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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Magnetic solid acid could catalyze 
biomass to produce furfural. 

• Bio-derived furfural was converted into 
β-(2-furyl)serine by a L-threonine 
aldolase. 

• One-pot chemo-enzymatic synthesis of 
ncAA from biomass was established. 

• Solid acid and biocatalyst could be effi
ciently recycled for 5 cycles.  
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A B S T R A C T   

Sustainable synthesis of valuable noncanonical amino acids from renewable feedstocks is of great importance. 
Here, a feasible chemo-enzymatic procedure was developed for the synthesis of chiral β-(2-furyl)serine from 
biomass catalyzed by a solid acid catalyst and immobilized E. coli whole-cell harboring L-threonine aldolase. A 
novel magnetic solid acid catalyst Fe3O4@MCM-41/SO4

2- was successfully synthesized for conversion of corncob 
into furfural in an aqueous system. Under the optimum conditions, furfural yield of 63.6% was achieved in 40 
min at 180 ℃ with 2.0% catalyst (w/w). Furthermore, biomass-derived furfural was converted into an aldol- 
addition product β-(2-furyl)serine with 73.6% yield, 99% ee and 20% de by immobilized cells in 6 h. The 
magnetic solid acid and biocatalyst can be readily recovered and efficiently reused for five consecutive cycles 
without significant loss on product yields. This chemo-enzymatic route can be attractive for producing nonca
nonical amino acids from biomass.   

1. Introduction 

Optically active noncanonical amino acids (ncAAs) have received 
considerable attention for their diverse biological activities as important 
pharmaceuticals intermediates, food additives and fine chemicals 
(Williams, 1992; Servi et al., 2008). Among them, β-(2-furyl)serine (FS) 
belongs to heterocyclic β-hydroxy-α-amino acids, is known as an 
important value-added product of furfural, which is found as 

constituents in furan antibiotics and as precursors of the fine chemical 2- 
amino-1-(2-furyl) ethanol. The chemical synthesis of FS usually results 
in racemic mixtures, and requires large amount of organic solvents at 
strong alkali condition and around 4 ℃, which is environmental un
friendly and often time-consuming (Hayes and Gever, 1951). As a 
consequence, the development of convenient and green protocols for the 
production of FS enantiomers has become an important issue. 

Furfural, an aldehyde of furan, is generally produced by acid- 
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catalyzed hydrolysis of hemicellulose-rich biomass such as corn stover, 
sorghum durra stalk, and corncob. Hemicellulose is a natural poly
saccharide consisted of xylose, arabinose, etc. Furfural serves as a 
pivotal intermediate that bridges bio-based products (e.g. furfuryl
amines and furfuryl alcohols) and C5 carbohydrates (primarily xylose). 
Efficient production and comprehensive utilization of bio-based furfural 
is envisaged to be prospective to achieve sustainable biorefineries (Xia 
et al., 2018; Shen et al., 2020). Traditional homogeneous catalysts such 
as mineral acids (mainly H2SO4) can be used to produce furfural with 
steam as stripping agent, however suffer disadvantages of by-products, 
unrecyclable catalyst, serious pollution, and high-energy consumption 
(Singh, 2018; Nie et al., 2019; Catrinck et al., 2020). Alternatively, 
heterogeneous solid acids including metal oxide, amberlyst, zeolites, 
acid-functionalized MCM materials, sulfonated biochar catalysts, sup
ported metal and heteropoly acids (Peng et al., 2019; Delbecq et al., 
2018; Deng et al., 2016), exhibit superior efficacy in furfural production 
with high activity and selectivity, low equipment corrosion, and excel
lent reusability than homogeneous catalysts. Although heterogeneous 
acids can be rapidly separated from liquid-phase reaction media by 
filtration or centrifugation for recycle, they are not readily separable 
from solid lignocellulosic biomass in one-pot catalytic reactions. 
Developing and application of magnetic catalysts is a promising 
approach to overcome this issue. Due to their unique magnetic and 
insoluble properties, magnetic catalysts can be separated more easily in 
the presence of external magnetic field, particularly for solid reaction 
mixtures (Sudarsanam et al., 2018; Li et al., 2018). Hence, it is of special 
interest to develop consolidated lignocellulosic biomass conversion 
strategies to produce furfural employing magnetic-based heterogeneous 
catalysts. 

