biomass. All experiments were car-
ried out in triplicates.

2.9. Yeast fermentation and ethanol assay

The fermentation process was carried out using Saccharomyces cer-
evisiae (Angel yeast Co., Ltd., Yichang, China) strain (final concentration
of 0.5 g/L,) with total hexoses obtained from both pretreatment and
sequential enzymatic hydrolysis and incubation at 37 °C for 48 h as
previously described (Liu et al., 2021). The 5% K3Cr,O; method was
used to measure ethanol yield as described (Gao et al., 2021). The
distillation was carried out at 100 °C for 10 min, and then 1 mL of the
produced ethanol sample and 2 mL of K>Cr,O; were placed into glass
tubes and heated for 10 min in a water bath. After cooling at room
temperature, the distilled water was added to make the volume up to
10 mL. The ethanol absorbance was read at 600 nm by a UV/VIS spec-
trometer. Absolute ethanol (99.9%) was utilized as standard. All

Fig. 1. Biomass enzymatic hydrolysis upon al-
29% kali and acid pretreatments in Amaranthus

;i |24% straw. (A, B) Hexose yields (% cellulose)

§ released from enzymatic hydrolyses after NaOH

and H,SO, pretreatments at various concen-
trations; (C, D) Hexose yields (% cellulose)
released from enzymatic hydrolyses under
optimal chemical pretreatments supplemented
with 8% Amaranth proteins (AP) or 1% Tween-
80; The letters above bars as significant differ-
ence by LSD test (P < 0.05). Data as means
+ SD (n = 3).

457%

455%
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experiments were performed in triplicates.
3. Results and discussion

3.1. Combined chemical pretreatments with endogenous proteins supply
for complete enzymatic saccharification in Amaranth straw

Using our previously-established approaches (Wu et al., 2019b;
Zahoor et al., 2017), this study initially carried out chemical pre-
treatments with NaOH and H,SO4 at a series of concentrations, and
determined hexoses yields (% cellulose) released from enzymatic hy-
drolyses of pretreated lignocellulose residues or total sugars yields (%
dry matter) released from both pretreatments and enzymatic hydrolyses
of mature Amaranthus straws (Figs. 1 and S1). Incubated with 1% NaOH
and 2% H3SO4, the Amaranth straw samples showed the hexoses yields
of 76.89% and 76.59% (% cellulose) and total sugars yields of 46.81%
and 43.82% (% dry matter), respectively (Figs. 1A and B; S1A and B).
However, both hexoses and total sugars yields started to be reducing
while further incubated with higher concentrations of NaOH and H2SO4
chemicals, suggesting that both optimal alkali and acid pretreatments
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were not effective enough for a complete biomass hydrolysis of
Amaranth straws.

As Amaranth proteins can act as active biosurfactants for enhancing
biomass enzymatic saccharification in diverse lignocellulose residues
examined (Madadi et al., 2021a), we extracted all soluble Amaranth
proteins from the Amaranth straw and examined that both raw straw and
de-protein straw samples were of similar hexoses yields and total sugars
yields from direct enzymatic hydrolysis without any pretreatment to be
performed (Figs. 1C and D; S1C and D), suggesting the Amaranth pro-
teins extraction could not significantly alter lignocellulose features of
Amaranth straw. Nevertheless, while 8% Amaranth extractable proteins
were supplied into the enzymatic hydrolyses after 1% NaOH and 2%
H,SO4 pretreatments with Amaranth de-protein straws, the de-protein
samples respectively showed the hexoses yields of 99% and 97%, indi-
cating a near-complete biomass enzymatic saccharification achieved
from combined mild chemical pretreatments with native Amaranth
proteins supplement. Such enhancement suggests that residual lignin in
pretreated residues might be well blocked with AP, resulting in more
released cellulase enzymes for effective lignocellulose enzymatic hy-
drolyses (Madadi et al., 2021a). Notably, the Amaranth proteins supply
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Fig. 2. Mass balance analysis of Amaranthus biomass process for bioethanol production upon mild NaOH and H,SO, pretreatments.
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could well cause significantly higher hexoses yields than those of the 1%
Tween-80 at P < 0.05 level (n = 3), which has been well characterized
as an efficient chemical surfactant for boosting enzymatic hydrolysis
rate (Deng et al., 2020; Jin et al., 2016; Zahoor et al., 2017). In addition,
this study examined that total hexoses released from enzymatic hydro-
lysis contain 79% and 76% glucose (% total) with small amounts of
mannose and galactose (21% and 24%) after mild alkali and acid pre-
treatments (Table S1). However, while 8% Amaranth proteins were
supplemented, the glucose covered 98.6% and 96.8% of total hexoses,
confirming that the native proteins supply could significantly enhance
cellulose enzymatic digestion for near-complete biomass enzymatic
saccharification in Amaranth straw.

