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A B S T R A C T

Ryegrass is a key feedstock for European grass biorefineries, producing ryegrass pressed cake (RGPC) as a major 
but underutilized co-product. Valorising RGPC into high-value bioproducts such as poly-γ-glutamic acid (γ–PGA) 
requires an efficient pretreatment to enhance saccharification and fermentation. In this study, citric acid and 
glycerol were selected as NADES components because of their capacity to be utilised as carbon source by γ–PGA- 
producing Bacillus strains and act as hydrogen bond acceptors and donors in the formation of NADES. Four 
aqueous citric acid–glycerol NADES (molar ratios 1:1–1:4, with 10 % water) were evaluated for RGPC pre
treatment. The influence of molar ratio and pretreatment time was optimized using a Taguchi orthogonal array 
design. The NADES pretreatment solubilised 72–84 % hemicellulose and 59–82 % lignin, while retaining 
50–71 % cellulose. These changes enhanced enzymatic sugar yield by approximately 3.5-fold compared to un
treated RGPC. Structural disruption in NADES-pretreated RGPC involving the cleavage of ether and glycosidic 
linkages support the compositional data. Taguchi analysis showed that both molar ratio and time significantly 
influenced sugar and total inhibitor yield. The predicted optimal pretreatment condition of Ca:Gly 1:2 and 2 h 
was validated and resulted in 95 % enzymatic sugar yield. Subsequent fermentation of the non-detoxified NADES 
hydrolysate produced a γ–PGA titre of 7.73 g/L. This study demonstrates the effectiveness of these tailored 
NADES pretreatment for lignocellulosic γ-PGA production. Further studies are needed to improve the γ–PGA titre 
from the NADES hydrolysate and extend the applicability of this pretreatment to other lignocellulosic biomasses.

1. Introduction

Rye grass is a common grass species in Europe with an annual yield of 
14.5 – 14.9 tDM/ha and has been considered as a feedstock for bio
refineries (Gaffey et al., 2023). The biorefining of rye grass results in two 
fractions: grass juice and a fibre-rich pressed cake (Ravindran et al., 

2021). The grass juice has been studied as a source of proteins for animal 
and human consumption (Pérez-Vila et al., 2024; Ravindran et al., 
2021). Rye grass pressed cake (RGPC) is a lignocellulosic biomass (LCB) 
and must be valorised to improve the process economics of biorefineries 
using this feedstock. RGPC is composed of approximately 37.9 % cel
lulose, 23.9 – 37 % hemicelluloses, and 15–18 % lignin (%, w/w) 
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(Menon et al., 2024; Sun et al., 2021b). It may also contain appreciable 
quantities of easily hydrolysable non-cell wall sugars as extractives. Rye 
grass has been explored in the production of biofuels, fructooligo
saccharides, nanofibrillated cellulose (NFC), polyhydroxyalkanoates 
(PHAs), crop bio-stimulants, lactic acid and could also be suitable for 
poly-γ-glutamic acid (γ–PGA) production (Menon et al., 2024).

γ–PGA is an anionic homopolyamide composed of D- and/or L-glu
tamic acid units, joined together by amide linkages between α-amino 
and γ-carboxylic acid groups (Li et al., 2022). γ–PGA is a widely sought 
after biopolymer with several application in the food, agricultural, 
medical, pharmaceutical, cosmetic and environmental remediation in
dustries (Manika et al., 2025). The global γ–PGA market valued at USD 
441.19 million in 2023, is estimated to reach around USD 677.54 million 
by 2029 (Serra et al., 2024). However, the widespread use of γ–PGA is 
still limited by its high production cost attributed mainly to the 
fermentation medium (Zhang et al., 2019). The use of a low-cost starting 
material such as LCB for γ–PGA fermentation has been associated with 
cost reduction and sustainability benefits (Okuofu et al., 2024).

RGPC is an attractive feedstock for γ–PGA production due to its high 
carbohydrate composition. Nonetheless, its recalcitrant nature often 
requires a pretreatment process to disrupt the cell wall structure and 
facilitate saccharification (Bhatia et al., 2020). Several pretreatment 
methods have been employed to fractionate the lignocellulose structure 
of RGPC for other bioprocesses including ultrasonic and hydrothermal 
pretreatment with sequential alkali post-extractions, alkaline peroxide, 
surfactant, enzymatic, and acid pretreatment (Kataria et al., 2018; Sun 
et al., 2021c). Specifically for lignocellulosic γ–PGA production, only 
dilute acid and alkali pretreatment have been employed (Chang et al., 
2022; Tang et al., 2015; Zhang et al., 2019; Zhu et al., 2014). Popular 
pretreatment methods such as steam, acid or alkaline pretreatment are 
limited by either their high energy requirements or the harshness of the 
chemicals used, creating a need for expensive specialised equipment. In 
addition, the severity of these pretreatment methods can lead to loss of 
sugars and the generation of side streams inhibitory to the subsequent 
enzymatic and fermentation steps (Zhao et al., 2022). These inhibitors 
require additional downstream processing steps to detoxify the pre
treatment solids and hydrolysates prior to enzymatic saccharification 
and fermentation respectively. The application of effective green tech
nologies and solvents has been reported as a more sustainable approach 
in biomass pretreatment (Zhao et al., 2022). Natural deep eutectic sol
vents (NADES) are deep eutectic solvents (DES) made using components 
of naturally derived compounds (Meenu et al., 2023). DES are mixtures 
of two or more compounds that associate through hydrogen bonding. 
The components form a hydrogen-bonding network, which increases the 
stability of the system resulting in a decreased melting point. The most 
frequently studied DES are formed by a quaternary ammonium salt 
(hydrogen bond acceptor, HBA) and a metal salt or a hydrogen-bond 
donor (HBD) (Guo et al., 2024). NADES are finding increasing applica
bility in biomass pretreatment (del Mar Contreras-Gámez et al., 2023). 
Advantages such as the ease of preparation, low-cost, greenness, sus
tainability, chemical and thermal stability, high solubilisation power, 
high stabilizing ability and tunability have spurred research into the 
development and application of new NADES in lignocellulosic biomass 
valorisation (del Mar Contreras-Gámez et al., 2023). However, there are 
currently no studies utilising NADES in the pretreatment of lignocellu
losic biomasses for γ–PGA fermentation. This represents a significant 
research gap, as NADES offer the opportunity for potentially greener, 
effective and tailorable pretreatment compared to conventional 
methods, which could improve the sustainability and economic viability 
of lignocellulosic γ-PGA production. The unique and tailorable proper
ties of NADES have founded the hypothesis that NADES prepared using 
citric acid and glycerol could be effective in the deconstruction of RGPC 
for γ–PGA fermentation. Citric acid and glycerol are notable carbon 
sources used by strains of the Bacillus species in the production of γ–PGA 
and, in this case, could act as the HBA and the HBD, respectively, in the 
formation of NADES (Ebrahimzadeh Kouchesfahani et al., 2024). This 