Recently, various catalysts have been discovered, characterized and 
utilized in the efficient preparation of furfural derivatives (Zhang et al., 
2020; Wang et al., 2020a, 2020b; Yu et al., 2020; Liu et al., 2020). 
Biocatalysts have many advantages over traditional chemical catalysts 
for the aldol reaction due to their high catalytic efficiency and specificity 
as well as mild conditions (Wang et al., 2020a, 2020b; Kurjatschij et al., 
2014; Chen et al., 2016). Threonine aldolases (TAs), a class of pyridoxal 
5′-phosphate (PLP) dependent enzymes, catalyze the reversible aldol 
addition of aldehyde with glycine to afford β-hydroxyl-α-amino acids 
with two new stereogenic centers at α- and β-positions (Wang et al., 
2020a, 2020b). According to the stereospecificity at α-carbon, TAs can 
be classified into L- and D-type. Moreover, β-hydroxyl-α-amino acids can 
be produced in both threo and erythro forms that determined by the 
binding property of the general base to the β-carbon. LTA from E. coli, L- 
allo-TA from T. maritia and A. jandaei have been employed for furfural 
(100 mM) aldol addition with glycine for the synthesis of FS. However, 
less than 18% conversion was obtained in all above reactions (Beaudoin 
et al., 2018), ascribing to the strong inhibitory effect of furfural on en
zymes and microbial cells. Furthermore, to the best of our knowledge, 
there is few reports on one-pot conversion of lignocellulosic biomass 
into FS via chemical and biological catalysts in tandem. 

In this work, an efficient one-pot chemo-enzymatic route was 
developed to convert lignocellulosic biomass into FS. A core–shell solid 
acid catalyst, Fe3O4@MCM-41/SO4

2-, was synthesized to prepare furfural 
from corncob. E. coli whole-cell harboring PpLTA (LTA from Pseudomonas 
putida) were constructed and exhibited excellent aldol addition activity 
in FS synthesis. In one-pot chemo-enzymatic cascade system, synthesis 
of chiral FS from corncob via tandem reactions catalyzed by 
Fe3O4@MCM-41/SO4

2- solid acid and recombinant PpLTA cells were 
achieved under mild conditions. Key reaction parameters were explored 
to improve the efficiency of the cascade conversion. Finally, magnetic 
solid acid and immobilized cells were evaluated for recycling in one-pot 
systems. 

2. Materials and methods 

2.1. Chemicals, strains and plasmids 

Corncob was purchased from a local straw agricultural products 
store in (Lianyungang, China) and crushed into powder (60–80 mesh). 
Coal fly ash (CFA) was provided by Zhengzhou Power Plant (Henan, 
China). Pyridoxal 5′-phosphate (PLP) was obtained from Sigma-Aldrich 
(Shanghai, China). Cellulase was supplied by Vland Biotech Group Co., 
Ltd. (Qingdao, China). FeCl3, FeCl2, NH3⋅H2O, (NH4)2SO4, KH2PO4, 
CTMAB, and furfural were obtained from Sinopharm Group Chemical 
Reagent Co., Ltd. (Shanghai, China). Other chemicals are of analytical 
grade and commercially available. Chemical synthesis of D,L-threo-β-(2- 
furyl)serine was conducted according to reported method (Hayes and 
Gever, 1951). 

E. coli strains JM109 and BL21(DE3) preserved in the laboratory 
were used as hosts for threonine aldolase genes. Plasmid pET28a 
(Novagen, Germany) was used for gene expression. Recombinant whole- 
cell catalyst was prepared as previously described (Gong et al., 2021). 

2.2. Preparation of Fe3O4@MCM-41/SO4
2- solid acid catalyst 

Fe3O4 nanoparticles were prepared by chemical co-precipitation of 
FeCl2 and FeCl3 as described (Xie and Zang, 2016). Raw CFA was pre
treated with 20% HCl followed by stirring at 80 ℃ for 4 h to remove 
impurities such as iron and calcium, and then filtered, washed and dried 
to obtain pretreated CFA. Thereafter, sodium hydroxide and pretreated 
CFA were mixed evenly at a ratio of 1:1.2 (w/w) and then heated in a 
muffle furnace at 550 ℃ for 1 h. After alkali fused CFA cooled to room 
temperature, deionized water was added at a ratio of 1:4 (w/w) and 
stirred for 24 h. The mixture was subsequently filtered to obtain light 
yellow solution of sodium silicate, which could be used as a silica source 
to prepare MCM-41. To synthesize Fe3O4@MCM-41, the as-prepared 
Fe3O4 was dispersed in deionized water and stirred for 1 h after addi
tion of ammonia. CTAB was dissolved in hot water at a ratio of 1:20 (w/ 
w), and then slowly added to Fe3O4 dispersion, followed by stirring for 1 
h. The sodium silicate solution was slowly added into the Fe3O4 sus
pension, and stirred continuously for 24 h at 60 ℃. The magnetic 
composite was then hydrothermally treated at 110 ℃ for 24 h in a re
action kettle after adjusting pH value to 10.5. The solid products were 
separated by a magnet and washed with deionized water, then dried in 
an oven at 60 ℃ overnight. The prepared Fe3O4@MCM-41 was ground 
and impregnated in 3.0 M (NH4)2SO4 solution at a ratio of 15 mL⋅g− 1 (v/ 
w) for 24 h. After magnetic separation and drying, solid acid 
Fe3O4@MCM-41/SO4