3.2. Integrated bioethanol yields using total hexoses from soluble sugars,
starch, and enzymatic saccharification in Amaranth plant

As the Amaranth straw could be efficiently digested into fermentable
sugars under combined chemical pretreatments (1% NaOH and 2%
H2SO4) with Amaranth proteins supply as described above, this work
conducted a classic yeast fermentation with all carbon sources from
soluble sugars, starch, and enzymatic saccharification of de-protein
lignocellulose by presenting a full biomass balance analysis (Fig. 2).
Based on 100 g de-protein Amaranth straw biomass, 27.69 g and 26.14 g
hexoses were obtained from the enzymatic hydrolyses of 1% NaOH and
2% HSO4 pretreated residues along with 3.10 g and 3.25 g pentoses
achieved, respectively. Meanwhile, 8.81 g soluble sugars, 4.76 g starch,
and 4.91 g pectin were directly extractable from 100 g de-protein straw.
Hence, about 20 g ethanol yield could be obtained by yeast fermentation
with all hexoses, but it could be theoretically raised up to 23 g while
engineered yeast strain would be applied for co-fermentation of pen-
toses (xylose) as previously reported (Rodrussamee et al., 2018; Vali-
nhas et al., 2018).

Industrial Crops & Products 177 (2022) 114471

Because desirable Amaranthus plant could provide large amount of
straw lignocellulose residue (Madadi et al., 2021a; Viglasky et al.,
2009), this study further compared bioethanol productivity with other
major bioenergy crops (Table 1). Except for sweet sorghum and corn
straw, Amaranthus straw accumulated much higher directly-fermentable
hexoses, and Amaranthus plant had the highest biomass yield at
54 t/ha/year among all crops presented in this study. Notably, Amar-
anthus straw could produce 14.46 ton of bioethanol per hectare per year
(t/ha/year) by estimating all available hexoses and pentoses, being
much higher than other major bioenergy crops with bioethanol yields
ranged from 1.73 to 7.89 t/ha/year. In addition, the pretreated Amar-
anthus straws showed relatively higher sugar-ethanol conversion rates,
compared to the most bioenergy crops examined, which may be due to
relatively lower toxic compounds generated from mild chemical pre-
treatments conducted in this study. Taken together, this study has
indicated that the Amaranthus plant should be a novel and desirable
bioenergy crop for bioethanol productivity at large scale.

3.3. Effective wall polymers extraction and wall network alteration upon
mild chemical pretreatments

To test how the mild chemical pretreatments could enhance biomass
enzymatic saccharification to large degree in the Amaranthus straw, this
study examined wall polymers extractions (Table 2). Although about
66% of proteins were extractable from Amaranthus raw straw, the de-
protein biomass was of very similar cell wall composition, which
confirmed that the Amaranth proteins extraction could not significantly
alter the lignocellulose feature. Provided that both 1% NaOH and 2%
H,SO4 pretreatments could extract 75% and 73% proteins and 89% and
90% pectin from the Amaranth de-protein biomass, the alkali pretreat-
ment was much more effective for lignin removal by 71% and the acid
pretreatment led to relatively more hemicellulose extraction by 60%,