dual role as pretreatment and fermentation medium presents a unique 
opportunity to streamline the process by reducing external inputs and 
downstream detoxification steps. Moreover, citric acid and glycerol 
have been used in the production of NADES for other applications 
(Ahmad et al., 2024; Yusoff et al., 2023) and individually in LCB pre
treatment (Bittencourt et al., 2022; Sulaiman et al., 2024). However, 
there are limited studies on the characteristics and pretreatment effects 
of NADES made from glycerol and citric acid. Also, the resultant pre
treatment liquor would contain a mix of carbon source and its suitability 
for γ–PGA production would require evaluation (Sun et al., 2021).

In this study, NADES prepared from different molar ratios of citric 
acid (Ca) and glycerol (Gly) were characterised and examined as a 
medium for the pretreatment of RGPC. The resultant pretreated solids 
and prehydrolysate were subjected to enzymatic saccharification and 
γ–PGA fermentation, respectively. To our knowledge, this is the first 
study to demonstrate the applicability of citric acid:glycerol NADES for 
dual functionality (pretreatment + carbon source) in lignocellulosic 
γ–PGA production. The findings from this study could aid process design 
by reducing production costs using γ–PGA medium components in 
biomass pre-treatment for γ–PGA production.

2. Materials and methods

2.1. Materials

Frozen stocks (-80◦C) of rye grass pressed cake (RGPC) were ob
tained from Pérez-Vila et al. (2024). A detailed description of the growth 
and harvest conditions of the ryegrass and the subsequent processing 
steps (i.e. the mechanical separation of fresh leaves into grass juice and 
fibrous pulp) are provided there (Pérez-Vila et al., 2024). The RGPC 
obtained was thawed, dried in an oven (Binder E28, VWR, Ireland) to a 
moisture content of 8 % (w/w) and milled to a fine powder (Sample 
Laboratory mill SM – 450, MRC Laboratories, Brennan & Co, Ireland). 
The RGPC powder was then subjected to an exhaustive extraction pro
tocol according to the National Renewable Energy Laboratory (NREL) 
standard protocol (Sluiter et al., 2005) to improve the biomass analysis 
and pretreatment process. The extractive-free RGPC powder was then 
dried at 60◦C in an oven and stored in airtight containers for long term 
use. Analytical grade citric acid, ZnSO4.7 H2O, MgSO4.7 H2O, 
CaCl2.2 H2O, MnSO4.4 H2O, and FeCl3.4 H2O were purchased from 
Sigma Aldrich, Germany. Glycerol and K2HPO4, were purchased from 
(Honeywell Fluka, Germany). L-glutamic acid was purchased from 
Thermo Scientific, UK. CTAB (Cat No DG095) and NH4Cl were pur
chased from G-bioscience, USA.

2.2. NADES preparation

The neat NADES were synthesized by combining HBA (i.e. citric acid 
anhydrous) and HBD (i.e. glycerol) in various molar ratios (Table 1). The 
mixtures were heated at 80 ◦C with stirring (500 rpm) until a clear, 
homogeneous liquid was formed (Popovic et al., 2022). The neat NADES 
formed a thick gel that solidified on cooling and could not be used for 
pretreatment or analysed. Hence, aqueous NADES were synthesized by 
mixing dH2O with neat NADES at a mass ratio of 10:90 to reduce the 
viscosity. The NADES were kept in an air-tight desiccator containing 
silica gels for moisture absorption prevention and left for two weeks 
prior to use to ascertain stability at room temperature.

2.3. Physicochemical characterisation of NADES

Physicochemical properties of the NADES were characterised as 
detailed below by examining each sample in triplicate. The physical 
appearance and stability of the synthesized NADES were assessed based 
on the homogeneity, colour, and clarity of the solution. The pH of each 
DES was determined by using a calibrated pH meter (Mettler Toledo MP 
220, Ireland). The water content was determined by Coulometric Karl- 

S.I. Okuofu et al.                                                                                                                                                                                                                                Industrial Crops & Products 237 (2025) 122307 

2 



Fischer titration (Metrohm 915 KF Ti Touch, Metrohm, Ireland). The 
density was measured using Anton Paar DMA-4500 oscillating U-tube 
density meter with repeatability lower than ±0.00001 g cm− 3. The 
viscosity of the NADES samples was measured at 25 ◦C using a 
controlled-stress rheometer (AR-2000ex Rheometer, TA instruments, 
Crawley, UK) equipped with parallel-plate geometry (60 mm diameter 
aluminium plate). Hysteresis behaviour was analysed by increasing the 
shear rate from 0.1 to 100 s− 1 followed by a decrease in shear rate to 
0.1 s− 1. The thermal behaviour of each NADES was assessed with dif
ferential scanning calorimetry (DSC) Q2000 (TA Instruments, Wilm
slow, UK). DSC was operated under a continuous flow of nitrogen gas at 
a flow rate of 40 mL/min. A sample of each mixture was weighed into an 
aluminium pan using a microbalance (Excellence plus, Mettler Toledo) 
and then hermetically sealed. Each sample was initially cooled to − 50 ◦C 
and heated to 300 ◦C at 10 ◦C/min, with a 5 min hold at each extreme. 
An empty pan was used as reference. Trios software V5.0 (TA In
struments) was used to analyse DSC thermograms. To identify the 
functional groups in the NADES and investigate the molecular interac
tion between citric acid and glycerol, the NADES were analysed with 
Fourier Transforms Infrared (FTIR) spectroscopy (See Section 2.8.1.2)

2.4. Taguchi design for optimization of NADES pretreatment

The Taguchi method was used to create a mixed level experimental 
design of two factors: time (2 levels) and NADES molar ratio (4 levels) 
resulting in an L8 orthogonal array (Table S1). The optimal parameters 
were chosen based on the S/N ratios (η) using ‘the larger the better’ 
approach and ‘the smaller the better’ approach for sugar yield and in
hibitor concentration, respectively (Sasmal et al., 2011). Analysis of 
variance (ANOVA) was conducted for determining the significance of 
individual parameters. All statistical computations and designs were 
conducted using Minitab statistical software Version 17.