2- was prepared by calcination at 500 ℃ for 3 h. The 
whole process was illustrated in Scheme 1. 

2.3. Preparation of immobilized whole-cell biocatalyst 

Recombinant E. coli strains harboring various LTAs and serine 
hydroxymethyltransferase (SHMT) were used, including LTA from 
Pseudomonas putida (PpLTA), LTA from Caulobacter crescentus (CcLTA) 
and SHMT from Streptococcus thermophiles. The immobilized whole-cell 
biocatalysts were prepared using gelatin (acid-processed) embedding 
and cross-linking method, based on the previous method and slightly 
improved (Labus et al., 2016). 

2.4. Synthesis of furfural from corncob catalyzed by solid acid 
Fe3O4@MCM-41/SO4

2- 

General procedure for conversion of corncob into furfural was con
ducted in a 200-mL stainless steel reactor, which contained 10 g of 
corncob powder, 100 mL of deionized water and a certain amount of 
solid acid Fe3O4@MCM-41/SO4

2- (0.25–5.0%, w/w). The reaction 
mixture was stirred at 500 rpm and heated rapidly to specified tem
perature (160–200 ℃), and then held for a certain time peroid (5–180 
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min) with mechanical agitation (500 rpm). Afterwards, the reactor was 
immediately cooled to room temperature by ice bath. The concentration 
of xylose and furfural was determined by high performance liquid 
chromatography (HPLC). 

2.5. Biocatalytic asymmetric synthesis of FS in a chemo-enzymatic 
reaction system 

The optimal biocatalytic reaction conditions were investigated using 
commercial furfural (5 mM) as substrate. The effects of various pa
rameters were investigated, including pH (MES buffer, pH 5.0–7.0; 
HEPES buffer, pH 7.0–9.0; CHES buffer, pH 9.0–10.0; all were 100 mM), 
temperature (10–60 ℃), divalent metal ions (Zn2+, Fe2+, Mn2+, Cu2+, 
Ni2+, Ca2+, Co2+ and Mg2+, 1 mM), cofactor PLP concentration (1–100 
μM), furfural concentration (25–300 mM) and recombinant cells (5–60 
g⋅L-1). Glycine was added at 10-fold to furfural unless other statement, to 
drive the reaction equilibrium toward FS synthesis. 

Bioconversion of corncob derived furfural hydrolysate with E. coli 
PpLTA whole-cell (20 g⋅L-1) were conducted in the same 200-mL reactor 
(250 rpm) at 30 ℃ and pH 8.0. 

2.6. Saccharification of solid acid-pretreated corncob residues 

Saccharification reaction was performed in 50-mL conical flasks with 
a working volume of 10 mL. Corncob residues (1 g) was mixed with 
citrate buffer solution (50 mM, pH 4.8) containing cellulase (40 FPU⋅g− 1 

biomass). The mixture was incubated at 50 ℃ and 120 rpm for 48 h. 
Samples were withdrawn at 0, 6, 12, 24, 48 h, and the reaction was 
immediately quenched by heating in a boiling water bath. The hydro
lysis products glucose and xylose were determined using HPLC. Raw 
corncob was used as control. 

2.7. Characterization of solid acid catalyst 

The characterization procedures of SEM, FT-IR, XRD, BET and EDAX 
were as previously reported (Gong et al., 2019). Hysteresis regression 
curves of the sample particles were determined using a vibration sample 
magnetometer (VSM) system 7407 (Lake Shore, USA) to estimate the 
magnetic properties of catalyst. In order to further clarify the type and 
activity of acidic sites on solid acid, the Brønsted and Lewis acidic sites 
were evaluated by Fourier-transform infrared spectrometry after 
adsorption of pyridine (Py-IR) (Nexus 470, Thermo Nicolet, USA). 