Table 1
Estimation of bioethanol yields (t/ha/year) in Amaranthus straw and other bioenergy crops.
Sample Dry Pretreatment Hexoses Sugar- Ethanol Ethanol Pentoses  Ethanol Total Ref.
b%omass Soluble Cellulose ethanol. yield by yield by (% DM) yield by ; bioethanol
yield (t/ o conversion hexoses hexoses pentoses (t/ha/
ha/year)” sugars, (% DM) (%) (% DM) (t/ha/ (t/ha/ year)
starch &
: year) year)
pectin
(% DM)°
Amaranthus 54 1% NaOH + 14.26 26.70 98 20.56 11.10 17.83 3.36 14.46 This study
straw 8% AP¢
2% H,S04 + 14.26 26.14 96 20.30 10.96 17.83 3.36 14.32
8% AP
Sweet 20 12.5% CaO 15 39 68 24 5.76 25.42 2.13 7.89 (Kim et al.,
sorghum 2012)
Miscanthus 24 4% NaOH + 1% ND 44.4 98 19 4.56 29.10 2.44 7 (Alam
straw Tween-80 etal., 2019)
Corn straw 21 LHW (200 °C, 24 17 95 19 3.99 23.72 1.74 5.73 (Wu et al.,
20 min) 2019a,
2019b)
Poplar stem 14 0.15 M Oxalic ND 22 73 8 1.12 21.08 1.03 2.15 (Lv et al.,
acid (150 °C, 2021)
45 min)
Wheat straw 10 Microwave ND 25 85 11 1.10 28.42 0.994 2.094 (Mikulski
(300 W, and
15 min) + Grzegorz,
0.2 M HySO4 2020)
Rapeseed 6 Steam ND 43 93 21 1.26 23.99 0.503 1.733 (Deng et al.,
stalk explosion + 5% 2020)
CaO
Rice straw 7 1% NaOH + 1% ND 48 100 21 1.47 33.22 0.813 2.28 (Lietal.,
Tween-80 2018)

@ As ton/per hectare /per year
b Dry matter
¢ Amaranth proteins

d According to the average xylose-ethanol conversation rate of 35% (Rodrussamee et al., 2018; Valinhas et al., 2018)
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Table 2

Wall polymers and proteins levels (% dry matter) in Amaranthus straw, de-protein biomass, and lignocellulose residues after alkali and acid pretreatments.
Pretreatment Solid recovery  Cellulose Hemicelluloses Lignin Pectin Protein

rate (%)

Raw material 100 26.99 + 0.70 13.79 £ 0.12 11.29 + 0.37 4.91 +0.32 14.88 + 0.54
De-protein biomass 89.33 26.73 + 0.63 13.61 + 0.08 11.50 + 0.78 4.80 +£0.12 5.11 £ 0.23
1% NaOH 51.73 38.09 + 2.37%* 42%? 6.25 £ 0.04** -54% 3.34 £ 0.70** -71% 0.51 £ 0.03** -89% 1.23 £ 0.18%* -75%
2% HyS04 55.82 34.67 + 1.15* 30% 5.34 + 0.12*%* -60% 8.04 +1.37* -30% 0.44 + 0.05** -90% 1.33 + 0.12** -73%

*

& * * As significant difference between de-protein biomass and pretreated biomass by t-test at P < 0.05 and 0.01 (n = 3); “Percentage was estimated by subtraction

between de-protein biomass and pretreated biomass value divided by de-protein value. Data as mean + SD (n = 3).

consistent with the previous findings about distinct wall polymer ex-
tractions between alkali and acid pretreatments (Alam et al., 2019;
Cheng et al., 2019; Li et al., 2015). However, compared to other major
bioenergy crops (Lv et al., 2021; Xu et al., 2012), two mild alkali and
acid pretreatments could more efficiently extract hemicellulose and
lignin, resulting in cellulose levels being relatively raised by 42% and
30% in the pretreated residues.

With respect to effective extractions of wall polymers from mild
chemical pretreatments, we applied XPS to test potential alterations of
wall polymers interlinkages in the pretreated residues (Fig. 3). As it has
been characterized that the C; peak (C—=C, C-H) is originated from lignin
and the Cy (C-O or C-O-C) and C3 (O-C-O or C=0) peaks correspond to
wall polysaccharides including cellulose and hemicellulose (Chu et al.,
2021a, 2021b), the decreasing amount of C; should be ascribed to lignin
extraction during demethylation, aromatic ring-opening and side-chain
cleavage, whereas the increasing amounts of Cy and Cs should be
accountable for raised cellulose levels (Fig. 3A, Table S2). Moreover,
O;s spectra were sorted out into three components, which were
appointed to O1: O-C=0 and Ar-O-Ar (~531.3 eV), Oy: C-O-, C=0,
C-0O-C, and O-C=0 (~532.4 eV). Because the phenolic oxygen (PhOH)
was ascribed to Oz with a binding energy of ~533.3 eV, it was apparent

that both mild chemical pretreatments could decrease the PhOH group
(i.e. lower O3 peak) at the surfaces, which should attribute to the
reduced cleavage of the p-O-4 aryl ether linkages (Fig. 3B).

Furthermore, the FTIR profiling of pretreated residues exhibited
relatively reduced peaks of 834, 1247, 1383, 1512, 1627, and
1735 cm ™! assigned to C-H, C-O-C, C-Hp, C—=C, and C—=O associated
with lignin and polysaccharide interlinkages (Fig. 4, Table S3), which
was consistent with the XPS findings. Therefore, both XPS and FTIR
analyses have confirmed effective wall polymer extractions from mild
alkali and acid pretreatments performed in this study.