2.5. NADES pretreatment

RGPC (10 g) was mixed with each NADES in 250 mL conical flasks at 
10 % (w/w) solid loading. The slurry was heated to 120 ◦C in an auto
clave (Rodwell Ambassador, SLS, Ireland) according to the experimental 
design (Table S1). After pretreatment, the slurry was mixed with 200 mL 
deionised water and filtered with a muslin cloth to separate the solids 
from the pretreatment hydrolysate. The pretreatment hydrolysate was 
frozen until required for sugar analysis (glucose, xylose, mannose, 
galactose, and arabinose) and PGA fermentation. The pretreated solid 
fraction was further washed thrice with deionised water until a neutral 
pH of the wash water was reached and then dried in an oven (Binder 

E28, VWR, Ireland) at 60 ◦C for 24 h and used for enzymatic hydrolysis 
and compositional analysis. The solid recovery (SR) was calculated 
based on the ratio of dry biomass weight after pretreatment to dry 
biomass weight before pretreatment.

2.6. Enzymatic saccharification of DES pretreated solid fraction

Untreated and NADES pretreated RGPC (0.2 g) were enzymatically 
hydrolysed at 10 % solid loading in 15 mL Sarstedt tubes containing 
citrate buffer (50 mM, pH 4.8), 0.02 wt% NaN3, and 6 % enzyme 
cocktail Cellic CTec2 (Novozyme, Merck Ireland). The enzyme had an 
activity of ≥ 1000 hydrolysis units per gram as per manufacturer’s de
tails. Enzymatic hydrolysis was conducted for 72 h in a shaking water 
bath (50 ◦C, 150 rpm). After 72 h, the hydrolysate was boiled for 5 min 
to deactivate the enzymes and then centrifuged at 17,000 g for 2 min. 
The resulting supernatant was collected and analysed for glucose and 
xylose using HPLC (as described in Section 2.8.2). The enzymatic sugar 
yield (g sugars/ g pretreated biomass) was calculated as the ratio be
tween the mass of sugars produced by the enzymatic hydrolysis and the 
theoretical potential mass of sugar obtainable from the pretreated 
biomass subjected to the enzymatic hydrolysis process (Mann et al., 
2024).

2.7. γ-PGA fermentation

The NADES (Ca:Gly 1:2, 2 h) pretreatment hydrolysate was supple
mented with L-glutamic acid, 30 g/L; ammonium chloride, 8 g/L; 
K2HPO4, 1 g/L; MgSO4.7 H2O, 1 g/L; ZnSO4.7 H2O, 1 g/L; CaCl2.2 H2O, 
0.2 g/L; MnSO4.4 H2O, 0.2 g/L; and FeCl3.4 H2O 0.02 g/L; pH 7.0 and 
filter sterilised (0.2μm Nalgene® vacuum filtration system, Sigma 
Aldrich, Ireland) for PGA fermentation (Li et al., 2021). A stock culture 
(-20◦C) of Bacillus licheniformis Bacl28 was inoculated on TSA (con
taining 15 g/L agar, 20 g/L casein peptone, 5 g/L NaCl) for 24 h at 37 ◦C 
and then subcultured overnight. The fermentation inoculum (10 %, 
OD600 = 1.0) was grown in a 50 mL sterile tube containing 20 mL TSB at 
37◦C with shaking (200 rpm) for 12 h. The fermentation (50 mL) was 
performed at 37 ◦C with shaking (200 rpm) for 72 h. The fermentation 
broth was sampled daily, and the concentrations of citric acid, sugars, 
and γ-PGA were determined as detailed in Section 2.8.

2.8. Analytical methods

2.8.1. Biomass characterisation

2.8.1.1. Compositional analysis. The chemical composition of untreated 

Table 1 
Composition and properties of aqueous NADES used in this study.

HBA:HBD Citric acid: Glycerol (Ca:Gly)

Molar ratio 1:1 1:2 1:3 1:4
pH 1.14 (±0.01) 1.31(±0.01) 1.48 (±0.01) 1.53 (±0.01)
Density (g/mL) 1.39 (±0.02) 1.33 (±0.01) 1.31 (±0.01) 1.29 (±0.01)
Viscosity (Pa⋅s) 7.87 (±0.33) 1.29 (±0.11) 1.23 (±0.11) 0.31(±0.01)
Melting point (◦C) 135 (± 1.26) 121.05 (±12.85) and 

214.58 (± 0.81)
115.91 (± 0.81) and 
228.11 (± 2.20

120.54 (±6.87) and 
221.82 (± 0.16)

Colour Colourless  Colourless  Colourless  Colourless  
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and pretreated RGPC samples was determined by Celignis Biomass 
Analysis Laboratory, Limerick, Ireland according to the two-stage acid 
digestion method published by the NREL Laboratory protocol (NREL/ 
TP-510–42618) (Sluiter et al., 2008).

2.8.1.2. Fourier transform infrared (FTIR) spectroscopy (FTIR). Modifi
cation of the chemical moieties in RGPC was observed by Fourier 
transform infrared (FTIR) spectroscopy. FTIR was performed using a 
Perkin Elmer Spectrum 100 spectrometer (Waltham, MA, USA) with 
attenuated total reflectance (ATR) sampling accessory. The spectrum 
was recorded between 650 and 4000 cm− 1.

2.8.1.3. X-ray diffraction (XRD). The crystalline nature of raw and 
pretreated RGPC was determined by X-ray diffraction using a PAN
alytical Empyrean Diffractometer equipped with a monochromatic Cu- 
Kα radiation source (λ = 1.5418 Å). The scanning was performed in a 
range of 2θ = 5–55◦. OriginPro was used to analyse the XRD data and fit 
the peaks.

2.8.1.4. Scanning electron microscopy (SEM). The morphological dif
ferences between the raw and pretreated RGPC were examined using 
scanning electron microscopy (SEM). Samples were sputter coated with 
gold and visualised on a scanning electron microscope (Hitachi Bruker 
S4700, Mountain View, CA, USA).

2.8.1.5. Characterisation of the pretreated hydrolysate. The prehy
drolysate was analysed for monomeric sugars (glucose, xylose, arabi
nose and galactose), glycerol and total inhibitors, quantified as the sum 
of furfural, 5-HMF, formic acid, acetic acid, and levulinic acid using 
high-performance liquid chromatography (Waters Alliance 2695, Ger
many). Total inhibitors were quantified by Celignis Biomass Analysis 
Laboratory. Monomeric sugars in the pretreatment and enzymatic hy
drolysate, citric acid and glycerol were quantified using HPLC equipped 
with an RI detector (Waters Alliance 2414, Germany) and Rezex ROA- 
Organic (Phenomenex, Ireland) with the following conditions: oven 

temperature (60 ◦C), detector temperature (35 ◦C), 0.005 N H2SO4 as 
mobile phase (0.5 mL/min).