2.8. Analytical methods 

The concentrations of reducing sugars (glucose and xylose) were 
determined by HPLC (Agilent 1260 Infinity, USA) using an Aminex HPX- 
87H column (300 × 7.8 mm, Bio-Rad, USA) at 60 ℃ with a refractive 
index detector, and 5 mM sulfuric acid (0.5 mL⋅min− 1) was used as the 
eluent. Furfural concentration was determined by reversed-phase HPLC 
with a Diamonsil C18 column (250 × 4.6 mm, Dikma) as previously 
reported (Gong et al., 2019). Enantiomers and diastereoisomers of FS 
were determined by HPLC after OPA/NAC pre-column derivatization, 
with KH2PO4-NaOH buffer (50 mM, pH 8.0): acetonitrile (82:18, v/v) as 
the eluent. The column temperature, detection wavelength and flow rate 
were 40 ℃, 338 nm and 0.8 mL⋅min− 1, respectively. Changes in the 
chemical composition of corncob before and after solid acid 

pretreatment were measured following previous report (Zhang et al., 
2016). 

3. Results and discussion 

3.1. Characterization of magnetic solid acid Fe3O4@MCM-41/SO4
2– 

Micro-morphology surface of Fe3O4, Fe3O4@MCM-41 and 
Fe3O4@MCM-41/SO4

2- was characterized by SEM (see supplementary 
materials). Fe3O4 nanoparticles were synthesized as quasi-spherical 
particles with uneven surface. Aggregation of particles was observed 
owing to their magnetic interaction. The spherical shape of the resultant 
material was retained after coating with MCM-41. Magnetic particles 
were wrapped by MCM-41, and there was no appreciable change in the 
shape of the nanoparticles after the surface functionalization. 

FT-IR spectra of Fe3O4@MCM-41/SO4
2- was further measured to 

reveal its microstructure characteristics (see supplementary materials). 
The absorption peaks at 3440 cm− 1 and 1629 cm− 1 corresponded to the 
stretching and bending vibrations of O–H bonds. The peaks at approxi
mately 1100 cm− 1 and 881 cm− 1 were related to Si-O-Si asymmetric and 
symmetric telescopic vibrations, respectively. The bending vibration at 
around 460 cm− 1 belonged to Si-O bond. The characteristic peaks of 
Fe3O4 were observed at 638 cm− 1 and 595 cm− 1. The peaks at 1127 
cm− 1 and 1070 cm− 1 corresponded to the double coordination adsorp
tion structure of SO4

2- on the catalyst surface, instead of sulfate. 
The crystallinity of Fe3O4@MCM-41/SO4

2- was studied by XRD (see 
supplementary materials). The six main characteristic diffraction peaks 
were located at 2θ = 30.12◦, 35.48◦, 43.12◦, 53.5◦, 57.04◦ and 62.64◦, 
indicating an uncharged face-centered cubic phase and crystal structures 
of Fe3O4 after modification. Fe3O4@MCM-41 catalyst was transformed 
from amorphous to crystalline states due to acidification and calcina
tion, corresponding to the characteristic diffraction peaks at 22–30◦ and 
30–35◦. 

The magnetic properties of Fe3O4@MCM-41/SO4
2- were investigated 

by VSM (see supplementary materials). The magnetic hysteresis curves 
of both samples exhibited a typical superparamagnetic feature. The 
saturation magnetization of Fe3O4 and Fe3O4@MCM-41/SO4

2- nano
particles were determined to be 80 and 46 emu⋅g− 1 respectively, which 
were sufficient for phase separation using a conventional magnet. It is 
speculated that the decrease in saturation magnetization of 
Fe3O4@MCM-41/SO4

2- was due to the decrease of magnetic content after 
the coating of non-magnetic MCM-41 on Fe3O4 nanoparticles. 

The EDAX spectrum of Fe3O4@MCM-41/SO4
2- showed peaks of Fe, O, 

Si, and S, indicating successful coating and functionalizing of magnetite 
nanoparticles by MCM-41 and (NH4)2SO4 (see supplementary 
materials). 

Py-IR spectrum of Fe3O4@MCM-41/SO4
2- showed the acidity of a 

solid acid (see supplementary materials). Typical peaks of Lewis acid (L) 
appeared near 1600 cm− 1 and 1450 cm− 1, and the characteristic peak of 
Brønsted acid (B) appeared at 1540 cm− 1, and an overlapping of L and B 
peaks was detected at 1489 cm− 1. The results showed that the solid acid 
catalyst has the properties of both Brønsted and Lewis acid, and the 
absorption peak of Lewis acid was significantly higher than that of 
Brønsted acid, suggesting Lewis acid is much stronger than Brønsted 
acid. 