3.4. Significantly improved lignocellulose features upon mild chemical
pretreatments

Since wall polymers extraction could distinctively improve ligno-
cellulose recalcitrance for enhanced biomass enzymatic digestibility
(Alam et al., 2019; Liu et al., 2021; Madadi et al., 2021b), we examined
three major wall polymers features by means of the previously estab-
lished approaches (Fig. 5). Compared to the Amaranth de-protein
biomass, this study detected remarkably reduced cellulose CrI and DP
values by 44-26% and 48-39% in the lignocellulose residues after 1%
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NaOH and 2% HSO4 pretreatments (Fig. 5A and B), which are two
major cellulose features that are negatively accounting for lignocellulose
recalcitrance (Gao et al., 2021; Wu et al., 2019a, 2019b). As a conse-
quence, we measured significantly raised cellulose accessibility by
38-31% in the pretreated residues relative to the raw straw (Fig. 5C),
which should be the positive parameter directly accountable for
enhanced biomass enzymatic saccharification examined in this study.
Moreover, this work detected the monosaccharide content of hemi-
cellulose and monomer proportion of lignin (Tables S4 and S5), which
are accountable for two wall polymers’ features (Wang et al., 2016).

Among seven monosaccharides of hemicellulose examined, two
chemical-pretreated residues showed much-reduced xylose (Xyl) pro-
portions (76%, 62%) than that of the de-protein raw straw (85%) with
relatively raised arabinose (Ara) ones, which led to much lower Xyl/Ara
ratios in the pretreated residues relative to the raw straw (Fig. 5D). As
the Xyl/Ara has been well examined as a negative factor on biomass
enzymatic saccharification in the most grass crops examined (Alam
et al., 2019; Li et al., 2013; Sun et al., 2020; Xu et al., 2012), the
remarkably reduced Xyl/Ara ratio should be another factor accounting
for much-improved lignocellulose recalcitrance from both mild alkali
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and acid pretreatments performed in this study. In terms of three
monomers (S, G, H) proportion of lignin, two chemical-pretreated resi-
dues were of relatively higher S-monomer and lower G- and H-mono-
mers than those of the raw straw, leading to the S/G and S/H ratios
raised by 2-3 folds (Fig. 5E and F), which suggested that the mild alkali
and acid pretreatments should be effective to extract the G- and H-rich
lignin from the Amaranth de-protein straw. It was also consistent with
the previous findings that three lignin monomers play dual roles in
biomass enzymatic hydrolyses (Li et al., 2014; Yoo et al., 2018).

3.5. Enhanced biomass porosity and cellulases adsorption

With respect to the recalcitrance-improved lignocellulose residues
obtained from two mild chemical pretreatments, this study further
detected biomass porosity by performing a classic Simons staining
(Fig. 6). Compared to the Amaranth de-protein straw, the biomass resi-
dues obtained from 1% NaOH and 2% H5SO4 pretreatments respectively
exhibited significantly increased yellow dye (DY) values by 57% and
49% at P < 0.01 levels (n = 3). Despite three samples showed small
difference of blue dye (BY) values, the pretreated residues remained
significantly higher total dye (DY+DB) values than those of the raw
straw by 43% and 37% (Fig. 6A), indicating a remarkably enhanced
biomass porosity from two mild chemical pretreatments. As DY and DB
are respectively accounting for large and small pores of biomass residues
(Alam et al., 2019; Deng et al., 2020), we further calculated much higher
DY/DB ratios in the pretreated residues (Fig. 6B), which confirmed the
previous findings that the large pore (DY) is more effective for cellulases
enzymes adsorption and loading. As a further comparison, the alkali
pretreatment could lead to relatively higher biomass porosity than that
of the acid pretreatment including DY, total dye, and DY/DB ratio,
consistent with their distinct lignin extractions described above.
Meanwhile, we observed biomass morphology under SEM (Fig. 6C). As a
comparison with the raw straw, two biomass residues obtained from
mild alkali and acid pretreatments obviously displayed much rougher
surfaces with more pores, consistent with significantly raised biomass
porosity and cellulose accessibility described above.
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To further test the biomass porosity enhanced from mild chemical
pretreatments, we measured the adsorption capacity of mixed-cellulases
enzymes with lignocellulose residues during enzymatic hydrolyses
(Fig. 7). Compared to the de-protein raw straw, the lignocellulose
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Fig. 7. Detection of cellulases enzymes adsorption in the de-protein biomass
and chemical-pretreated residues of Amaranthus straw supplemented with 8%
Amaranth proteins (AP).