2.8.2. Determination of γ-PGA titre by cetylmethylammonium bromide 
(CTAB) method

The γ-PGA titre obtained from fermentation of the hydrolysate was 
measured using the cetylmethylammonium bromide (CTAB) assay 
following the method of Halmschlag et al. (2020) with modifications. 
Frozen fermentation aliquots were thawed and centrifuged (20,000 g, 
15 min) to separate the fermentation medium, cells and product. Then, 
three (3) volumes of cold ethanol was added to the supernatant to pre
cipitate the γ-PGA. The purified γ-PGA pellet was re-suspended in sterile 
distilled water. The resulting suspension (0.1 mL) was mixed with 
0.2 mL CTAB (0.02 M CTAB in 2 % NaOH solution, Merck, Ireland) and 
held at room temperature for 5 min. The γ-PGA concentration was 
determined by measuring the turbidity of the mixture at 400 nm and 
comparing this with a standard curve that had been prepared using a 
pure γ-PGA sample (Sigma, G-1049).

2.9. Calculations

Solids/component (i.e. cellulose/hemicellulose/lignin) recovery or 
removal was calculated based on the composition of the pretreated 
samples using the formula below (Eqs. (1)–(5)):     

% Component removal = 1 - CR                                                     (3)

Pretreatmentsugaryield•(%)=
Massof sugarinthehydrolysate

Theoreticalmassof sugarsinrawRGPC
X

•100
(4) 

%Solid recovery • (SR) =
Weight of dry biomass RGPC after NADES Preatreatment

Weight of dry biomass RGPC before NADES Preatreatment
• X • 100 (1) 

%Component recovery • (CR) =
Mass of Component in NADES pretreated RGPC

Mass of Component in untreated RGPC
X • SR (2) 

Enzymatic sugar yield • (%) =
Mass of sugar in the enzymatic hydrolysate

Theoretical mass of sugar in the sample used for enzymatic saccharification
X • 100 (5) 
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3. Results and discussion

3.1. Characteristics of NADES

The physical stability of the prepared NADES was observed for two 
weeks prior to use via visual inspection at room temperature for changes 
in colour, phase separation, agglomeration and mould formation (Che 
Zain et al., 2021). The NADES were stable and did not show any physical 
changes (precipitation or colour change) (Table 1). Neat NADES formed 
a very viscous gel (Ca:Gly 1:1 > 1:2 > 1:3 > 1:4) that solidified on 
cooling and could not be characterised. Hence, the addition of 10 % 
deionised water to the neat NADES to reduce the viscosity and form an 
aqueous NADES was necessary (Jauregi et al., 2024). The result cor
roborates with previous reports which have associated higher viscosity 
with NADES made from citric acid (Spaggiari et al., 2025). The aqueous 
NADES exhibited a sharp variability in viscosity between the various 
molar ratios due to the formation of hydrogen bonds. Both citric acid 
and glycerol contain functional groups that can act as hydrogen bond 
acceptors. Each molecule can form multiple hydrogen bonds, creating a 
dense network. Bonds can form in various orientations due to flexible 
molecular geometry. At Ca:Gly 1:1 ratio, citric acid dominates the 
hydrogen bonding landscape, forming strong, directional bonds. At 
higher glycerol ratios (e.g., 1:2 or 1:3), glycerol–glycerol interactions 
become more prevalent, which are generally weaker and more transient 
than citric acid–glycerol bonds. The broad variability in the viscosity of 
citric acid-based NADES was also reported recently (Carbonell-Rozas 
et al., 2024).

The densities of the four NADES ranged from 1.294 to 1.393 g/cm3 

(Table 1). Ca:Gly 1:1 had the highest density while Ca:Gly 1:4 had the 
lowest density. The density was reduced with increasing molar con
centration of glycerol. Similar densities for citric acid-based NADES 
were obtained by Carbonell-Rozas et al. (2024). NADES are commonly 
reported to have higher density compared to water (0.99 g/cm3) and 
most organic solvents (Kovács et al., 2020). The differences in the 
density with the various NADES could be attributed to the varying de
grees of hydrogen bonding in the NADES. The existence of hydrogen 
bonds leads to highly organized liquids in which the molecules stay 
connected via strong directional interactions (e.g., hydrogen bonds), 
with smaller spaces in their structures, resulting in an increased density 
(Kovács et al., 2020). The pH is also an essential characteristic that needs 

to be considered when developing NADES. The pH of Ca:Gly NADES 
ranged between 1.14 and 1.53 increasing with higher molar ratio of 
glycerol (Table 1). The low pH of these NADES may be desirable in 
facilitating the deconstruction of the lignin-carbohydrate complex (LCC) 
as well as the breakdown of the glycosidic bonds in cellulose (Zhao et al., 
2020). However, such low pH also contributes to the severity of the 
pretreatment and may hasten the formation of pretreatment inhibitors 
(Pedersen and Meyer, 2010). DSC was to identify the thermal behaviour 
of Ca:Gly mixtures across different molar ratios. A single, sharp endo
thermic peak at 135◦C (± 1.26) was detected in Ca:Gly 1:1 suggesting 
the formation of a stable eutectic system. However, as the molar ratio of 
glycerol increased from 2 to 4 mols, two endothermic peaks were 
observed (Table 1), indicating the presence of multiple thermal transi
tions, possibly due to incomplete eutectic formation or stepwise melting 
of separate phases. It is noteworthy that this is the first study attempting 
to characterise these Ca:Gly NADES. Hence, there are no existing data 
for comparison. The FTIR results confirm the formation of NADES in all 
four combinations. The peaks of both citric acid and glycerol appeared 
in all NADES with slight deviations, indicating an interaction between 
the structures (Supplementary file Fig. 1). In the Ca:Gly NADES, the 
3200–3600 cm⁻¹ region shows shifts and changes in intensity, indicating 
modified hydrogen bonding. Peaks at 2890 cm⁻¹ - 2950 cm⁻¹ , 
1022 cm⁻¹ , 1030 cm⁻¹ , 1260 cm⁻¹ , 981 cm⁻¹ and 856 cm⁻¹ observed in 
Gly only were also seen in all NADES. Multiple small peaks in the region 
between 1362 cm⁻¹ – 1423 cm⁻¹ in citric acid only widened in all the 
NADES, indicating strong molecular interaction and structural disorder 
possibly from hydrogen bond formation. Peaks at 802 cm⁻¹ in citric acid 
only shifted downwards to 787 cm ⁻¹ in all NADES and this is indicative 
of higher hydrogen bonding in the NADES.