BET method was used to distinguish the structural characteristics of 
catalysts. The results showed that the surface area and pore size of Fe3O4 

Scheme 1. Schematic diagram of the preparation of solid acid catalyst Fe3O4@MCM-41/SO4
2-.  
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were significantly increased after MCM-41 coating and (NH4)2SO4 
acidification, which could facilitate the catalytic efficiency (Table 1). 

3.2. Preparation of furfural from corncob by Fe3O4@MCM-41/SO4
2- 

catalyst 

The preparation system of furfural was established. Reaction condi
tions for the production of furfural from corncob were investigated, 
including catalyst loading (0.25–5.0%, w/w), reaction temperature 
(160–200 ◦C) and duration (5–180 min). 

Notably, the yields of furfural increased at catalyst loadings of 
0.25–2.0% (w/w), and no significant increase was observed at 2.0–5.0% 
(w/w) catalyst loadings. Therefore, a catalyst loading of 2.0% (w/w) 
was chosen for further investigation (see supplementary materials). 
Reaction temperature and duration are important factors in corncob 
degradation. First, hemicellulose of corncob was hydrolyzed into xylose, 
and then the obtained xylose was dehydrated to form furfural by solid 
acid catalyst. Reactions were operated under different temperatures 
(160–200 ℃) and durations (5–180 min), and the concentrations of 
furfural and xylose were measured (Fig. 1). Initially, an increasing in 
furfural yield was observed with extended reaction time under various 
temperatures. After culminated at certain reaction time, furfural con
centrations at 180–200 ℃ gradually declined due to further degrada
tion. The highest furfural concentration of 72 mM was obtained at 180 
℃ for 40 min. It was also noted that higher temperature was favorable 
for high furfural yields, while could also accelerate the degradation of 
furfural with prolonged reaction time. The xylose concentration 
decreased during the time course under all tested temperatures. Higher 
reaction temperatures could facilitate depolymerization of corncob 
hemicellulose and dehydration of xylose. Components of solid acid 
Fe3O4@MCM-41/SO4

2- were also investigated individually as control. 
The catalytic efficiency of individual components of Fe3O4@MCM-41/ 
SO4

2- was also investigated (see supplementary materials). The results 
indicate synergistic effects of each components in Fe3O4@MCM-41/SO4

2- 

on furfural production. Moreover, under the same acidic condition (pH 
2.0), solid acid Fe3O4@MCM-41/SO4

2- displayed higher catalytic activity 
than diluted H2SO4. All above demonstrates that Fe3O4@MCM-41/SO4

2- 

has stronger catalytic active components and higher selectivity than 
inorganic acid catalysts. 

3.3. Conversion of furfural into chiral FS employing recombinant PpLTA 
cells 

Biocatalysis has become one of the most promising approach in the 
asymmetric synthesis of fine chemicals due to its mild conditions, 
outstanding stereoselectivity, and environmental friendliness (Yang 
et al., 2020; Cheng et al., 2020; Xue et al., 2018). Here, recombinant 
E. coli whole-cell harboring different enzymes including PpLTA, CcLTA 
and SHMT, were constructed for the bioconversion of furfural into chiral 
β-(2-furyl)serine. Recombinant PpLTA cells showed the highest furfural 
aldol addition activity (see supplementary materials). To further 
enhance its aldol addition activity, effects of reaction pH (5.0–10.0), 
reaction temperature (10–60 ℃), divalent metal ions (Zn2+, Fe2+, Mn2+, 
Cu2+, Ni2+, Ca2+, Co2+ and Mg2+), cofactor PLP concentrations (1–100 
μM) on aldol addition reaction were studied separately using recombi
nant PpLTA cells. The highest aldol addition activity was obtained at 30 

℃, pH 8.0, and 50 μM of PLP without metal ion (Table 2). 
As we know, furan aldehydes could negatively affect the catalytic 

activity of enzyme and microbial cells (Palmqvist and Hahn-Hägerdal, 
2000). Therefore, the tolerance of E. coli PpLTA whole-cell biocatalysts 
toward different furfural concentrations (25–300 mM) was investigated 
(Fig. 2a). A complete conversion was observed at furfural concentrations 
of 25 mM and 50 mM. Further increased in furfural concentrations 
(75–300 mM) resulted in obvious inhibitory effect. Furfural conversion 
increased at cell loadings of 5–20 g⋅L–1, and no significant change in the 
conversion at higher cell loading was observed (Fig. 2b). Considering the 
yield and biocatalyst cost, cell loading of 20 g⋅L–1 was chosen. 