Fig. 6. Biomass porosity and morphology in the de-protein
biomass and chemical-pretreated residues of Amaranthus
straw. (A) Biomass porosity by Simons stain accounting for
yellow dye (DY) and blue dye (DB) as large and small
pores, respectively; (B) DY/DB ratio; (C) Scanning electron
microscopic (SEM) observation of lignocellulose residues.
* *As a significant difference between de-protein biomass
and pretreated biomass by t-test at P < 0.01; *Calculated
by subtraction between de-protein biomass and pretreated
biomass values divided by de-protein value. Data as mean
4+ SD (n = 3).

De-protein biomass

1% NaOH
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residues obtained from 1% NaOH and 2% H,SO4 pretreatments showed
much higher cellulases adsorption values (133 pg/mL_l) with raised
rates by more than 1.66 folds. However, while 8% Amaranth proteins
were supplied into the enzymatic hydrolysis, the two chemical-
pretreated residues respectively had cellulases adsorption capacity at
173 pg/mL ! and 165 pg/mL ™", which confirmed the previous findings
that the Amaranth proteins could act as active biosurfactant to block
cellulases interaction with lignin and other toxic compounds (Madadi
et al.,, 2021a). Hence, this study has demonstrated that the cellulases
adsorption was accountable by both biomass porosity and Amaranth
proteins supply, which should cause an integrated role for enhanced
biomass enzymatic saccharification examined above.

3.6. Distinct mechanisms of enhanced biomass enzymatic saccharification
and integrated bioethanol production in novel bioenergy Amaranth crop

Based on all data obtained in this study, we proposed a hypothetic
model to interpret why near-complete biomass enzymatic saccharifica-
tion was achieved to maximize bioethanol production in Amaranthus
straw (Fig. 8). The model illustrates that mild alkali and acid (1% NaOH,
2% HS04) pretreatments could extract large amounts of hemicellulose
and lignin along with almost all pectin removal from the de-protein
straw, which caused a significant modification of lignocellulose fea-
tures such as cellulose CrI and DP, hemicellulose Xyl/Ara and lignin S/G
and S/H ratios. These could largely reduce lignocellulose recalcitrance
for remarkably improved biomass porosity and cellulose accessibility
enabled to enhance cellulases adsorption. Meanwhile, co-supplement of
Amaranthus proteins at low dosage could lead to almost complete
biomass enzymatic saccharification by further enhancing cellulases

Industrial Crops & Products 177 (2022) 114471

adsorption. By integrating directly extractable sugars and starch with
lignocellulose enzymatic hydrolysates, the model thus highlights the
maximum bioethanol production achieved in the Amaranthus straw that
is of the highest biomass yield among all major bioenergy crops exam-
ined, indicating that Amaranthus should be a novel and desirable bio-
energy crop.

4. Conclusions

By performing mild alkali and acid pretreatments (1% NaOH, 2%
HS04) followed with 8% endogenous proteins supplement into enzy-
matic hydrolysis, this study examined near-complete enzymatic
saccharification with hexose yields of 99% and 97% (% cellulose) in the
Amaranthus de-protein straw. The mild chemical pretreatments could
effectively extract wall polymers and significantly improve lignocellu-
lose features such as cellulose DP and Crl, hemicellulosic Xyl/Ara, and
lignin S/G and S/H ratios, which led to remarkably enhanced biomass
porosity and cellulose accessibility for high cellulase adsorption with
pretreated lignocellulose substrates. In terms of high yield of Amaranthus
biomass straw, this study estimated that the maximum bioethanol yield
(14.46 t/ha/year) could be achieved by yeast fermentation with all
carbon sources from directly extractable sugars and starch and complete
enzymatic hydrolysis of pretreated lignocellulose substrates. Therefore,
this study has not only demonstrated an effective biomass process
technology for high bioethanol productivity, but it has also indicated
that Amaranthus could be considered as one of the leading bioenergy
crop candidates in the future.
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Fig. 8. A hypothetic model to interpret why near-complete biomass saccharification was achieved to maximize bioethanol production in bioenergy Amaranthus by
connecting all major findings in this study. (-) and (+) as negative and positive factors accountable for biomass enzymatic saccharification.
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