3.2. Effect of NADES pretreatment on the composition of RGPC

On a dry basis, the native RGPC analysed in this study contained 
cellulose (30.9 %), hemicellulose (22.65 %), lignin (14.7 %), ash 
(1.3 %), and extractives (24.1 %) (Table 2). Approximately 81 % of the 
extractives were water soluble, primarily sugars such as fructose, 
glucose and galactose. After exhaustive extraction of the RGPC, cellu
lose, hemicellulose and lignin content increased to 44.57 %, 26.52 %, 
and 25.17 %, respectively (Table 2). Sharma et al. (2012) had previously 
reported that the RGPC used in their study contained cellulose (38 %), 
hemicellulose (38 %), lignin (3.7 %), and ash (3.2 %). The differences in 
lignocellulose content in both studies may be due to the differences in 

Table 2 
Lignocellulose composition and crystallinity index of untreated and NADES pretreated RGPC.

Time Cellulose Hemicellulose Lignin Solids recovery 
(%)

Cellulose 
recovery (%)

Hemicellulose 
Solubilisation 
(%)

Lignin 
Solubilisation 
(%)

Crystallinity 
Index

Native RGPC (dry 
basis)

​ 30.90 ± 0.08 22.65 ±

0.02
14.70 ± 0.05 ​ 54.09 ± 0.12

Native RGPC 
(extractive free dry 
basis)

​ 44.57 ± 0.19 26.52 ±

0.17
25.17 ± 0.06

Ca:Gly 1:1 2 h 51.66 
± 0.35

10.75 
±0.06

19.08 ± 0.69 43.25 ± 1.17 50.13 
± 0.35

82.47 
±0.06

67.22 
±0.69

73.49 ± 0.18

Ca:Gly 1:1 3 h 67.99 
± 0.42

9.96 
± 0.20

10.82 ± 0.25 41.80 ± 0.99 63.76 
± 0.42

84.40 
± 0.20

82.04 
± 0.25

79.59 ± 0.09

Ca:Gly 1:2 2 h 65.01 ± 0.61 11.77 
± 0.13

12.12 ± 0.21 46.35 ± 0.49 67.6 
±0.61

79.43 
± 0.13

77.69 
±0.21

76.56 ± 0.23

Ca:Gly 1:2 3 h 68.16 ± 0.31 10.53 
± 0.09

10.30 ± 0.53 42.65 ± 1.63 65.22 
±0.31

83.07 
± 0.09

82.56 
±0.53

67.19 ± 0.10

Ca:Gly 1:3 2 h 51.24 ± 0.41 8.54 
± 0.07

19.01 ± 0.50 53.70 ± 0.83 61.74 
± 0.41

82.71 
± 0.07

59.45 
± 0.50

71.10 ± 0.19

Ca:Gly 1:3 3 h 62.74 ± 0.48 11.41 
± 0.16

23.71 ± 0.69 42.50 ± 1.41 59.83 
± 0.48

81.72 
± 0.16

59.97 
± 0.69

73.47 ± 0.13

Ca:Gly 1:4 2 h 61.70 
± 0.35

13.88 
± 0.09

14.55 ± 0.27 51.90 ± 1.61 71.84 
± 0.09

72.85 
± 0.27

70.00 
± 1.61

64.54 ± 0.22

Ca:Gly 1:4 3 h 73.15 
± 0.30

12.29 
±0.09

12.66 ± 0.47 40.90 ± 2.40 67.13 
± 0.09

81.05 
± 0.47

79.5 
± 2.40

53.94 ± 0.41
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time of harvesting and agricultural conditions. With over 70 % of its dry 
matter (DM) composed of sugars and a low lignin content, RGPC is an 
attractive feedstock for biosugar production comparable to more 
commonly studied agro-industrial feedstocks such as sugarcane bagasse, 
corn cob, wood, straws (Anwar et al., 2014). Solids recovery of NADES 
pretreated RGPC ranged from 40 to 54 %. NADES pretreatment resulted 
in approximately 72 – 84 % and 59 – 82 % hemicellulose and lignin 
solubilisation respectively, and 50 – 72 % cellulose recovery (Table 2). 
Ca:Gly 1:4, 2 h and Ca:Gly 1:1, 3 h had the lowest and highest hemi
cellulose solubilisation while Ca:Gly 1:3, 2 h and Ca:Gly 1:2, 3 h had the 
lowest and highest lignin solubilisation. On the other hand, the highest 
cellulose recovery was obtained from Ca:Gly 1:4, 2 h and the lowest 
from Ca:Gly 1:1, 2 h. Hemicellulose and lignin have been implicated in 
the recalcitrance of LCBs, hindering enzymatic saccharification and 
often need to be broken down to improve cellulose conversion 
(Woiciechowski et al., 2020). However, very severe pretreatment may 
also lead to an excessive breakdown of the cellulose portion also limiting 
enzymatic sugar yield (Woiciechowski et al., 2020). Hence, one of the 
goals of most pretreatment strategies is to solubilise as much hemicel
lulose and lignin as possible while still retaining substantial cellulose 
fraction for enzymatic saccharification (Mankar et al., 2021). All NADES 
used in this study showed good hemicellulose (≥ 71 %) and lignin (≥
59 %) solubilisation and cellulose recovery (≥ 50 %) indicating the 
effectiveness of the pretreatment process. The results obtained in our 
study are comparable with the studies of Sun et al. (2021b, 2021c)
which employed an integrated treatment comprising of ultrasonic, hy
drothermal and sequential alkaline extraction to solubilise and recover 
lignin (89.4 %) and hemicelluloses (80.9 %) from perennial rye grass. 
However, compared to their study which used multiple pretreatment 
steps to achieve similar results, our NADES pretreatment was effective in 
a one step process.