3.4. Chemo-enzymatic synthesis of chiral FS from biomass-derived 
furfural in one-pot 

Compared with chemical and enzymatic synthesis, chemo-enzymatic 
tandem reaction is more efficient and economic, which has been applied 
in the synthesis of many value-added chiral compounds (Pajak et al., 
2018; Shen et al., 2008). Chiral FS, a value-added product of furfural, 
was synthesized from corncob via cascade catalysis with magnetic solid 
acid Fe3O4@MCM-41/SO4

2- and recombinant E. coli PpLTA in one-pot 
system. In a 200-mL Teflon tank reactor containing 100 mL aqueous 
medium (pH 2.0), 10 g of corncob powder was converted into 72 mM 
furfural catalyzed by solid acid Fe3O4@MCM-41/SO4

2- at 180 ℃ for 40 
min. Then, after adjusting pH value to 8.0, 720 mM glycine, 50 μM PLP 
and 20 g⋅L–1 recombinant E. coli PpLTA whole-cell were added to the 
same reaction vessel for bioconversion at 30 ℃ and 200 rpm, without 
any purification steps. After 6 h of bioconversion, 72 mM corncob- 
derived furfural was converted into 53 mM FS (Fig. 3) with 99% ee 
and 20% de (threo) (see supplementary materials). And the bioconver
sion of commercial furfural at the same concentration was conducted as 
a control, which exhibited similar reaction curve and conversion ratio 
(see supplementary materials). Therefore, the chemical reaction system 
of corncob exhibited good biological compatibility, which could 
potentially be integrated with biocatalytic synthesis of other valuable 
amino acid derivatives. For example, biomass-derived carbonyl com
pounds (such as 5-hydroxymethylfurfural, levulinic acid) could be 
converted to corresponding valuable ncAAs catalyzed by specific TAs via 
this chemo-enzymatic system. 

Corncob residue and solid acid catalyst were removed from the 
system after one-pot conversion. The reaction mixture was then 
extracted with diethyl ether to remove any unreacted furfural. Methanol 
(400 mL) was added to the aqueous phase obtained from extraction, and 
incubated at 4 ℃ overnight to precipitate most of the unreacted glycine. 
The precipitated glycine was collected and washed with methanol. After 
evaporating the methanol, the residue was dissolved in phosphate buffer 
at pH 8.0, and excess glycine oxidase (Bacillius subtilis strain 168, Uni
prot: O31616) was added to decompose any residual glycine (Beaudoin 
et al., 2018). The aldol product was purified on an anion exchange resin, 
eluted with 0.5% aqueous acetic acid. The FS product obtained after 
evaporation was crystallized at 4 ℃. The crystalline solid was washed 
with cold ethanol to give final product as a yellow powder (37.8% yield). 
It was confirmed as FS by 1H NMR (400 MHz, D2O) δ 7.56 (d, J = 1.8 Hz, 
1H), 6.53–6.46 (m, 2H), 5.29 (d, J = 4.3 Hz, 1H), 4.06 (d, J = 4.3 Hz, 
1H), and 13C NMR (101 MHz, D2O) δ 171.58, 151.50, 143.49, 110.63, 
108.45, 65.63, 58.25 (see supplementary materials). 

3.5. Efficient saccharification of solid acid-pretreated corncob 

After the reaction, magnetic solid acid was separated from corncob 
residues for further use. The chemical compositions of corncob residue 
were analyzed. As shown in Table 3, after solid acid pretreatment, the 
content of glucan increased from 36% to 46%, and the proportion of 
xylan decreased from 17% to merely 0.5%. The removal ratios of 
hemicellulose and lignin were 98% and 36%, respectively. Thus, most of 
xylan was degraded and part of lignin was removed, which was 

Table 1 
Pore characterizations of Fe3O4, Fe3O4@MCM-41 and Fe3O4@MCM-41/SO4

2-.  

Sample BET surface area 
(m2⋅g− 1) 

Pore volume 
(cm3⋅g− 1) 

Pore size 
(nm) 

Fe3O4  5.65  0.014  10.16 
Fe3O4@MCM-41  12.65  0.039  12.55 
Fe3O4@MCM-41/ 

SO4
2-  

17.95  0.048  10.78  
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conducive to the enzymatic hydrolysis of corncob residue. Remarkably, 
the concentration of glucose obtained from corncob pretreated with 
solid acid was significantly higher than from raw corncob (Fig. 4). Using 
40 FPU⋅g− 1 biomass, 45 g⋅L-1 glucose was achieved from pretreated 

corncob at 48 h, which was about 2.5-fold of that of raw material. 
Moreover, extremely low xylose (less than2 g⋅L-1) was detected due to 
the degradation of hemicellulose into furfural. 