3.3. Effect of NADES pretreatment on sugar yield and inhibitor formation

Biomass pretreatment facilitates improved enzymatic hydrolysis by 
disrupting the ether and glycosidic linkages in lignin carbohydrate 
complexes (LCC) and the crystalline cellulose region respectively, 
leading to the solubilisation of polymeric fractions into monomers 
(Mankar et al., 2021). However, the solubilised monomeric sugars may 
be further dehydrated into furfural and 5-HMF due to the severity of the 
pretreatment processes. Also, acetic acid from the hemicellulose chain 
and phenolic compounds from lignin depolymerisation are all broken 
down during pretreatment (Kumar et al., 2020). All these compounds 
have been shown to act as inhibitors to either the enzymatic process or 
the fermentation process (Kumar et al., 2020). Hence, since both the 
pretreated solid and pretreatment hydrolysate would be used for enzy
matic hydrolysis and γ-PGA fermentation respectively, the goal of this 
pretreatment was to maximize pretreatment and enzymatic sugar yield 
while minimizing inhibitor formation. Approximately 24 – 37 % of the 
sugars in the raw biomass could be obtained via pretreatment. Enzy
matic sugar yield was improved over 3-fold with NADES pretreatment 
(Table 3). Total inhibitor in the hydrolysate ranged between 0.09 – 

0.59 mg/mL, comprising mostly furfural (0.069 – 0.572 mg/mL) and 5 – 
HMF (0.0083 – 0.027 mg/mL) while no organic acid was detected. The 
inhibitor concentration obtained in this study was low compared to 
other studies (Guo et al., 2022). To our knowledge, there are no studies 
showing the effects of lignocellulose degradation products on the growth 
of Bacillus licheniformis used in this study or on γ-PGA fermentation. 
However, van der Maas et al. (2021) had observed that a furfural con
centration as low as 0.05 g/L could inhibit the growth of Bacillus subtilis, 
and that the growth rate was about half the value of the control at a 
concentration of 0.2 g/L and was further reduced to approximately 35 % 
at concentrations of 0.5 g/L and higher. Hence, keeping the inhibitor 
concentration as low as possible was critical.

3.4. Taguchi optimisation of NADES pretreatment of RGPC

A Taguchi experimental design was used to identify the process 
variables with the most effect on the sugar yield and inhibitor formation 
and the optimal levels of the parameters within the design space. 
Considering that a high sugar yield in the RGPC pretreatment and 
enzymatic hydrolysate was crucial for optimum γ-PGA production, the 
primary goal of applying the Taguchi method in this study was to 
determine the optimal pretreatment conditions for maximizing sugar 
yield and minimizing inhibitor concentration. Hence, S/N ratio for sugar 
yield was set at the larger the better approach while the SN ratio for 
inhibitor concentration was set at the smaller the better approach.

3.4.1. Effect of factors on total inhibitor concentration
The experimental data was used to generate the response table 

Table 3 
Pretreatment sugar recovery, total inhibitor and enzymatic sugar yield from NADES pretreatment.

Pretreatment time Pretreatment sugar recovery (%) Enzymatic sugar yield 
(%)

Total Inhibitor in the hydrolysate (mg/mL)

`` ​ N/A 25.03 ± 5.48 N/A
Ca:Gly 1:1 2 h 36.78 ± 1.17 85.14 ± 2.83 0.34 ± 0.00
Ca:Gly 1:1 3 h 37.12 ± 5.91 93.13 ± 0.21 0.59 ± 0.05
Ca:Gly 1:2 2 h 27.22 ± 1.72 95.44 ± 5.24 0.19 ± 0.01
Ca:Gly 1:2 3 h 30.08 ± 0.45 99.93 ± 0.06 0.36 ± 0.02
Ca:Gly 1:3 2 h 34.24 ± 2.26 98.04 ± 0.05 0.19 ± 0.01
Ca:Gly 1:3 3 h 37.24 ± 2.52 99.95 ± 0.05 0.32 ± 0.03
Ca:Gly 1:4 2 h 24.06 ± 2.00 88.61 ± 3.20 0.09 ± 0.00
Ca:Gly 1:4 3 h 30.33 ± 1.21 95.92 ± 1.48 0.22 ± 0.01

Table 4 
Response Table for S/N ratio, mean and ANOVA for total inhibitor using the 
smaller is better criterion.

Response Table for S/N Ratios Response Table for Means

Level Molar Ratio Time (h) Level Molar 
Ratio

Time 
(h)

1 7.02 14.67 1 0.46 0.20
2 11.56 9.09 2 0.27 0.37
3 12.03 ​ 3 0.26 ​
4 16.90 ​ 4 0.16 ​
Delta 9.88 5.59 Delta 0.31 0.17
Rank 1 2 Rank `1 2
ANOVA
Source Degree of 

Freedom
Adjusted 
Sums 
of Squares

Adjusted 
Mean 
Squares

F-Value P- 
Value

Regression 4 0.31 0.08 59.31 0.00
Molar Ratio 2 0.20 0.07 49.83 0.00
Time (h) 1 0.11 0.11 87.76 0.00
Error 11 0.01 0.00 ​ ​
Lack-of-Fit 3 0.01 0.00 5.53 0.02
Pure Error 8 0.00 0.00 ​ ​
Total 15 0.32 ​ ​ ​
Model 

Summary
S 
0.0361547

R-sq 
95.57 %

R-sq (adj) 
93.96 %

R-sq 
(pred) 
90.63 %

​
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(Table 4) and main effect plots for means and S/N ratio (Fig. 1a, b). The 
mean shows the average inhibitor concentration at different levels of 
molar ratio and time while the S/N ratio measures the robustness and 
consistency of the data by looking at variation relative to the mean. A 
higher S/N ratio means the system performs more consistently with less 
variability (Unal and Dean, 1990). From the results (Table 4), molar 
ratio had the most significant impact on the inhibitor concentration 
[Rank 1 for mean (Δ = 0.3061) and S/N ratio (Δ = 9.876)]. On the other 
hand, time had a significant but lesser impact compared to the molar 
ratio [Rank 2 for mean (Δ = 0.1693) and S/N ratio (Δ = 5.587)].

As the molar ratio of Ca:Gly increased (from 1:1–1:4), the mean in
hibitor concentration decreases sharply suggesting that a higher molar 
ratio of glycerol in the NADES (1:4) resulted in a lower inhibitor con
centration. Also, the inhibitor concentration increased as pretreatment 
time increased from 2 h to 3 h, suggesting that 2 h is the better choice 
(Fig. 1a). Higher S/N ratio (less variability in data) was obtained as Ca: 
Gly molar ratio increased (from 1:1–1:4) and at lower time (Fig. 1b). The 
best combination for minimizing inhibitor concentration would be at 
levels with the lowest means and highest S/N ratios. Hence, to minimize 
total inhibitor concentration, the optimal condition would be Ca:Gly 

1:4, 2 h. A regression analysis was carried out to quantify the relation
ship between the molar ratio, time and the inhibitor concentration data 
and the results are found in the ANOVA table (Table 4). From the 
regression analysis, the model yielded an R-squared of 95.57 % 
(adjusted R-squared = 93.96 %). The R2 of 95.57 % and adjusted R2 of 
93.96 % indicate that the model explains a very high proportion of the 
variability in inhibitor concentration. This excellent fit suggests that 
molar ratio and time are reliable predictors of the model because they 
successfully explain most of the changes observed in the inhibitor con
centration. The high predicted R2 of 90.63 % further confirms the 
model’s robustness and its ability to generalise and accurately predict 
outcomes with new data. Therefore, the model can be used with high 
confidence to predict and optimize the Ca:Gly NADES pretreatment for 
inhibitor yield, potentially reducing the need for extensive experimental 
runs. Future work could build upon this by investigating other factors to 
account for the remaining unexplained variance, but the current model 
provides a highly reliable basis for process control and optimization. 
Both molar ratio and time were highly significant (P < 0.001), with F- 
values of 49.83 and 87.76 respectively, underscoring their substantial 
contributions to the inhibitor concentration. However, the lack-of-fit 

Fig. 1. Main effect plots for (a) mean and (b) S/N ratio for total inhibitor concentration.
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test was also significant (F = 5.53, P = 0.024), suggesting that the model 
does not fully capture the underlying data structure. This apparent 
discrepancy indicates the presence of systematic variation, possibly due 
to unmodeled interactions between molar ratio and time or nonlinear 
effects not accounted for by the current linear model. Although the lack- 
of-fit suggests that refinements, such as incorporating interaction terms 
or exploring nonlinear relationships could further enhance the model’s 
accuracy, the high R-squared confirms the strong explanatory power of 
the model. The significant lack of fit challenge is not unique to this study 
and has been reported previously (Yildirim et al., 2021). However, au
thors, proceeded with their models due to the high R-squared and the 
replicability of validation runs.

3.4.2. Effect of factors on sugar yield
Similarly for pretreatment and enzymatic sugar yield, molar ratio 

also had the most significant impact [Rank 1 for mean (Δ = 7.63) and S/ 
N ratio (Δ = 2.34)] while time had a significant but lesser impact 
compared to the molar ratio [Rank 2 for mean (Δ = 4.24) and S/N ratio 
(Δ = 0.87)] (Table 5).

Based on the mean plot (Fig. 2a), the best sugar yield was observed at 
Ca:Gly 1:3, 3 h. However, the highest S/N ratio was obtained at Ca:Gly 
1:1,3 h suggesting that more consistent results could be obtained at that 
condition (Fig. 2b). From the ANOVA table on pretreatment and enzy
matic sugar yield (Table 5) the regression models and model terms were 
significant. Molar ratio had a more significant influence than time for 
pretreatment sugar yield while time had a more significant influence 
than molar ratio for enzymatic sugar yield (Table 5). The lack of fit was 
insignificant ascertaining that the model fit the data well. The high R2 

(81.67 % for pretreatment and 83.89 % enzymatic sugar yield) and Adj- 
R2 (75 %) indicating that the model could account for most of the 
variability in the data but the R² (pred) was lower (61.21 % and 
65.30 %), indicating some overfitting.

3.4.3. Multi-objective optimisation criteria and validation
The goal of this experiment was to identify the optimum condition 

for maximum sugar yield and minimum inhibitor concentration. 
Considering the conflicting conditions for achieving each goal: 
maximum sugar yield (Ca:Gly 1:1, 3 h) and minimum inhibitor con
centration (Ca:Gly 1:4, 2 h), a trade-off was required for selecting an 
optimal condition that balanced the objectives to achieve robust 

performance across all responses. A multi-objective criterion was set [i. 
e. competitive sugar yield (75 % weighting) and effective inhibitor 
reduction (25 % weighting)] and a desirability function was applied to 
quantify the trade-off, normalizing each response relative to its opti
mum. The condition 1:2, 2 h was chosen as the optimum based on its 
ability to deliver a favourable compromise between sugar yields and 
inhibitor levels. The predicted yields were 25.60 %, 92.86 % and 0.18 g 
for pretreatment sugar yield, enzymatic sugar yield and total inhibitor 
concentration, respectively. Validation experiments conducted in 
duplicate resulted in actual values of 26.40 % (± 2.30), 94.57 % (±
1.12) and 0.18 g (± 0.01) for pretreatment sugar yield, enzymatic sugar 
yield and total inhibitor concentration, respectively. The closeness of the 
predicted and actual yields confirms the repeatability of the experiment.

The results obtained affirm the applicability of this tailored NADES 
pretreatment strategy for lignocellulosic γ–PGA production. The NADES 
show capacity to improve the recalcitrance of RGPC, improving 
saccharification 4-fold while limiting the quantity of solubilised sugars 
that are degraded to inhibitory compounds, eliminating the need for a 
detoxification step.

3.5. Effect of NADES pretreatment on the structure of RGPC

3.5.1. X-ray diffraction
X-ray diffractogram (XRD) of native and NADES-pretreated RGPC 

showed diffraction peaks due to cellulose I at 2θ = 15.6◦, 22◦, 26◦, and 
34.5◦ which correspond to (110), (200), (200) and (040), respectively 
(Supplementary file Fig. 2). The percentage crystallinity [(CrI (%)] of 
the pretreated samples ranged from 54 % to 79 % and was higher than 
the CrI of the untreated sample (54 %) except for Ca:Gly 1:4, 3 h which 
was comparable to the native biomass (Table 2). The increase in crys
tallinity of cellulose after pretreatment may be attributed to the disso
lution of amorphous regions such as hemicellulose and lignin exposing 
the crystalline region better corroborating the hemicellulose and sol
ubilisation result (Table 3). Panakkal et al. (2022) reported an increase 
in crystallinity after NADES pretreatment of Napier grass.

3.5.2. Scanning electron microscopy
Scanning Electron Microscopy (SEM) images reveal a complete and 

compact lignocellulosic structure in the NRGPC (Supplementary file 
Fig. 3a). Multiple cracks and fibre porosity were observed in the SEM 
image after NADES pretreatment at Ca:Gly 1:2, 2 h (Supplementary 
file Fig. 3b). This structural deformation improves enzyme access and is 
the reason for the high enzymatic sugar yield observed during the 
enzyme saccharification phase.