To understand the high glucose yield in hydrolysis, the morphology 
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Fig. 1. Effects of reaction temperature and duration on furfural production (a) and xylose concentration (b). Conditions: 10 g raw corncob was mixed with 2.0% (w/ 
w) Fe3O4@MCM-41/SO4

2- and 100 mL deionized water at 160–200 ℃ for 5–180 min. (○): 160 ℃; (◆): 170 ℃; (▴): 180 ℃; (■): 190 ℃; (●): 200 ℃. 

Table 2 
Effects of bioconversion conditions on catalytic activity of recombinant PpLTA cells. (a): pH (MES buffer, pH 5.0–7.0; HEPES buffer, pH 7.0–9.0; CHES buffer, pH 
9.0–10.0; all were 100 mM); (b): Temperature (10–60 ℃); (c): Divalent metal ions types (1 mM); (d): PLP concentration (1–100 μM).  

pH(a) Relative activity (%) Temp.(b) (℃) Relative activity (%) Metal ions(c) Relative activity (%) PLP(d)(μM) Relative activity (%) 

5 38.7 ± 0.5 10 75.0 ± 1.4 None 100 ± 3.1 1 30.0 ± 0.1 
6 50.5 ± 0.8 20 87.8 ± 1.8 Zn2+ 67.6 ± 2.3 5 74.0 ± 0.8 
7 70.2 ± 1.2 30 100 ± 2.6 Fe2+ 67.0 ± 2.5 20 88.0 ± 2.5 
7 76.0 ± 1.5 40 76.1 ± 0.9 Mn2+ 50.8 ± 1.6 50 99.0 ± 2.7 
8 100.0 ± 2.0 50 71.4 ± 1.8 Cu2+ 43.1 ± 1.4 100 100.0 ± 2.9 
9 92.0 ± 1.2 60 59.3 ± 2.2 Ni2+ 41.1 ± 1.9   
9 80.5 ± 1.4   Ca2+ 33.5 ± 1.5   
10 62.3 ± 0.9   Co2+ 30 ± 0.8       

Mg2+ 29.5 ± 0.2   

Conditions (a): 1 mL of reaction media containing 100 mM buffer solution (pH 5.0–10.0), 50 μM PLP, 5 mM furfural, 50 mM glycine and appropriate amount of 
recombinant PpLTA cells at 30 ℃. 
Conditions (b): 1 mL of reaction media containing 100 mM HEPES buffer, 50 μM PLP, 5 mM furfural, 50 mM glycine and appropriate amount of recombinant PpLTA 
cells at 10–60 ℃ and pH 8.0. 
Conditions (c): 1 mL of reaction media containing 100 mM HEPES buffer, 50 μM PLP, 5 mM furfural, 50 mM glycine and appropriate amount of recombinant PpLTA 
cells in the presence of divalent metal ions (Zn2+, Fe2+, Mn2+, Cu2+, Ni2+, Ca2+, Co2+, Mg2+) at 30 ℃ and pH 8.0. 
Conditions (d): 1 mL of reaction media containing 100 mM HEPES buffer, 1–100 μM PLP, 5 mM furfural, 50 mM glycine and appropriate amount of recombinant PpLTA 
cells at 30 ℃ and pH 8.0. 
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tration (25–300 mM) on whole-cell biocon
version (a). Condition: 1 mL of reaction 
media containing 100 mM HEPES buffer, 
25–300 mM furfural, 250–3000 mM glycine, 
50 μM PLP and 20 g⋅L–1 wet cells at 30 ℃ 
and pH 8.0 for 6 h. Effects of whole-cell 
loading (5–60 g⋅L–1) on bioconversion (b). 
Conditions: 1 mL of reaction media contain
ing 100 mM HEPES buffer, 75 mM furfural, 
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wet cells at 30 ℃ and pH 8.0 for 6 h.   
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changes of corncob after solid acid pretreatment was analyzed. After 
pretreatment, the surface of corncob became rough and loose, with more 
pores (see supplementary materials), which facilitated the accessibility 
of cellulase to cellulose. Furthermore, FT-IR spectra of raw and pre
treated corncob were also compared (see supplementary materials). 
Characteristic peaks of hemicellulose were observed at 1737 cm− 1 and 
1243 cm− 1, belonging to functional groups of C = O conjugate bond and 
C-O bond in xylan. After pretreatment, reduction of these two peaks 
indicate the degradation of hemicellulose in corncob residues. The 
characteristic peak of β-1,4-glucosidic bond was obviously weakened at 
890 cm− 1, suggesting destroyed and degraded cellulose chain. The band 
at 1515 cm− 1 represents absorption peak of benzene ring in lignin, 
which was not detected in corncob residue indicating it was also 
destroyed. Above data further proved that the magnetic solid acid pre
treatment was effective in improving enzymatic hydrolysis of cellulose. 