3.5.3. Fourier transform infrared spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) analysis of the 

NADES-pretreated RGPC reveal the structural changes in the functional 
groups of the biomass (Supplementary file Fig 4). Broad peaks centred 
around 3325 – 3339 cm− 1 were observed in all samples except for Ca: 
Gly (1:1, 3 h) PRGPC. These peaks have been assigned to O-H vibration 
from inter and intramolecular hydrogen bonding in cellulose I and II 
(Jeoh et al., 2024). The absence of a peak around 3200 – 3500 cm− 1 

region in Ca:Gly (1:1, 3 h) PRGPC is indicative of complete disruption of 
the hydrogen bond network in the cellulose under that condition. The 
changes observed at 2912 cm− 1 after NADES pretreatment indicated 
that some rupture might have occurred in the methyl and methylene 
groups of cellulose. New peak formation around 1734 cm− 1to 
1751 cm− 1 (C––O stretching in acetyl or uronic acid residues attributed 
to hemicellulose disruption), 1432 cm− 1 to 1434 cm− 1 (CH₂ scissoring 
related to cellulose crystallinity), 1364 cm− 1 to 1374 cm− 1 (C-H 
bending in glucose units) and 1175 cm− 1 to 1232 cm− 1 (C-O stretching 
in phenolic groups and glycosidic bonds or C-O-C stretching in ether 
linkages) were observed in all the NADES pretreated RGPC (Abidi et al., 
2014). The broad peaks around 1030 cm− 1 (C-O and C-O-C stretching 
from glycosidic bonds and sugar ring vibrations), peaks at 1030 cm− 1 – 

Table 5 
Response Table for S/N ratio, mean and ANOVA for pretreatment and enzymatic 
sugar yield using the larger is better criterion.

Analysis of Variance for pretreatment sugar yield

Source DF Adj SS Adj MS F-Value P-Value

Regression 4 329.27 82.32 12.25 0.000
Time (h) 1 38.75 38.75 5.77 0.04
Molar Ratio 3 290.52 96.84 14.41 0.00
Error 11 73.91 6.72 - -
Lack-of-Fit 3 17.54 5.85 0.83 0.51
Pure Error 8 56.37 7.05 - -
Total 15 403.18 - - -
Model Summary
S R-sq R-sq(adj) R-sq(pred) ​ ​
2.59216 81.67 % 75.00 % 61.21 % - -
Analysis of Variance for enzymatic sugar yield
Source DF Adj SS Adj MS F-Value P-Value
Regression 4 374.93 93.73 14.37 0.00
Time (h) 1 114.86 114.87 17.61 0.00
Molar Ratio 3 260.07 86.69 13.29 0.00
Error 11 71.77 6.53 - -
Lack-of-Fit 3 23.84 7.95 1.33 0.33
Pure Error 8 47.93 5.99 - -
Total 15 446.70 - - -
Model Summary ​ ​ ​ ​ ​
S R-sq R-sq(adj) R-sq(pred) ​ ​
2.55432 83.93 % 78.09 % 66.01 % ​ ​
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1125 cm− 1 (C-O-C stretching in ether linkages and aromatic C-H 
in-plane deformation), 1160 cm− 1 (asymmetric C-O-C stretching of 
glycosidic bonds in cellulose) and 898 cm− 1 (C-O-C stretching at β-1, 
4-glycosidic linkages hemicellulose’s sugar backbone) had higher in
tensity in the NADES pretreated RGPC compared to the native sample 
except for Ca:Gly 1:1, 3 h (Abidi et al., 2014). The NADES used in this 
study caused significant disruption to the ether linkages between 
hemicellulose and lignin as well as glycosidic bonds in hemicellulose 
and cellulose, leading to a solubilisation of amorphous cellulose and an 
exposure of the crystalline cellulose, thus corroborating the composi
tional results in Table 2.

3.6. γ–PGA production using NADES pretreated RGPC hydrolysate 
without detoxification

The Ca:Gly 1:2, 2 h prehydrolysate medium (50 mL) was used for 

γ–PGA production without detoxification. The medium was supple
mented with nutrients (see Section 2.7) and contained 166 g/L citric 
acid, 6 g/L glucose, 2.2 g/L xylose/galactose, 2.83 g/L arabinose and 
57.81 g/L glycerol as carbon sources. The carbon sources were depleted 
within 24 h and a γ–PGA titre of 7.73 g/L was produced at 96 h (Fig. 3). 
The γ–PGA titre obtained in this study was low possibly due to the 
metabolic burden of the high excess initial carbon and/or the presence 
of inhibitors in the hydrolysate medium. Zhu et al. (2014) noted that 
when the total sugar was more than 50 g L− 1, the production of γ-PGA 
was slightly decreased even though the dry cell weight (DCW) was still 
higher, and when the initial total sugar concentration was 70 g L− 1, both 
the DCW and titre of γ-PGA were decreased. Therefore, the high con
centration of citric acid and glycerol in the NADES hydrolysate in this 
study could have been inhibitory. Although, higher γ–PGA titres be
tween 24 – 90 g/L have been reported from various lignocellulosic hy
drolysates (Okuofu et al., 2024), the non-optimised γ–PGA titres 

Fig. 2. Main effect plots for (a) mean and (b) S/N ratio for sugar yield.
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obtained in this study was still comparable to those reported by some 
authors (Ji et al., 2021; Odeniyi and Avoseh, 2018; Scheel et al., 2019). 
Therefore, it is a good starting point for optimising the γ–PGA produc
tion step. Strategies such as optimising the concentration of the carbon 
source and the use of fed-batch fermentation could improve titres from 
the NADES hydrolysate. Ji et al. (2021) and Chang et al. (2022) reported 
a 2-fold improvement in γ–PGA titres using fed-batch fermentation 
compared to batch. They noted that the reducing sugars in the corncob 
fermentation medium were almost depleted before 24 h, justifying their 
preference for fed-batch fermentation rather than batch mode used in 
this study.

4. Conclusion

RGPC holds great potential as a substrate to produce γ–PGA due to its 
higher sugar and low lignin composition. An appropriate pretreatment is 
required to overcome the natural recalcitrance associated with this 
feedstock. The tailored NADES pretreatment employed in this study is a 
practical and effective approach for lignocellulosic γ–PGA production. 
The NADES Ca:Gly (1:1, 1:2, 1:3,1:4) all showed significant influence at 
improving biomass recalcitrance, sugar yield and pretreatment in
hibitors. The γ–PGA titre of 7.73 g/L obtained from the non-detoxified 
Ca:Gly 1:2, 2 h hydrolysate in this study serves as a starting point, 
proving the applicability of these tailored NADES pretreatment in 
lignocellulosic γ–PGA production. To further improve yield, the next 
steps should focus on identifying the appropriate concentration of the 
fermentation medium components, particularly the carbon sources, 
determining the impact of lignocellulose degradation products on the 
γ–PGA fermentation, and assessing the impact of fed-batch mode in 
improving γ–PGA fermentation from the NADES hydrolysates. Further 
studies extending the applicability of this tailored NADES pretreatment 
to other lignocellulosic biomasses and a techno-economic assessment of 
this tailored NADES pretreatment may validate its industrial relevance.
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