3.6. Recycling of magnetic solid acid catalyst and immobilized biocatalyst 

Recycling of catalysts is essential to meet the requirement of green 
and sustainable chemistry (Manzoli et al., 2019; Mogharabi-Manzari 
et al., 2019). Reusability of solid acid and immobilized whole-cell bio
catalyst was examined for converting corncob into FS in one-pot process. 
In a 200-mL stainless steel reactor, corncob powder (60–80 mesh, 10 g) 
was evenly mixed in 100 mL of deionized water containing 
Fe3O4@MCM-41/SO4

2- solid acid (2.0%, w/w, pH 2.0) at 180 ℃ and 500 
rpm for 40 min. After adjusting the pH value to 8.0, the immobilized 
biocatalysts (equivalent to 20 g⋅L–1 wet cells) were added into furfural 
reactor for bioconversion. The bioconversion was allowed to continue 
for 6 h at 30 ℃. Magnetic solid acid could be facilely separated and 
recovered from the reaction system by magnetic force, and the immo
bilized cells were recovered by easy filtration. The recovered immobi
lized cells were rinsed with saline for the next bioconversion batch. 

Fe3O4@MCM-41/SO4
2- solid acid was washed with deionized water and 

ethanol, then dried in an oven at 60 ℃ overnight. The recovered catalyst 
was then impregnated in 3.0 M (NH4)2SO4 for 24 h again before 
calcining. The recycled Fe3O4@MCM-41/SO4

2- solid acid catalyst and 
immobilized cells were evaluated in the next batches. 

To investigate the stability of Fe3O4@MCM-41/SO4
2- solid acid, the 

catalyst was applied for 5 continuous batches in one-pot process. 
Furfural reached 72 mM in 1st batch, and dropped to 62 mM in 5th 
batch, indicating the solid acid catalyst could maintain 86% of activity 
and has a stable recyclability. The immobilized cells exhibited good 
reusability. Using furfural prepared from corncob via recovered solid 
acid catalyst, furfural conversion of 62.5% was obtained in 5th cycle, 
which was merely 11.1% lower than that of 1st bath (73.6%). Overall, 
both magnetic solid acid and immobilized cells exhibited fine stability 
and reusability in the one-pot chemo-enzymatic synthesis of chiral FS 
from corncob. 

4. Conclusions 

Preparation of chiral FS from biomass was performed by magnetic 
solid acid Fe3O4@MCM-41/SO4

2- and recombinant PpLTA cells. A one- 
pot two-step sequential chemo-enzymatic process was successfully 
developed, for the first time, to convert biomass directly into chiral FS, a 
ncAA, with simple separation of solid acid and biocatalyst. This strategy 
allowed minimized isolation of intermediates, thus reduced operation 
time and waste, and enhanced overall selectivity and yield. Therefore, 
this work demonstrates the feasibility of chemo-enzymatic trans
formation of lignocellulosic biomass into chiral furan amino acid. This 
process could potentially be developed for high-value utilization of 
corncob to produce biobased amino acid derivatives. 
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40 min and bioconversion with recombinant PpLTA cells at 30 ℃ and pH 8.0. 
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Table 3 
Compositions of corncob and residue after magnetic solid acid pretreatment.  

Corncob Contents (%)  Removal rates (%) Recovery (%)      

Glucan Xylan Lignin  Hemicellulose Lignin  Solid 
Raw 36 17 33  – –  100 
Pretreated 46 0.5 34  98 36  62  
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Fig. 4. Enzymatic hydrolysis process of raw corncob and pretreated corncob. 
Conditions: 10 mL of reaction media containing 50 mM citrate buffer (pH 4.8), 
cellulase (40 FPU⋅g− 1 biomass), 1.0 g of raw corncob or pretreated corncob at 
50 ℃. (●): Glucose in pretreated corncob; (○): Xylose in pretreated corncob; 
(▴): Glucose in raw corncob; (△): Xylose in raw corncob. 
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